


Editors-in-Chief
Mario F. L. Gaudino (USA)
Alexander N. Orekhov (Russia)
Alexander D. Verin (USA)

Associate Editors
Evgenia V. Gerasimovskaya (USA)
Igor A. Sobenin (Russia)
Cristiano Spadaccio (Italy)
Robert M. Starke (USA)

Founding Editor
Aaron S. Dumont (USA)

Editorial Board Members
Mohamed Mohamed Rahouma 
Ahmed (USA)

Manana Akhvlediani (Georgia)
Wilbert S. Aronow (USA)
Juan A. Asensio (USA)
Sergio Berti (Italy)
Oleksandr Bilovol (Ukraine)
Peter Bolli (Canada)
Hong Chen (USA)
Lovely Chhabra (USA)
Yunzhou Dong (USA)
Ali H. Eid (Qatar)
Alberto Cordero Fort (Spain)
Mariann Harangi (Hungary)
Mohamed Kamel Kamel Hussein (USA)
Jahangir Iqbal (Saudi Arabia)
Simon Kennedy (UK)
Christopher Lau (USA)
Carl (Chip) Lavie (USA)
Veronika A. Myasoedova (Italy)

Paolo Nardi (Italy)
Narasimham L. Parinandi (USA)
Sampath Parthasarathy (USA)
Lisa Rong (USA)
Anna Shalimova (Ukraine)
Akira Sugawara (Japan)
Tamar Vakhtangadze (Georgia)
Ivar von Kügelgen (Germany)
Ya-Jing Wang (USA)
Keith A. Webster (USA)
Michael Yaroustovsky (Russia)
Li-Guo Zhao (UK)

Editorial Staffs
Mavis Wei (China)
Cai-Hong Wang (China)
Huan-Liang Wu (China)

EDITORIAL BOARD



About the Journal
Vessel Plus (VP), ISSN 2574-1209 (Online), is a peer-reviewed, open-access and continuously online published journal.
The journal’s full text is available online at www.vpjournal.net. The journal focuses on the latest clinical and basic research
on the prevention, treatment, prognosis, and mechanisms of diseases of the blood vessels including original articles, case
reports, commentaries, and expert reviews in molecular biology, physiology, and pathophysiology of the blood vessels.
The journal is indexed by Chaoxing “Domain” Publishing Platform, CNKI, Google Scholar, J-Gate, ResearchBib, and
Worldcat.

Information for Authors
Manuscripts should be prepared in accordance with Author Instructions. Please check
www.vpjournal.net/pages/view/author_instructions for details.
All manuscripts should be submitted online at www.oaemesas.com/vp.

Copyright
The entire contents of the VP are protected under international copyrights. The journal, however, grants to all users a
free, irrevocable, worldwide, perpetual right of access to, and a license to copy, use, distribute, perform and display the
work publicly and to make and distribute derivative works in any digital medium for any reasonable purpose, subject to
proper attribution of authorship and ownership of the rights. The journal also grants the right to make small numbers of
printed copies for their personal use under the Creative Commons Attribution 4.0 License.
Copyright is reserved by © The Author(s) 2018.

Permissions
For information on how to request permissions to reproduce articles/information from this journal, please visit
www.vpjournal.net.

Disclaimer
The information and opinions presented in the journal reflect the views of the authors and not of the journal or its Editorial
Board or the Publisher. Publication does not constitute endorsement by the journal. Neither the VP nor its publishers nor
anyone else involved in creating, producing or delivering the VP or the materials contained therein, assumes any liability or
responsibility for the accuracy, completeness, or usefulness of any information provided in the VP, nor shall they be liable
for any direct, indirect, incidental, special, consequential or punitive damages arising out of the use of the VP. The VP,
nor its publishers, nor any other party involved in the preparation of material contained in the VP represents or warrants
that the information contained herein is in every respect accurate or complete, and they are not responsible for any errors
or omissions or for the results obtained from the use of such material. Readers are encouraged to confirm the information
contained herein with other sources.

Publisher
OAE Publishing Inc.
245 E Main Street ste122, Alhambra, CA 91801, USA
Website: www.oaepublish.com

Contacts
E-mail: editorialoffice@vpjournal.net
Website: www.vpjournal.net

GENERAL INFORMATION



CONTENTS                                                                  

Vessel Plus

1           Traumatic pulmonary artery injury: a review of the recent literature 
             Youichi Yanagawa, Kouhei Ishikawa, Hiroki Nagasawa, Ikuto Takeuchi, Kei Jitsuiki, Hiromichi 
             Ohsaka, Kazuhiko Omori 
             Vessel Plus 2018;2:1  http://dx.doi.org/10.20517/2574-1209.2017.37

2           Surgical revascularization for acute coronary syndromes: a narrative review 
             Joseph H. Joo, Joshua M. Liao, Faisal G. Bakaeen, Danny Chu
             Vessel Plus 2018;2:2  http://dx.doi.org/10.20517/2574-1209.2017.36

3           Temporizing amplatzer closure of an aorto-enteric fistula associated with a blind aortic stump via 
             a translumbar approach 
             S. Keisin Wang, Justin R. King, Ashley R. Gutwein, Raghu L. Motaganahalli, Andres Fajardo, Gary W. 
             Lemmon 
             Vessel Plus 2018;2:3  http://dx.doi.org/10.20517/2574-1209.2017.38

4           Early treatment of functional tricuspid regurgitation at the time of mitral valve surgery: an 
             increased risk or an additional benefit? 
             Paolo Nardi, Calogera Pisano, Antonio Pellegrino, Fabio Bertoldo, Sabrina Ferrante, Monica Greci, 
             Sara Rita Vacirca, Marco Russo, Giovanni Ruvolo 
             Vessel Plus 2018;2:4  http://dx.doi.org/10.20517/2574-1209.2017.35

5           Adherence to guidelines: primary prevention with aspirin in 1125 medical check-up participants 
             Jin Hee Im, Sang Won Han, Seon Yeong Lee, Jong Sam Baik
             Vessel Plus 2018;2:5  http://dx.doi.org/10.20517/2574-1209.2018.07

6           Metabolic risk in depression and treatment with selective serotonin reuptake inhibitors: are the 
             metabolic syndrome and an increase in cardiovascular risk unavoidable? 
             Mervin Chávez-Castillo, Ángel Ortega, Manuel Nava, Jorge Fuenmayor, Victor Lameda, Manuel 
             Velasco, Valmore Bermúdez, Joselyn Rojas-Quintero
             Vessel Plus 2018;2:6  http://dx.doi.org/10.20517/2574-1209.2018.02

7           Endovascular treatment of an iatrogenic superior mesenteric arteriovenous fistula after Nissen 
             fundoplication 
             S. Keisin Wang, Jie Xie, Raghu L. Motaganahalli 
             Vessel Plus 2018;2:7  http://dx.doi.org/10.20517/2574-1209.2018.15

8           Ruptured isolated descending thoracic aortic aneurysm: open or endovascular repair? 
             Amer Harky, Nichola Manu, Rafal Al Nasiri, Dilan Sanli, Ciaran Grafton-Clarke, Jeffrey Shi Kai 
             Chan, Chris Ho Ming Wong
             Vessel Plus 2018;2:8  http://dx.doi.org/10.20517/2574-1209.2018.12



9           Repair of mitral subvalvular apparatus and a calcified left ventricle aneurysm 
             Kasra Shaikhrezai, Sanjeet Singh Avtaar Singh, Karim Morcos, Steve Hunter
             Vessel Plus 2018;2:9  http://dx.doi.org/10.20517/2574-1209.2018.17

10         The first INSPIRIS RESILIA Aortic ValveTM replacement (Edwards Lifesciences) in endocarditis 
             Sanjeet Singh Avtaar Singh, Gwyn Beattie, David Reid, Philip Curry
             Vessel Plus 2018;2:10  http://dx.doi.org/10.20517/2574-1209.2018.18

11         Bortezomib-induced posterior reversible encephalopathy syndrome: a case report 
             Paolo Candelaresi, Maria Chiara Casorio
             Vessel Plus 2018;2:11  http://dx.doi.org/10.20517/2574-1209.2018.09

12         Research into biodegradable polymeric stents: a review of experimental and modelling work 
             Tianyang Qiu, Liguo Zhao 
             Vessel Plus 2018;2:12  http://dx.doi.org/10.20517/2574-1209.2018.13

13         Plasmatic biomarkers of inflammation correlate with 18FDG-PET-CT and microembolic signals in 
             patients with carotid stenosis 
             Hubertus Mueller, Loraine Fisch, Christophe Bonvin, Karl Lovblad, Osman Ratib, Patrice Lalive, 
             Stephane Pagano, Nicolas Vuilleumier, Jean-Pierre Willi, Roman Sztajzel
             Vessel Plus 2018;2:13  http://dx.doi.org/10.20517/2574-1209.2018.19

14         Percutaneous coronary intervention in the elderly: current updates and trends 
             Mohammed J. Arisha, Dina A. Ibrahim, Ahmed A. Abouarab, Mohamed Rahouma, Mohamed K. 
             Kamel, Massimo Baudo, Kritika Mehta, Mario F. L. Gaudino
             Vessel Plus 2018;2:14  http://dx.doi.org/10.20517/2574-1209.2018.29

15         Histone deacetylases in vascular permeability and remodeling associated with acute lung injury 
             Laszlo Kovacs, Anita Kovacs-Kasa, Alexander D. Verin, David Fulton, Rudolf Lucas, Yunchao Su
             Vessel Plus 2018;2:15  http://dx.doi.org/10.20517/2574-1209.2018.06

16         Immunohistochemistry of the circadian clock in mouse and human vascular tissues 
             Ciprian B. Anea, Ana M. Merloiu, David J. R. Fulton, Vijay Patel, R. Dan Rudic
             Vessel Plus 2018;2:16  http://dx.doi.org/10.20517/2574-1209.2018.46

17         Who is the next for aortic valve implantation? Present and future indications 
             Giuseppe Verolino, Alessia Delli Veneri, Myriam Carpenito, Francesco Piccirillo, Leonardo Aurino, 
             Annunziata Nusca 
             Vessel Plus 2018;2:17  http://dx.doi.org/10.20517/2574-1209.2018.32

18         Iatragenic injury to axillary artery: rescued by endovascular repair 
             Chih-Chen Kao, Yao-Kuang Huang 
             Vessel Plus 2018;2:18  http://dx.doi.org/10.20517/2574-1209.2018.42

19         Genetic variants of renin on the prevalence of diabetic nephropathy 
             Pulakes Purkait, Kalpataru Halder, Jammigumpula Masthanaiah Naidu, Biswanath Sarkar
             Vessel Plus 2018;2:19  http://dx.doi.org/10.20517/2574-1209.2018.16



20         Advantages and disadvantages of total arterial coronary artery bypass graft as compared to 
             venous coronary artery bypass graft 
             Dickson Dewantoro, Antonio Nenna, Umberto Satriano, Massimo Chello, Cristiano Spadaccio
             Vessel Plus 2018;2:20  http://dx.doi.org/10.20517/2574-1209.2018.50

21         Recent advances in cerebral cavernous malformation research 
             Akhil Padarti, Jun Zhang 
             Vessel Plus 2018;2:21  http://dx.doi.org/10.20517/2574-1209.2018.34

22         The endothelial progenitor cell dysfunction in hypertension: the diagnostic and predictive values 
             Alexander E Berezin 
             Vessel Plus 2018;2:22  http://dx.doi.org/10.20517/2574-1209.2018.23

23         Vascular approaches and its potential implications in transcatheter aortic valve implantation 
             Alessandro Sticchi, Edoardo Bressi, Annunziata Nusca, Germano Di Sciascio 
             Vessel Plus 2018;2:23  http://dx.doi.org/10.20517/2574-1209.2018.47

24         Is tacrolimus more likely to induce diabetes mellitus than ciclosporin in heart transplant 
             patients? 
             Anisha Jagpal, Sudeep Das De, Sanjeet Avtaar Singh, Alan Kirk
             Vessel Plus 2018;2:24  http://dx.doi.org/10.20517/2574-1209.2018.27

25         Fetal programming and its effects on vascular pulmonary circulation 
             Carmela Rita Balistreri 
             Vessel Plus 2018;2:25  http://dx.doi.org/10.20517/2574-1209.2018.35

26         Complications of transcatheter aortic valve replacement and rescue attempts 
             Burak Can Depboylu, Serkan Yazman, Bugra Harmandar
             Vessel Plus 2018;2:26  http://dx.doi.org/10.20517/2574-1209.2018.39

27         Age-associated features of oxidative stress as marker of vascular aging in comorbid course of 
             hypertension and type 2 diabetes mellitus 
             Valeriya Nemtsova, Olexander Bilovol, Irina Ilchenko, Anna Shalimova
             Vessel Plus 2018;2:27  http://dx.doi.org/10.20517/2574-1209.2018.48

28         Transcatheter aortic valve replacement: is anesthesiologic management linked to surgical 
             outcomes? 
             Chiara Candela, Annalaura Di Pumpo, Alessandro Centonze, Fabrizio Cucciniello, Domenico Sarubbi, 
             Felice Eugenio Agrò 
             Vessel Plus 2018;2:28  http://dx.doi.org/10.20517/2574-1209.2018.31

29         A current view of G protein-coupled receptor - mediated signaling in pulmonary hypertension: 
             finding opportunities for therapeutic intervention 
             Derek Strassheim, Vijaya Karoor, Kurt Stenmark, Alexander Verin, Evgenia Gerasimovskaya
             Vessel Plus 2018;2:29  http://dx.doi.org/10.20517/2574-1209.2018.44



30         Thrombospondins and remodeling of the tumor microenvironment 
             Olga Stenina-Adognravi, Santoshi Muppala, Jasmine Gajeton 
             Vessel Plus 2018;2:30  http://dx.doi.org/10.20517/2574-1209.2018.40

31         Selected meeting abstracts of 2018 healthcare and cardiology conference 
             Ahmed Ahmed Fouad Abdelwahab Ahmed
             Vessel Plus 2018;2:31  http://dx.doi.org/10.20517/2574-1209.2018.58

32         Correction: Energetic metabolism in cardiomyocytes: molecular basis of heart ischemia and 
             arrhythmogenesis 
             María Sofía Martínez, Andrés García, Eliana Luzardo, Mervin Chávez-Castillo, Luis Carlos Olivar, 
             Juan Salazar, Manuel Velasco, Joselyn Joanna Rojas Quintero, Valmore Bermúdez
             Vessel Plus 2018;2:32  http://dx.doi.org/10.20517/2574-1209.2018.68

33         Heart transplantation: a history lesson of Lazarus 
             Sanjeet Singh Avtaar Singh, Nicholas Banner, Colin Berry, Nawwar Al-Attar
             Vessel Plus 2018;2:33  http://dx.doi.org/10.20517/2574-1209.2018.28

34         Risk factors for atherosclerosis and vascular calcification in patients with type 2 diabetes on long-
             term hemodialysis 
             Tatyana Archakova, Liudmila Nedosugova 
             Vessel Plus 2018;2:34  http://dx.doi.org/10.20517/2574-1209.2018.52

35         Revascularization method for patients with infrainguinal arterial disease 
             Glushkov Nikolay, Ivanov Michael, Artemova Anastasia, Puzdriak Petr, Uryupina Anastasia, 
             Bondarenko Pavel, Ivan Tigrov 
             Vessel Plus 2018;2:35  http://dx.doi.org/10.20517/2574-1209.2018.45

36         Vascular smooth muscle cell contractile function and mechanotransduction 
             Sultan Ahmed, Derek T. Warren 
             Vessel Plus  2018;2:36  http://dx.doi.org/10.20517/2574-1209.2018.51

37         Blood pressure control and vascular protection with a fixed-dose combination of lisinopril + 
             amlodipine + rosuvastatin in hypertensive patients 
             Sergey V. Nedogoda, Elena V. Chumachek, Alla A. Ledyaeva, Vera V. Tsoma, Alla S. Salasyuk, 
             Victoria O. Smirnova, Victoria Yu. Hripaeva, Roman V. Palashkin, Ekaterina A. Popova 
             Vessel Plus 2018;2:37  http://dx.doi.org/10.20517/2574-1209.2018.36

38         Endoscopic radial artery harvesting for coronary artery bypass grafting 
             Ajita Naik, Mohamed Rahouma, Cristiano Spadaccio, Kritika Mehta, Massimo Baudo, Mohamed 
             Kamel, Faiza Khan, Irbaz Hameed, Matthew Wingo, Yongle Ruan, Ahmed Abouarab, Mohamed 
             Hossny, Leonard N. Girardi, Mario Gaudino
             Vessel Plus 2018;2:38  http://dx.doi.org/10.20517/2574-1209.2018.62

39         Evaluation of different surgical modalities for coronary reconstruction of diffusely diseased left 
             anterior descending artery 
             Mohamed H. Elsayed, Wael M. Hassanein, Samir A. Keshk, Mamdouh Zidan, Waheed G. Etman
             Vessel Plus 2018;2:39  http://dx.doi.org/10.20517/2574-1209.2018.65



40         Ventricular septal defect and tricuspid and mitral valve insufficiency caused by penetrating 
             trauma 
             Ana Lopez-Marco, Jennifer Williams, Christine Tan, Dheeraj Mehta
             Vessel Plus 2018;2:40  http://dx.doi.org/10.20517/2574-1209.2018.67

41         Volatile anesthetics in cardiac surgery: the impalpable benefit 
             Annalaura Di Pumpo, Chiara Candela, Fabrizio Cucciniello, Domenico Sarubbi, Felice Eugenio Agrò 
             Vessel Plus 2018;2:41  http://dx.doi.org/10.20517/2574-1209.2018.38



                                                                                              www.vpjournal.net

Review Open Access

Yanagawa et al. Vessel Plus 2018;2:1
DOI: 10.20517/2574-1209.2017.37

Vessel Plus

© The Author(s) 2018. Open Access This article is licensed under a Creative Commons Attribution 4.0 
International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 

sharing, adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Traumatic pulmonary artery injury: a review of the 
recent literature
Youichi Yanagawa, Kouhei Ishikawa, Hiroki Nagasawa, Ikuto Takeuchi, Kei Jitsuiki, Hiromichi Ohsaka, 
Kazuhiko Omori

Department of Acute Critical Care Medicine, Shizuoka Hospital, Juntendo University, Izunokuni 410-2295, Shizuoka, Japan.

Correspondence to: Dr. Youichi Yanagawa, Department of Acute Critical Care Medicine, Shizuoka Hospital, Juntendo University, 
1129 Nagaoka, Izunokuni 410-2295, Shizuoka, Japan. E-mail: yyanaga@juntendo.ac.jp

How to cite this article: Yanagawa Y, Ishikawa K, Nagasawa H, Takeuchi I, Jitsuiki K, Ohsaka H, Omori K. Traumatic pulmonary 
artery injury: a review of the recent literature. Vessel Plus 2018;2:1. http://dx.doi.org/10.20517/2574-1209.2017.37

Received: 12 Dec 2017    First Decision: 8 Jan 2018    Revised: 19 Jan 2018    Accepted: 22 Jan 2018    Published: 26 Jan 2018

Science Editor: Mario F. L. Gaudino    Copy Editor: Jun-Yao Li    Production Editor: Cai-Hong Wang

Abstract
Pulmonary artery injury (PAI) is rare, lethal clinical entity. Traumatic PAI is anatomically classified into transection/

rupture/laceration, pseudoaneurysm, dissection and fistula. In addition, traumatic PAI is clinically classified into two 

major categories: iatrogenic and non-iatrogenic, depending on the mechanism of the trauma. The frequency, clinical 

symptoms and treatment differ between the two clinical categories. If PAI can be managed appropriately and promptly in 

patients without cardiac arrest, the patient may be saved, as PAI can be easily controlled with appropriate procedures due 

to the low pressure in the PA circulation.

Keywords: Pulmonary artery, trauma, iatrogenic

INTRODUCTION
Pulmonary artery injury (PAI) is a rare, lethal clinical entity. Most vital emergencies involve proximal 
PAI. However, if PAI can be managed appropriately and promptly in patients without cardiac arrest, 
the patient may be saved, as PAI can be easily controlled with appropriate procedures due to the low 
pressure in the PA circulation, provided the injury site is small[1]. In this review article, traumatic PA is 
anatomically classified into four categories and clinically classified into two major categories: iatrogenic 
and non-iatrogenic, depending on the mechanism of the trauma. The frequency, clinical symptoms and 
treatment differ between the two clinical categories. The references are limited to reports in the English 
literature published since 1990.



ANATOMICAL CLASSIFICATION
Anatomically, traumatic PAI is classified into transection/rupture/laceration, pseudoaneurysm, dissection 
and fistula.

A transection, rupture, disruption, perforation, tear or laceration of the PA is thought to be a near-complete 
tear through all layers of the PA due to trauma; however, there is no consistent definitive terminology[1]. 
Clinical symptoms due to such trauma include cardiac arrest or hemodynamic insufficiency due to massive 
hemorrhaging or cardiac tamponade, and dyspnea due to hemothorax or hemoptysis[1,2]. Chest pain due 
to concomitant thoracic cage injury has also been reported. Rarely, this PAI, which involves hemostasis 
by clotting, is incidentally found on enhanced computed tomography (CT) without specific symptoms, as 
whole-body enhanced CT is routinely performed in patients following a high-energy accident[3,4].

A pseudoaneurysm is an encapsulated hematoma in communication with the lumen of a ruptured vessel. 
This may form when re-epithelialization of the perforation does not occur, and a delayed diagnosis can occur 
even 60 years later[5]. The pseudoaneurysm may stabilize and spontaneously resolve or expand and rupture, 
depending on the etiology, size and intravascular pressure[1]. A pseudoaneurysm can be asymptomatic 
or characterized by symptoms of hemoptysis, shortness of breath and chest pain[6,7]. An iatrogenic 
pseudoaneurysm of the PA is most common, followed by trauma-induced events. A pseudoaneurysm of the 
PA can also be congenital or have a non-traumatic cause, which includes infections and neoplasms[6,7]. 

An arterial fistula is an abnormal connection between the artery and other lumen organs. If an abnormal 
connection between an artery and a vein occur, this is called as an arteriovenous (AV) fistula. In a trauma 
setting, arterial fistulas can be asymptomatic or characterized by right ventricular dysfunction, acute 
respiratory failure or transient ischemic attack (TIA)[8-12]. Traumatically, fistulas occur between the PA and 
left atrium, internal mammary artery, aorta or pulmonary vein. Non-traumatic pulmonary AV fistulas can 
also be associated with hereditary hemorrhagic telangiectasia[13]. The initial clinical manifestations include 
thrombotic or embolic stroke, brain abscess and TIA but can also be asymptomatic in non-traumatic cases[13]. 
The clinical trial of cyanosis, exertional dyspnea and digital clubbing is common, but there have been no 
reports describing triads due to trauma[13].

PA dissections (PADs) are created by the occurrence of a small tear in the tunica intima, which allows blood 
to enter and cause the intima layer to strip away from the media layer, in effect dividing the muscle layers of 
the vascular wall. The mechanism of blunt traumatic PAD is likely similar to that seen in the aorta as a result 
of shearing forces and differential deceleration of the mediastinum and the spine. However, unlike aortic 
dissection, PAD progresses rapidly and typically ruptures rather than developing a reentry site, which causes 
cardiogenic shock or sudden death, especially in non-traumatic cases with pulmonary hypertension[14]. Five 
major etiological groups can be identified: congenital malformation, infection or inflammation, acquired 
cardiac diseases, iatrogenic causes and trauma[15-17]. Traumatic PADs usually resolve or remain stable unless 
associated with pulmonary hypertension, in which case the risk of bleeding can be quite high[1,16].

IATROGENIC PAI
The most common cause of PA ruptures and pseudoaneurysms is iatrogenic, with PA catheters being a 
particularly common culprit[2,18-20]. Other iatrogenic causes include intraoperative surgical procedures[21-24], 
indwelling chest tubes[25,26], pacemaker implantation[27], central venous catheterization[28] and Kirschner wire 
migration[29].

The incidence of PAI induced by catheters is not very high, averaging 0.01%-0.47%[2]. The mortality rate of 
PAI induced by catheter averages 50% but can be as high as 75% in anticoagulated patients. If death occurs, 
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it is usually secondary to asphyxia rather than hypovolemia[2]. The initial presentation may be as obvious as 
massive pulmonary hemorrhaging or as subtle as a cough associated with minimal hemoptysis, or it may 
even be totally asymptomatic[30].

When catheter-induced PAI happens during insertion of a fluoroscope, it is relatively easy to retract the PA 
catheter a few centimeters and re-inflate the balloon under direct vision. It may therefore be possible to stop 
the bleeding[2]. Additional diagnostic angiography and embolization also can be easily performed at that 
point.

In addition to treatments for PAI, the patient may need selective intubation to obtain lung isolation in 
accordance with clinical symptoms. Lung isolation can be performed with different techniques, including 
selective intubation with a standard endotracheal tube, bronchial blocker or double-lumen tube (DLT)[2]. 
A bronchial blocker can be used for lung separation when a DLT is not immediately available or when 
it is difficult to insert the DLT. Bronchial blockers can be used to tamponade the bleeding side while 
waiting for diagnostic and therapeutic interventions. The most important aspects of treatment are lung 
isolation using selective intubation, bronchial blockers, or DLT as a temporary measure; rapid movement is 
important for more definitive therapy as it can avoid clotting of the entire lung on one side, which effectively 
causes pneumonectomy. Surgery, including pulmonary artery ligature, segmentectomy, lobectomy or 
pneumonectomy, is reserved for extreme cases, since these procedures are technically challenging and entail 
high morbidity[2].

NON-IATROGENIC PAI
A majority of non-iatrogenic PAI cases occur due to chest trauma; however, most chest trauma cases do not involve 
PAI. PAI accounts for a small percentage of thoracic trauma cases. Epidemiologically, Kulshrestha et al.[31] reported 
102 patients sustaining cardiac injuries over a 4-year period. There were 45 blunt trauma, 36 stab injuries, 
and 21 gunshot injuries[31]. The injury involved the ventricle in 85 patients, atrium in 7 and the PA in 5 (5%) 
and resulted in crush injury to the heart in the remaining 5 cases. Thirty-three patients (32.3%) died at the 
scene, and 58 (56.9%) died during transportation. Only 11 patients (10.8%) reached the hospital alive, and 
10 of these survived following thoracotomy and repair of the cardiac injury. The patients with ventricular 
injuries had a greater prehospital mortality than those with atrial or PA injuries.

Deneuville[32] reported 88 cases of penetrating chest trauma, focusing on non-iatrogenic PAIs. Of these 88 cases, 
6 with PAI reached the hospital alive[32]. All cases underwent urgent operation, and 4 survived. The mortality 
appears to be high in patients presenting with complex lesions involving vascular and pulmonary structures. 
As a result, they concluded that isolated injuries of the PA were amenable to surgical repair and had a good 
prognosis if the patients arrived at the hospital alive. 

We summarized the cases of non-iatrogenic PAI in Tables 1 and 2. Most cases were reported as case reports, 
except for the findings of Deneuville[32]. Penetrating injuries were more frequent than blunt ones. Similar 
to Deneuville[32], 46/50 (92%) cases survived. The diagnosis was made based on intraoperative findings, 
enhanced CT or pulmonary arteriography. The main treatment method was surgery or an interventional 
approach. These findings suggest that if hemorrhaging is not noted and the vital signs are stable, conservative 
treatment can be selected. There are no strict guidelines concerning the management of PAI, and the 
preferred approach depends on the lesion, patient and institution[1].

CONCLUSION
PAI is a rare, lethal clinical entity; most vital emergencies involve proximal PAI. Anatomically, traumatic 
PAI is classified into transection/rupture/laceration, pseudoaneurysm, dissection and fistula. Iatrogenic 
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Table 1. Cases of non-iatrogenic injury of the pulmonary artery since 1990

No.  Reporter Year Age 
(year)

Gender Type of 
 injury

Cause of 
  injury

     Type of 
       injury

Symptom Treatment Outcome Arrest Other

1 Demondion 
et al .[33]

2016 27 Male Blunt Snowmobile 
accident

Rupture Mediastinal 
hematoma

Conservative Survive None

2 Maury 
et al .[34]

2015 51 Male Blunt Traffic 
accident

Rupture Hemothorax Suture Survive None

3 Lin et al .[35] 2014 23 Male Blunt Traffic 
accident

Rupture Hemothorax Ligation Dead None MOF

4 Muthialu 
et al .[36]

2013 5 Female Blunt Traffic 
accident

Rupture Hemothorax Suture & 
lobectomy

Survive None

5 Vendrell and 
Gahide[3]

2010 42 Female Blunt ? Rupture Hemothorax Conservative Survive None

6 Pereira and 
Narrod[37]

2009 55 Female Blunt Traffic 
accident

Rupture Hemothorax Suture Survive None

7 Kanani 
et al .[38]

2002 31 Male Blunt Traffic 
accident

Rupture Hemothorax Suture Survive None

8 Ambrose 
et al .[39]

2000 69 Male Blunt Traffic 
accident

Rupture Hemothorax Suture Survive None

9 Weltman 
et al .[40]

1999 69 Male Blunt Traffic 
accident

Rupture Hemothorax Suture Survive None

10 Clements 
et al .[41]

1997 42 Female Blunt Traffic 
accident

Rupture Tamponade Suture Survive None

11 Daon and 
Gorton[42]

1997 44 Female Blunt Traffic 
accident

Rupture Hemothorax Suture Survive None

12 Katz and 
Groskin[43]

1993 27 Female Blunt Traffic 
accident

Rupture Hemothorax Suture Survive None

13 Ohsaka 
et al .[44]

2015 91 Male Penetrating Sord Rupture Hemothorax Suture Survive PEA

14 Greberski 
et al .[45] 

2015 36 Male Penetrating Knife Rupture Hemothorax Suture Survive None

15 Senanayake 
et al .[46] 

2012 54 Male Penetrating Stab Rupture Hemothorax Suture Survive PEA

16 Sanchez 
et al .[47]

2010 31 Male Penetrating Stab Rupture Hemothorax Suture Survive None

17 Atalay 
et al .[48]

2010 18 Male Penetrating Gun Rupture Hemothorax Suture Survive None

18 Deneuville[32]
2000 32 Male Penetrating Knife Rupture Hemothorax Suture Survive None

19 Deneuville[32]
2000 37 Male Penetrating Shotgun Rupture Hemothorax Suture Survive None

20 Deneuville[32]
2000 24 Male Penetrating Knife Rupture Hemothorax Suture Survive None

21 Deneuville[32]
2000 22 Male Penetrating Shotgun Rupture Hemothorax Pneumonectomy Dead Yes

22 Deneuville[32]
2000 55 Male Penetrating Bull horn Rupture Hemothorax Pneumonectomy Dead Yes

23 Deneuville[32]
2000 44 Male Penetrating Knife Rupture Hemothorax Suture Survive None

24 Babatasi 
et al .[49]

1999 69 Male Penetrating Gun Rupture Mediastinal 
hematoma

Suture Survive None

25 Kiss et al .[50]
1999 34 Woman Penetrating Gun Rupture Tamponade Suture Survive None

26 Jain[51]
1998 7 Male Penetrating Air gun Rupture Tamponade Suture Survive PEA

27 Goel et al .[52]
2013 58 Female Blunt Traffic 

accident
Pseudoaneurysm No specific Conservative Survive None

28 Sridhar 
et al .[53]

2010 32 Male Blunt ? Pseudoaneurysm No specific Embolization Survive None

29 Reade 
et al .[54]

2006 57 Male Blunt Traffic 
accident

Pseudoaneurysm No specific Conservative Survive None

30 Kasai and 
Kobayashi[55]

1992 17 Male Blunt Traffic 
accident

Pseudoaneurysm No specific Lobectomy Survive None

31 Goel et al .[52]
2013 32 Male Penetrating Gun Pseudoaneurysm No specific Conservative Survive None

32 Quartey and 
Jessie[56]

2011 21 Male Penetrating Gun Pseudoaneurysm No specific Coil embolization Survive None

33 Blanié et al .[57]
2011 39 Male Penetrating Circular 

saw
Pseudoaneurysm No specific Pericardial patch Survive None

34 Rai et al .[58]
2010 28 Woman Penetrating Gun Pseudoaneurysm No specific Coil embolization Survive Yes

35 Maddali 
et al .[59]

2007 35 Male Penetrating Knife Pseudoaneurysm No specific Suture Survive None

36 Khan et al .[60]
2005 50 Male Penetrating Gun Pseudoaneurysm No specific Coil embolization Survive None

37 Dimarakis 
et al .[61]

2005 29 Male Penetrating Knife Pseudoaneurysm No specific Coil embolization Survive None

38 Block et al .[7]
2004 40 Male Penetrating Gun Pseudoaneurysm No specific Coil embolization Survive None



procedures are the most common cause of iatrogenic PAI rupture and pseudoaneurysm, with PA catheters 
being a particularly common culprit. Non-iatrogenic PAIs occur due to chest trauma but most chest trauma 
does not involve PAI. Penetrating injuries were more frequent than blunt injuries. The diagnosis was made 
based on intraoperative findings, enhanced CT or pulmonary arteriography. The main treatment method 
was surgery or an interventional approach. If PAI can be managed appropriately and promptly in patients 
without cardiac arrest, the patient may be saved.
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39 de Jonge 
et al .[62]

2003 57 Male Penetrating Knife Pseudoaneurysm No specific Coil embolization Survive None

40 Donaldson 
and Ngo-
Nonga[63]

2002 17 Male Penetrating Gun Pseudoaneurysm No specific Lobectomy Survive Yes CPC4

41 Savage 
et al .[64]

1999 49 Male Penetrating Gun Pseudoaneurysm No specific Coil embolization Survive None

42 Hubler 
et al .[65]

1997 20 Male Penetrating Knife Pseudoaneurysm No specific Lobectomy Survive None

43 Huet et al .[66]
1996 29 Male Penetrating Gun Pseudoaneurysm No specific Stent Survive None

44 Giglioli 
et al .[10]

2013 46 Female Blunt ? Fistula 
(aortopulmonary)

Right cardiac 
failure

Pericardial patch Survive None

45 Rrapo 
et al .[11]

2013 20 Male Penetrating Gun Fistula 
(pulmonary)

ARDS Pericardial patch Survive None

46 Roshanali 
et al .[12]

2012 48 Female Penetrating Missile 
debris

Fistula 
(pulmonary)

TIA Plug occlusion Survive None

47 Howell 
et al .[67]

2004 24 Male Penetrating Knife Fistula 
(aortopulmonary)

No specific Operation Survive None

48 Kerr and 
Sauter[68]

1993 35 Male Penetrating Knife Fistula 
(pulmonary)

Short of 
breath

Embolization Survive None

49 Almdahl 
et al .[16]

2014 46 Female Blunt ? Dissection No specific Conservative Survive None

50 Chung 
et al .[17]

2009 53 Male Blunt Boat 
accident

Dissection No specific Nitric oxide Dead None

?: not described; ARDS: acute respiratory distress syndrome; TIA: transient ischemic attack; MOF: multiple organ failure; PEA: pulseless electrical activity; 
CPC: cerebral performance category; PAI: pulmonary artery injury

Table 2. Summary of non-iatrogenic injury of the pulmonary artery since 1990

Total                         50 cases

Age, years Range 5-91

Average 38.4

Gender Male 40 (80%)

Female 10 (20%)

Type of injury Blunt 19 (38%)

Penetrating 31 (62%)

Cause of injury Gun 15 (30%): shot gun, air gun include

Traffic accident 13 (32%)

Knife 10 (20%)

Others 9 (18%)

Type of PAI Rupture 26 (52%)

Pseudoaneurysm 17 (34%)

Fistula 5 (10%)

Dissection  2 (4%)

Symptom Hemothorax 21 (42%)

No specific 20 (40%)

Tamponade 3 (6%)

Others 3 (6%) 

Treatment Surgical sutures 22 (44%)

Endovascular 10 (20%): include coil, stent and other materials

Conservative 6 (12%)

Other surgical maneuver  10 (20%)

Other treatment 2 (4%)

Survival Number and rate 46 (92%)

PAI: pulmonary artery injury
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Abstract
Acute coronary syndrome (ACS) comprises a spectrum of disease that includes unstable angina, non-ST-elevation 

myocardial infarction, and ST-elevation myocardial infarction. Clinical management of patients with ACS has greatly 

evolved over the last two decades, but ACS remains an important cause of morbidity and mortality in patients with 

coronary artery disease. This narrative review describes the indication, timing, and approaches to surgical revascularization 

in the context of ACS. In particular, the review discusses and compares the utilization of off-pump coronary artery bypass 

grafting (CABG) vs . conventional on-pump CABG. Other surgical interventions, such as totally endoscopic coronary artery 

bypass and hybrid coronary revascularization, are also reviewed. 

Keywords: Acute coronary syndromes, coronary artery bypass graft, off pump coronary artery bypass

INTRODUCTION
Acute coronary syndrome (ACS) comprises a spectrum of disease that includes unstable angina (UA), 
non-ST-elevation myocardial infarction (NSTEMI), and ST-elevation myocardial infarction (STEMI), with 
distinctions based on symptom severity, electrocardiogram patterns, and degree of myocardial necrosis as 
reflected by cardiac biomarker levels[1-3]. In-hospital and long-term mortality have improved largely because 
of improvements in ACS treatment modalities[4-8]. However, ACS remains an important cause of morbidity 
and mortality in patients with coronary artery disease that is responsible for more than 1 million hospital 
admissions in the USA annually[9]. Concurrently, indications for surgical revascularization in ACS patients 



by coronary artery bypass grafting (CABG) as well as the overall management of ACS patients have evolved 
a great deal over the last 15 to 20 years[4,10].

INDICATIONS FOR SURGICAL REVASCULARIZATION 
For patients with UA or NSTEMI, treatment choices are based on the patient’s level of risk as indicated by 
clinical symptoms, electrocardiogram changes, and cardiac biomarker levels[5]. Based on joint guidelines 
from the American College of Cardiology and American Heart Association, CABG is recommended as 
primary treatment for patients with significant left main disease or left main equivalent (i.e. significant 
proximal left anterior descending and proximal left circumflex stenosis) and for patients unresponsive to 
maximal nonsurgical treatment (Class of Recommendation: I & Level of Evidence: A)[10]. Surgery is also 
a reasonable consideration in patients with proximal left anterior descending (LAD) stenosis with 1- or 
2-vessel disease, presence of complex coronary lesions, and for patients in whom percutaneous intervention 
is not feasible[11-13].

For patients experiencing NSTEMI and UA, while indications for CABG vs. percutaneous coronary 
intervention (PCI) are similar to those for patients with stable angina, studies show that high-risk patients 
with left ventricular systolic dysfunction[14,15], severe 3-vessel disease[16-19], 2-vessel disease involving the 
proximal LAD, or diabetes mellitus[20-22] should be considered for CABG. Existing guidelines affirm the 
indications for high-risk patients given the increased chances of long-term survival[23,24]. In contrast, the 
survival benefits of CABG are much more modest in lower-risk patients. Thus, these patients should only 
be considered for early surgery if they are willing to accept the short-term risks associated with surgical 
revascularization in exchange for potentially improved functional status.

The accepted first-line treatment for STEMI is PCI or systemic thrombolysis. However, CABG is performed 
in up to 5% of STEMI cases[25]. In particular, surgery is indicated among patients with good surgical targets 
but whose hemodynamic instability results in a complicated or failed angioplasty; after a failed fibrinolysis; 
who have persistent, refractory ischemia; who show evidence of mechanical or valvular disease; who are 
in cardiogenic shock; or who have life-threatening ventricular arrhythmias and either severe stenosis or 
multivessel disease[10]. There is also class II evidence that CABG may be appropriate as primary intervention 
in patients for whom PCI failed, and it can also be considered in patients with evidence of severe left main 
or multivessel disease with poor left ventricular function or diabetes. 

PROGNOSIS
Despite improvements over time, in-hospital mortality for patients with acute myocardial infarction (AMI) 
in the USA remains at 5% and is even higher among STEMI patients who undergo either PCI or emergency 
CABG[26-30]. Additionally, NSTEMI patients undergoing surgical intervention have a poorer prognosis than 
their non-ACS counterparts[31], and the hospital level 30-day risk-standardized mortality rates for patients 
discharged with AMI remains at approximately 16%[32]. Outcomes for CABG are also worse in patients with 
ACS than in patients without ACS[4,33]. The preoperative troponin I level has been promoted as the strongest 
independent predictor of short-term death[1,31].

OFF-PUMP CABG
The advent of off-pump CABG (OPCABG) - which avoids cardiopulmonary bypass and its associated risks 
- brought the promise of reducing operative risk while producing long-term outcomes that were as good 
as or better than those of on-pump surgery[34-36]. Several studies have since shown short-term outcomes 
comparable to those of on-pump CABG[37,38], as well as lower rates of atrial fibrillation, less need for blood 
transfusions, less renal and neurocognitive dysfunction, and shorter hospital stays in mixed-risk patient 
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populations[39]. Furthermore, OPCABG is associated with improved resource utilization and increased cost-
effectiveness[36,40].

However, the relative merits of OPCABG and on-pump CABG remain debatable and there has been 
national decline in the utilization of OPCABG[41]. Randomized trials have demonstrated that short-term 
death or complications within a month of surgery occurred at similar frequency, but long-term mortality 
and complications occurred similarly if not at higher rates in patients undergoing OPCABG[42,43]. Meta-
analyses have also failed to demonstrate any significant benefit of OPCABG in mortality rates and showed 
comparable organ protection to conventional methods[44,45].

Another aspect of understanding the comparative advantages of OPCABG[46,47] is that patients who require 
intraoperative conversion from off-pump to on-pump surgery or abortion of the OPCABG procedure 
have poorer outcomes compared to patients undergoing successful OPCABG or on-pump operations[48-51]. 
Additionally, patients who underwent OPCABG generally had fewer anastomoses than their on-pump 
counterparts, limiting the conclusions that can be drawn about OPCABG in patients with multiple targets 
and raising concerns about the completeness and effectiveness of revascularization in OPCABG[39,52].

There are limited data regarding primary OPCABG for the treatment of ACS. In two studies, mortality was 
lower in off-pump vs. on-pump procedures (5% vs. 24%, P = 0.015 and 3.5% vs. 5.4%, P = 0.690)[53,54]. Additionally, 
a European study with a cohort of 624 patients demonstrated that stratification and preselection of patients, as 
well as the timing of the intervention, are crucial considerations for ensuring that only appropriate candidates 
undergo and derive benefits from the procedure[55]. An updated algorithm to stratify patients and better address 
the issue of conversion from off- to on-pump CABG has been put forth, which may help to reduce the frequency 
of off-pump to on-pump conversion in ACS patients[54,56].

OTHER POTENTIAL SURGICAL INTERVENTIONS
It has been approximately two decades since several groups first described endoscopic techniques for 
less invasive, closed-chest totally endoscopic coronary artery bypass (TECAB) with the da Vinci robotic 
system[57,58]. After a multicenter trial showed promising results, the US Food and Drug Administration 
approved robotically-assisted TECAB for non-emergent left internal mammary artery to LAD myocardial 
revascularization[59]. Subsequently, there has been interest both in traditional arrested-heart TECAB with 
cardiopulmonary bypass and in beating-heart, off-pump TECAB with the use of endoscopic stabilizers. 
Although issues have been raised regarding technical challenges and conversion rates[60-62], there are also 
data that suggest that with appropriate techniques and experience, excellent graft patency rates can be 
achieved[63].

More recent advancement in this field is hybrid coronary revascularization (HCR), a procedure that combines 
PCI with OPCABG via minimally invasive entry through an anterolateral thoracotomy[64]. In patients with 
multivessel and left main disease, HCR has been shown to be comparable to OPCABG performed via 
midline sternotomy with respect to short- and mid-term outcomes, without significant differences in repeat 
revascularization rates[64,65].

Although no study has specifically examined the use of TECAB or HCR in the treatment of ACS, they 
may be alternative techniques to consider as the technology continues to advance and additional data are 
gathered regarding their outcomes and safety. Currently, only a few medical centers worldwide perform 
robotic TECAB due to the high complexity of operations, corresponding long learning curves and lack of an 
endoscopic surgical tradition[66]. Therefore, more evidence is needed to quantify the benefits of HCR as an 
emerging procedure for ACS.
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TIMING OF SURGICAL REVASCULARIZATION
In most patients with ACS who are to undergo CABG surgery, the procedure is postponed for several days to 
reduce procedure-related risk[8]. The exceptions are patients with life-threatening conditions, such as severe 
disease or mechanical complications, who undergo early CABG. In another, AMI patients with persistent 
nonmechanial complications (persistent ischemia, shock), mortality rates when surgical revascularization 
was performed within 48 h of AMI were 7.7% for on-pump procedures performed because of persistent 
pain, but were negligible in those done more than 48 h later[67]. Other work looking at patients undergoing 
CABG after AMI has produced similar numbers and has associated early operation with higher risk in both 
transmural and non-transmural AMI[68]. There has been some suggestions, however, that even in higher-risk 
patients, early CABG is associated with very low in-hospital mortality and, therefore, could be considered 
in appropriate situations[8]. For OPCABG, data suggest that patients taken to the operating room within 6 h 
from the onset of chest pain are more suitable for off-pump surgery and have a low incidence of conversion 
to on-pump CABG, which, as mentioned above, carries severe risks and consequences[54].

CONCLUSION
Though the management of ACS has greatly evolved over the last two decades, the condition remains an 
important cause of morbidity and mortality in patients with coronary artery disease. Surgical revascularization 
is favored for more complex and high-risk patients. The merits of OPCABG remain debatable, and further 
study is needed to quantify the benefits of TECAB and HCR as emerging procedures for ACS. 
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Abstract
We present a case of an aorto-enteric fistula (AEF) with chronic, persistent bleeding from a blind aortic stump 
managed by endovascular means. This novel approach may have extended the life of a patient who would otherwise 
have been subject to a high perioperative morbidity or persistent bleeding and death. While our patient ultimately 
expired, we believe this technique can be considered for temporization in highly-selected patients.

Keywords: Aorto-enteric fistula, amplatzer vascular plug, endovascular treatment

INTRODUCTION
Aorto-enteric fistula (AEF) is a highly-morbid complication following aortic reconstruction. Although 
the traditionally accepted method of treatment is open surgical repair, alternative methods need to be 
considered in high operative-risk patients. We present a case of endovascular plug placement within a 
blind aortic stump for treatment of an AEF 16 years after an index aorto-bifemoral bypass (ABF). While 
the patient initially experienced resolution of his symptoms, this ultimately proved to be a temporizing 
measure as the patient eventually died of hemorrhagic shock related to AEF progression.

http://crossmark.crossref.org/dialog/?doi=10.20517/2574-1209.2017.38&domain=pdf


CASE REPORT
A 75-year-old male was transferred to our facility for evaluation of intermittent gastrointestinal (GI) 
bleeding requiring over 20 units of packed red blood cells over the 6 months previous to admission. His 
past surgical history was significant for ABF bypass to treat and infrarenal abdominal aortic aneurysm in 
2001. Three years following his initial operation, the patient developed a perigraft infection complicated by 
AEF treated by partial colectomy, end ileostomy, aortic graft explantation, ligation of the infrarenal aorta, 
and axillo-bifemoral bypass. The blind aortic stump was created two centimeters distal to the renal ostia.

The GI bleeding was initially evaluated at an outside facility with multiple computed tomography 
angiograms (CTAs), capsule endoscopies, and direct upper/lower GI endoscopies. Following transfer to 
our facility, double-balloon endoscopy demonstrated a small mucosal defect suspicious for a sinus tract in 
the 3rd portion of the duodenum [Figure 1]. An endoclip was placed for as a reference point. Repeat CTA 
visualized the endoclip near an aortic diverticulum at the inferior border of the blind stump [Figure 2]. 
Because of his medical comorbidities (chronic kidney disease III, hypertension, anemia, frailty, multiple 
abdominal operations creating a hostile abdomen with left-sided ostomy) and patient preference, open 
surgery was ruled out as a treatment option. At this point, we elected to proceed with embolization of the 
distal aortic stump.

Under moderate sedation, the left radial artery was accessed. After heparin infusion, a long 5-F catheter 
was positioned in the aorta and a diagnostic aortogram was performed. Unfortunately, the brachial artery 
was of unsuitable size for the sheath required for our planned embolization. Using a “down the barrel” 
technique, an 18-G trocar needle was advanced into the terminal aspect of the abdominal aortic stump 
via a translumbar approach. An 8-F sheath was inserted via the translumbar access, positioned in the 
abdominal aorta, and confirmed via angiography. A 22-mm Amplatzer II Vascular Plug (St. Jude Medical) 
was then deployed such that the plug spanned from the luminal aspect of the terminal abdominal aorta 
to the extraluminal portion of the aortic stump to prevent migration. Through the radial artery, multiple 
Ruby (Penumbra) coils were deployed past the vascular plug to thrombose the residual stump [Figure 3].

The patient had an uneventful postoperative course and was discharged 2 days later on lifelong oral 
antibiotics. At a 5-week postoperative visit, imaging demonstrated continued thrombosis of the aortic 
stump, decreased periaortic soft tissue swelling, and no extravasation of contrast [Figure 4]. The patient 
stated that his GI bleeding had completely resolved.
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Figure 1. Double-balloon upper endoscopy demonstrated a mucosal defect in the 3rd portion of the duodenum suggestive of a sinus 
tract. This area was clipped to mark the anatomic location. Computed tomography angiogram following endoscopy demonstrated a 
diverticulum immediately adjacent to the clip suggestive of a small aorto-enteric fistula



Approximately 14 weeks after our procedure, the patient presented with recurrent GI bleeding. The AEF 
was again identified by endoclip on upper GI endoscopy. The patient underwent further coil placement 
within the aortic stump via the radial artery. Following this reintervention, he was discharged home 
without repeat bleeding. Unfortunately, he proceeded to present in similar fashions 2 additional times; the 
first was managed with endoscopic clipping. However, on his final presentation 5 months postoperatively, 
the decision was made to proceed with definitive surgical ligation of the aortic stump given multiple 
failed endovascular and endoscopic interventions. On the day prior to his scheduled surgery, the patient 
developed acute hemorrhagic shock identified via his nasogastric tube. Unfortunately, he became 
hemodynamically unstable, was emergently intubated, and initiated on a massive transfusion protocol. 
After discussion with the patient’s family, code status was changed to “do not resuscitate”, comfort care 
was initiated, and he ultimately expired.

DISCUSSION
AEF is a rare and highly morbid complication following aortic intervention with an incidence of 
approximately 1%[1]. In the aortic reconstruction patient, it is thought that pathogenesis is related to 
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Figure 2. After placement of a metallic clip in the duodenum at the visualized lesion, a computed tomography angiogram demonstrated a 
diverticulum of the aortic stump (black arrow) near the duodenal clip (white arrow) concerning for another aorto-enteric fistula

A B

Figure 3. Digital subtraction angiography (A) and fluoroscopy (B) demonstrated placement of the Amplatzer II Vascular Plug so that 2/3 
of the plug remained intraluminally (black arrow) in the aortic stump while 1/3 remained in the periaortic space (white arrow). Microcoils 
were deployed distal to the intraluminal plug to further assist in stump thrombosis (black arrowhead). The close association between the 
aortic stump and the duodenum is demonstrated by the endoclip placed at the time of double-balloon endoscopy (white arrowhead)



instrumentation, enteric contact with aortic wall or graft, and persistent inflammation[2-4]. Spontaneous 
rupture of the aorta through the fistulous connection can present as subclinical, persistent bleeding, or life 
threatening exsanguination and carries a mortality rate approaching 100% if left untreated[5,6].

Patients developing AEF may prove to be difficult to diagnose as they tend to present with episodic 
bleeding. Therefore, a high index of suspicion must be maintained. Other clinical manifestations may 
include abdominal pain, palpable abdominal mass, and nausea[2]. However, these symptoms are either 
vague or often absent. Our patient presented with episodic bleeding without other accompanying 
symptoms for 6 months and underwent multiple CTAs and endoscopies before he was diagnosed. This 
illustrates well the difficulty in making the diagnosis and locating the site of pathology.

High-quality evidence regarding outcomes after treatment of AEFs are severely lacking[5]. One of the 
larger experiences was published by Armstrong et al.[7] in 2005. In this study, the authors described their 
experience with secondary AEFs in 29 patients. The most common procedures performed were excision 
with extra-anatomic bypass including axillo-femoral and cross-femoral bypass grafting (n = 25), aorto-
femoral grafting with additional lower-limb bypasses (n = 2), and in situ reconstruction with rifampin-
soaked Dacron (n = 2). Perioperative mortality in those who received an operation at 30-day was 21%[7].

A European meta-analysis of both endovascular and open intervention for secondary AEFs was published 
in 2016 by Kakkos et al.[8]. The authors included 98 patients who received endovascular intervention 
along with 725 open repairs from 1999 to 2015. In-hospital mortality was 7.1% in the endovascular group 
compared to the 33.9% in the open repair cohort, though this would be expected given the intent of each 
treatment modality, specifically palliation versus definitive repair. Interestingly, there was no difference 
in recurrence between the two treatment modalities. While the early survival benefit dampened during 
follow-up, it continued to remain significant. Not surprisingly, late sepsis was twice as high in the 
endovascular group compared to open repair at two years postoperatively (42% vs. 19%). The authors 
conclude that endovascular repair is associated with early benefit which is lost over time; therefore, they 
argue for staged repair with eventual conversion to in situ vein grafting in selected patients[8].

Based on our previous experience and the established literature, we did not believe our patient would 
have survived an open operation and therefore reserved open repair initially. He had multiple abdominal 
procedures stemming from his original aortic reconstruction which resulted in takebacks, ostomies, and 

Figure 4. Five weeks post-operatively, the patient remained bleed-free without leukocytosis or fever. Computed tomography angiogram 
demonstrated improvement in peri-aortic inflammation and stable positioning of the intraluminal vascular plug (black arrow) and the 
microcoils (white arrow)
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intraabdominal abscesses. Additionally, he suffered from frailty, malnutrition, and chronic kidney disease. 
After discussion regarding his treatment options, he was adamant on intervention to stop the GI bleeding. 
Therefore, an endovascular intervention was attempted as a palliative procedure. Although our patient 
initially demonstrated cessation of his GI bleeding following endovascular plug deployment, this success 
was short-lived and the patient experienced recurrence of his symptoms with ultimate exsanguination and 
death.
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INTRODUCTION
Functional tricuspid regurgitation (FTR) refers to tricuspid insufficiency occurring secondarily to left-
sided heart valve disease, especially mitral stenosis or regurgitation, in the absence of organic lesions of the 
tricuspid valve. In the late 1960s, the observation that mitral valve surgery sometimes led to an improvement 
in FTR suggested a conservative approach[1]. On the contrary, in the 1970s, Carpentier et al.[2] reported 
excellent results with tricuspid valve repair, arguing for systematic repair of FTR.

With the increasing population of long-term survivors of prosthetic mitral valve replacement, it has been 
observed that many patients developed late heart failure as the result of onset or progression of FTR in 
a severe form. Severe FTR is associated with substantially poorer functional outcomes and survival if 
untreated[3,4]. Moreover, data showing late development of severe FTR in patients with mild or mild-to-
moderate regurgitation at the time of mitral valve surgery have more recently pushed towards early aggressive 
intervention on the tricuspid valve in concomitance with the treatment of mitral valve disease. This raised 
the question if FTR in the presence of a lesser degree of regurgitation should be treated during the first 
operation, supporting Carpentier’s assertion that “surgical abstention” may be somewhat a dangerous policy. 
Moreover, when patients require reoperation for tricuspid valve dysfunction, a high operative mortality has 
been observed, mainly due to the irreversible right ventricular systolic or liver dysfunction[5-7]. Increasing 
data now support an early surgical treatment of FTR[8-11].



We have reviewed the current guidelines and several reports for recommending tricuspid valve repair, also 
in the light of our recent experience in the treatment of FTR. It is our opinion that a dysfunction of the 
tricuspid valve even if in the early stages of manifestation, should be corrected at the time of concomitant 
left-sided heart surgery, i.e., mitral valve surgery. 

AMERICAN AND EUROPEAN GUIDELINES
The 2014 American Heart Association/American College of Cardiology guidelines indicate that surgery for 
the treatment of FTR is required for patients affected by a severe degree of regurgitation (stages C and D 
of the tricuspid valve disease) undergoing left-sided valve surgery[12]. This type of indication is in Class I, 
with Level C of evidence. Risks and benefits of tricuspid valve surgery should be carefully evaluated in the 
presence of severe right ventricle systolic dysfunction or irreversible pulmonary hypertension, potentially 
causing a right ventricle failure after operation. In Class IIa with Level B of evidence, it is recommended 
the repair of FTR in the presence of mild or moderate tricuspid regurgitation (stage B of the tricuspid valve 
disease) at the time of left-sided valve surgery either in the presence of tricuspid annular dilation or with 
prior evidence of right heart failure. In Class IIb with Level C of evidence tricuspid valve repair may be 
recommended in the presence of moderate FTR (stage B) and pulmonary artery hypertension at the time of 
left-sided valve surgery. The 2017 European Society of Cardiology/European Association for Cardio-Thoracic 
Surgery guidelines focus on the timing of surgical intervention based on the concept that surgery of the 
tricuspid valve should be carried out sufficiently early to avoid late irreversible right ventricular dysfunction 
or progression of FTR[13].

In presence of FTR, adding tricuspid valve repair, if indicated during left-sided surgery, not only does not 
increase the operative risk, but also has been demonstrated to provide reverse remodeling of the right 
ventricle and to improve the functional status. The indication with Level C of evidence in Class I, IIa, IIb are 
similar to those reported by the American guidelines, with the exception of Class IIb, where it is stated that 
surgery may be considered in patients with mild or moderate FTR, even in the absence of annular dilatation, 
when previous right heart failure has been documented. In both American and European Guidelines the 
annulus dilatation of the tricuspid valve defined as greater than 40 mm or 21 mm/m2 by 2D echocardiography 
represents a surgical indication for the treatment. In fact, a diastolic diameter greater than 40 mm or 21 mm/m2 
increases the risk of persistent or progressive FTR after isolated mitral valve surgery.

TRICUSPID VALVE REPAIR TECHNIQUES
Repair techniques for the treatment of FTR have been introduced by Kay et al.[14] in 1965 and De Vega[15] 
in 1972. Kay’s technique provides the obliteration of the posterior tricuspid leaflet by placement of several 
sutures across the posterior segment of the tricuspid valve annulus making the valve as bicuspid. De Vega’s 
technique provides the annuloplasty by placement of two semicircular sutures around the annulus anchored 
with two pledgets (2-0 Ti-cron), starting from the anterior-septal commissure and ending in front of the 
origin of the coronary sinus. 

Ring annuloplasty, first introduced by Carpentier et al.[2] in 1974, is thought to offer the best long-term 
outcomes for severe FTR, by means of a more complete annular stabilization. However, this procedure leads 
to prolongation of the operation and cardiopulmonary bypass time. Therefore intervening on moderate 
functional TR in the context of another cardiac procedure may become a decision-making dilemma.

CURRENT EARLY AND LATE RESULTS OF THE REPAIR TECHNIQUES
Marquis-Gravel et al.[16] examined the outcomes of 926 cases of tricuspid valve surgery performed over a 30-
year period. Of them, 792 patients underwent tricuspid valve repair (85%) more frequently in concomitance 
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with mitral valve surgery (85%). Tricuspid valve repair was done by the use of De Vega or ring annuloplasty. 
Operative mortality was 14%, 15-year survival 34%. Risk factors for late mortality included the preoperative 
severity > 3+ of the FTR, whereas tricuspid valve surgery concomitantly performed with mitral and/or aortic 
surgery was not a predictive factor for increased mortality[16]. Chan et al.[17] studied 624 mitral valve replacement 
patients. They performed in 125 out of 231 patients having preoperatively a FTR > 2+ tricuspid repair using 
De Vega or ring annuloplasty techniques. During a mean follow-up of 6.8 years among patients who had 
preoperative FTR > 2+, the regurgitation worsened in 10 (8%) patients who received repair compared with 85 
(17%) who did not. Moreover, the progression of FTR was less developed in the repair group (P = 0.008)[17]. 
Navia et al.[18] have compared the effectiveness of several tricuspid valve repair techniques in 2277 patients 
who had undergone left-sided valve surgery. At 10 years of follow-up, the use of a rigid prosthetic ring 
provided the most sustained reduction of FTR[18].

On the other hand, Yilmaz et al.[19] in a series of 699 patients undergoing mitral valve repair, showed that at 
3 years of follow-up, a clinically silent non-severe FTR was unlikely to progress. Huang et al.[20] in a series of 
448 patients undergoing tricuspid annuloplasty with concomitant procedures, evaluated the results of the 
De Vega (216 patients) or ring (232 patients) annuloplasty. The indication to FTR treatment was done on the 
symptomatic tricuspid regurgitation grade (4+) (91.3%) or in presence of moderate FTR (< 4+) or marked 
tricuspid annular dilatation (diameter > 4.0 cm) (8.7%). With both types of tricuspid valve repair techniques 
postoperative echocardiography showed significant improvement of the FTR grade (from 3.4 preoperatively 
to 0.6, P < 0.05); 5-year freedom from reoperation (81% vs. 75%, P = 0.124) was similar. They concluded 
that the De Vega annuloplasty is an acceptable strategy, improving both clinical and echocardiographic 
status of the patients during long-term follow-up, although the event-free survival appeared to be lower in 
comparison with that observed for the ring annuloplasty (74.5% vs. 78.8%, P = NS)[20].

Finally, Takano et al.[21] in a smaller series of 71 patients undergoing mitral valve replacement and tricuspid 
valve repair, but with a follow-up period of 20 years, identified the preoperative moderate grade of FTR as a 
significant risk factor for the development of late severe tricuspid regurgitation. They claimed that an aggressive 
early treatment of FTR at the time of mitral valve surgery may prevent the late progression of the FTR.

In our recent experience, from January 2015 to October 2017, on a series of 156 patients treated for left-sided 
heart valve disease (mitral, mitral and aortic valve disease), 57 patients (36.5%) underwent suture annuloplasty 
techniques (De Vega, 49 patients; Kay, 8 patients). In the mitral surgery group of patients (n = 114), FTR was 
treated in 35 cases (30.7%). Indication for the surgical treatment was given in the presence of symptomatic 
severe or moderate FTR, or when the diameter of the tricuspid valve annulus reached 40 mm, regardless of 
symptoms[22,23]. We have adopted those tricuspid valve repair techniques because they require less surgical time 
in comparison with the use of a ring implant. The increased incidence of the surgical treatment of FTR observed 
in our series is in accordance with that reported in the database of the Society of Thoracic Surgeons. The trend 
of the tricuspid valve surgery increased with the time: 11,405 patients treated in the first period of analysis 
(2000-2003), 21,804 and 21,166 in the last periods (2004-2007 and 2008-2010). In this report operative mortality 
declined from 10.6% in 2000 to 8.2% in 2010 (P < 0.001)[24].

In our series the operative mortality for mitral valve repair (29 patients) and mitral plus tricuspid valve 
repair (9 patients) was similar (0% vs. 0%), as well as that observed for mitral valve replacement (50 patients) 
and mitral valve replacement plus tricuspid valve repair (26 patients) (2% vs. 3.6%, P = NS).

As compared to preoperative period, clinical status of patients surgically treated for FTR during the short-
term follow-up showed a significant improvement in NYHA class (3.0 ± 0.7 preoperatively vs. 1.4 ± 0.6 
at follow-up), pulmonary artery pressure mean value (60 ± 22 vs. 32 ± 10 mmHg), mean value of FTR (2.8 ± 
1.0/4+ vs. 0.7 ± 0.6/4+) (P < 0.001, for all comparisons). None of the patients required permanent pacemaker 
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implantation at discharge, or during follow-up. Early and late results of surgical treatment of FTR are 
summarized in Table 1, reporting either data above mentioned than other surgical series. 

CONCLUSIONS
Current data suggest that tricuspid valve repair together with early elective surgical intervention for mitral 
valve disease should be done in order to improve late outcomes and avoid the risk of a late redo operation due to 
progression of FTR. In the presence of severe FTR, surgery continues to be recommended in Class I. Annular 
dilatation and history of congestive heart failure symptoms are important to take the decision to early repair 
of FTR, although more recent guidelines continue to indicate surgical intervention in these specific subgroup 
of patients in Class II. We agree that a dysfunction of the tricuspid valve, even if not associated with a severe 
insufficiency, should be corrected at the time of a surgical operation on the mitral valve, especially if the 
technique used to repair the tricuspid valve requires a short time of execution.
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Table 1. Early and late results of the FTR surgical repair

Authors     Repair techniques Operative 
 mortality

     Late survival Freeedom from recurrence of 
           significant FTR

Marquis-Gravel et al .[16] De Vega, ring implant 14% 55% at 10 years 46% at 10 years

Chan et al .[17] De Vega, ring implant 3% 80% at 10 years 75% at 10 years

Navia et al .[18] De Vega, Kay, ring implant 44% at 10 years 98% at 5 years

Huang et al .[20] De Vega, ring implant 1.1% 84%, 97% (De Vega vs . ring) at 
5 years

75%, 79% (De Vega vs . ring) at 
5 years

Takano et al .[21] Ring implant 0 59% at 15 years 93% at 15 years

Filsoufi et al .[25] Ring implant 5.3% 85% at 2 years 100% at 2 years

Fukuda et al .[26] Ring implant 0 100% at 1 year 70 at 1 year

Ghanta et al .[27] Kay, ring implant 6.4% 75%, 61% (Kay vs . ring) at 
3 years

75%, 69% (Kay vs . ring) at 
3 years

Chang et al .[28] De Vega, Kay 3.4% 96% at 8 years 72% at 8 years

Tang et al .[29] De Vega, ring implant 7%, 4% (De Vega 
vs . ring)

36%, 49% (De Vega vs . ring) at 
15 years

39%, 83% (De Vega vs . ring) at 
15 years

McCarthy et al .[30] De Vega, ring implant 8% 50% at 8 years 67%, 83% (De Vega vs . ring) at 
8 years

Our recent experience, 
2015-2017

De Vega, Kay 0 100% at 1 year 100% at 1 year

FTR: functional tricuspid regurgitation
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Abstract
Aim: The aim of the present study was to assess the 10-year cardiovascular disease (CVD) risk and to apply the current 

recommendations on aspirin use for primary prevention in Korean participants undergoing a medical check-up.

Methods: Adults aged 50 to 69 years were eligible for the study if they did not have a history of atherosclerotic CVD 

(ASCVD) or stroke. The 10-year CVD risk was calculated using the ASCVD risk estimator (http://tools.acc.org/

ASCVD-Risk-Estimator). 

Results: A total of 1125 participants were enrolled in this study. The mean age was 57 years, and 32% of the participants 

were women. Based on the 2016 US Preventive Services Task Force recommendations, aspirin was indicated in 266 

(23.6%) participants but only 44 (3.9%) participants were taking aspirin regularly. Among these participants, aspirin 

was prescribed appropriately in 36% of the participants, suggesting that only 6% of the participants were taking aspirin 

appropriately and 3.3% of the participants were taking aspirin inappropriately. Logistic regression analysis showed that 

treatment for hypertension was significantly associated with taking aspirin (odds ratio 7.49; 95% confidence interval 

3.62-15.49). 

Conclusion: Our study suggested that there may be an opportunity for decreasing the rate of CVD as well as the risk for 

major bleeds through tailored education on aspirin use.

Keywords: Aspirin, cardiovascular disease, guideline, primary prevention, stroke 



INTRODUCTION
Aspirin provides the benefit of primary prevention of vascular events in men or women whose risk for 
myocardial infarction (MI) or ischemic stroke, respectively, is high enough to outweigh the risk for bleeding[1]. 
In patients with atherosclerotic vascular disease, long-term antiplatelet therapy reduces the risk of vascular 
events. The benefits of long-term antiplatelet therapy substantially exceed the bleeding risk. For primary 
prevention of vascular events, aspirin is frequently taken regularly with or without a doctor’s prescription. In 
such cases, the balance is less clear because the risks without aspirin and the benefits of aspirin are generally 
an order of magnitude lower than in secondary prevention[2-4]. In a collaborative meta-analysis, the use of 
aspirin provided a 12% proportional reduction in serious vascular events, due mainly to a reduction in non-
fatal MI, and the net effect on stroke was not significant[5]. In 2016, the US Preventive Services Task Force 
(USPSTF) updated the recommendations on low-dose aspirin use for primary prevention of cardiovascular 
disease (CVD) and colorectal cancer (CRC), based on the American College of Cardiology/American Heart 
Association (ACC/AHA) risk calculator[4]. Prevention of CVD events is important, and understanding the 
physician’s recommendations for aspirin use is essential for the management of quality of health care. The 
aim of the present study was to assess the 10-year CVD risk and to apply the current recommendations on 
aspirin use for primary prevention in Korean participants undergoing a medical check-up.

METHODS
Participants
Between January 2014 and December 2016, the participants who underwent a medical check-up at Sanggye 
Paik Hospital Health Promotion Center were enrolled into this study. Adults aged 50 to 69 years were eligible 
for the study if they did not have a history of atherosclerotic cardiovascular disease (ASCVD) or stroke with 
a low density lipoprotein (LDL)-cholesterol < 190 mg/dL and if they agreed to provide informed consent. 
They were classified as having an ASCVD history when they reported a history of MI, coronary bypass, or 
angioplasty. The participants’ demographics, vascular risk factors, and medication history were collected at 
baseline. The medications taken regularly during the month preceding their visit were recorded. Physical 
examination, including blood pressure measurements, electrocardiogram, and blood testing were also 
performed. 

The 2016 USPSTF recommendations on low-dose aspirin use for primary prevention of CVD and CRC are 
as follows: adults aged 50 to 69 years who have ≥ 10% 10-year CVD risk, are willing to take low-dose aspirin 
daily and have a life expectancy of at least 10 years, and are not at an increased risk for bleeding. With respect 
to adults aged 60 to 69 years, the decision to initiate aspirin use should be an individual one. The evidence 
of aspirin use in adults younger than 50 years and aged 70 years or older is insufficient[4]. The 10-year CVD 
risk was calculated using the ASCVD risk estimator (http://tools.acc.org/ASCVD-Risk-Estimator). The risk 
factors for the ACC/AHA ASCVD risk calculation were gender, age, race, total cholesterol, high density 
lipoprotein (HDL)-cholesterol, diabetes, treatment for hypertension, systolic blood pressure (SBP), and 
cigarette smoking. In this study, hypertension was defined as a SBP of at least 140 mmHg or a diastolic blood 
pressure (DBP) of at least 90 mmHg. Diabetes mellitus was defined as present if the participant was receiving 
hypoglycemic agents or the fasting serum glucose level was 126 mg/dL or higher[6]. Participants who smoked 
regularly during the previous year were classified as current smokers. 

High-resolution B-mode ultrasound measurements were performed in some participants according to the 
guidelines of the Mannheim intima-media thickness (IMT) Consensus[7]. The methods of IMT measurement 
have been published previously[8]. In brief, a single longitudinal lateral image of bilateral common carotid 
arteries (CCA) was obtained proximal to the carotid bulb, with the patient in the supine position. Automatic 
measurements of the CCA-IMT were performed approximately at 10 mm proximal to the carotid bulb. In 
this study, mean IMT of both carotid arteries was used for analysis.
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All study participants provided informed consent, and the study design was approved by the appropriate 
ethics review board and conducted in accordance with the Good Clinical Practice guidelines and the 
Declaration of Helsinki.

Statistical analysis
Data are expressed as mean (standard deviation) or number (percent). The baseline characteristics of the two 
groups were compared by a Student t test for continuous variables and by a χ2 test for categorical variables. 
Logistic regression models were used to analyze the relationship between ASCVD risk calculation factors 
and taking aspirin. Due to this trial enrolled single ethnicity, gender, age, total cholesterol, HDL-cholesterol, 
diabetes, treatment for hypertension, SBP, and cigarette smoking were used as variables for the study. Two-
sided null hypotheses of no difference were rejected at P < 0.05. SAS version 4.2 software (SAS Institute Inc, 
Cary, NC, USA) was used for statistical analysis.

RESULTS
During the study period, a total of 1125 participants were enrolled in this study. Table 1 shows the baseline 
characteristics of the enrolled participants. The mean age was 57 years, and 32% of the participants were 
women. With respect to clinical history and vascular risk factors, 28% of the participants had a history of 
hypertension, 10% of the participants had diabetes, 23% of the participants had dyslipidemia, and 20% of 
the participants were current tobacco smokers. The SBP and DBP were significantly higher in men. The 
frequency of diabetes, smoking, and regular alcohol drinking/physical activity was also higher in men, 
whereas age, total, LDL and HDL-cholesterol levels were higher in women.

Based on the 2016 USPSTF recommendations, aspirin was indicated in 266 (23.6%) participants but only 44 
(3.9%) participants were taking aspirin regularly [Table 2]. Among these participants, aspirin was prescribed 
appropriately in 36% of the participants, suggesting that only 6% of the participants were taking aspirin 
appropriately and 3.3% of the participants were taking aspirin inappropriately. Table 3 demonstrates the 
10-year CVD risk and the aspirin use according to gender and age. Among men, 253 (33.1%) participants 
had ≥ 10% 10-year CVD risk [Figure 1]. Aspirin was recommended in 20.1% of the male participants aged 
50-59 years and in 75.1% of the male participants aged 60-69 years. Among these male participants, however, 
only 15 (5.9%) were taking aspirin appropriately and 3.7% were taking aspirin inappropriately. Among 
women, 13 (3.6%) participants had ≥ 10% 10-year CVD risk and none of the participants were taking aspirin 
appropriately. Aspirin was recommended only in 9.8% of the female participants aged 60-69 years [Table 3]. 
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Table 1. Baseline demographic and clinical characteristics of participants

Characteristics Total (n  = 1125) Men (n  = 764) Women (n  = 361) P  value
Age (years) 57.1 (4.86) 56.7 (4.66) 57.7 (5.18) 0.001
SBP (mmHg) 121.6 (14.33) 123.0 (13.84) 118.8 (14.96) < 0.0001
DBP (mmHg) 77.7 (10.78) 79.3 (10.53) 74.3 (10.50) < 0.0001
Hypertension 316 (28.1) 228 (29.8) 88 (24.4) 0.057
Diabetes mellitus 111 (9.9) 85 (11.1) 26 (7.2) 0.039
Dyslipidemia 256 (22.8) 169 (22.1) 87 (24.1) 0.460
Current smoking 230 (20.4) 222 (29.1) 8 (2.2) < 0.0001
Total cholesterol (mg/dL) 192.8 (33.21) 189.8 (32.93) 199.1 (32.97) < 0.0001
LDL cholesterol (mg/dL) 119.9 (24.02) 118.8 (24.04) 122.3 (23.84) 0.021
HDL cholesterol (mg/dL) 50.4 (11.79) 47.9 (10.35) 55.6 (12.87) < 0.0001
Regular alcohol drinking 669 (59.5) 559 (73.2) 110 (30.5) < 0.0001
Regular physical activity 642 (57.1) 454 (59.4) 188 (52.1) < 0.0001
Regular antihypertensive therapy 282 (25.1) 202 (26.4) 80 (22.2) 0.122
Current aspirin use 44 (3.9) 34 (4.5) 10 (2.8) 0.175

Data are means (SD) or numbers (%). SBP: systolic blood pressure; DBP: diastolic blood pressure; LDL: low-density lipoprotein; HDL: 
high-density lipoprotein



Table 4 shows the relationship between the factors of ASCVD risk calculation and taking aspirin. Treatment 
for hypertension was significantly associated with taking aspirin [odd ratio (OR) 7.49; 95% confidence 
interval (CI) 3.62-15.49]. Though there were no significant differences, a trend toward taking aspirin was 
related with age (OR 1.02; 95% CI 0.99-1.12) and men (OR 1.64; 95% CI 0.79-3.35). Smoking was inversely 
related with aspirin use (OR 0.59; 95% CI 0.24-1.42). Of the 1125 participants, 265 (23.6%) underwent IMT 
measurements. The mean IMT was significantly greater in the ≥ 10% 10-year CVD risk group (n = 70, 0.83 ± 
0.13 mm) than in the < 10% 10-year CVD risk group (n = 195, 0.78 ± 0.12 mm; P = 0.003).
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Table 2. The 10-year CVD risk and aspirin use

Total (n  = 1125) Men (n  = 764) Women (n  = 361)
10-year CVD risk (%) 0.5-46.2 1.4-46.2 0.5-20.2
≥ 10% 10-year CVD risk 266 (23.6) 253 (33.1) 13 (3.6)
Current aspirin use 44 (3.9) 34 (4.5) 10 (2.8)

Appropriate 16 (36) 15 (44) 1 (10)
Inappropriate 28 (64) 19 (56) 9 (90)

Data are numbers (%). CVD: cardiovascular disease

Table 3. The 10-year CVD risk and aspirin use according to gender and age

Men Women
Total 
(n  = 764)

50-59 years 
(n  = 583)

60-69 years 
(n  = 181)

Total 
(n  = 361)

50-59 years 
(n  = 229)

60-69 years 
(n  = 132)

10-year CVD risk (%) 1.4-46.2 1.4-25.8 4.3-46.2 0.5-20.2 0.5-8 1.8-20.2
≥ 10% 10-year CVD risk 253 (33.1) 117 (20.1) 136 (75.1) 13 (3.6) 0 (0) 13 (9.8)
Current aspirin use 34 (4.5) 20 (3.4) 14 (7.7) 10 (2.8) 4 (1.7) 6 (4.5)

Appropriate 15 (44) 5 (25) 10 (71) 1 (10) 0 (0) 0 (0)
Inappropriate 19 (56) 15 (75) 4 (29) 9 (90) 4 (100) 6 (100)

Data are numbers (%). CVD: cardiovascular disease

Figure 1. The 10-year cardiovascular disease (CVD) risk and the aspirin use according to gender and age



DISCUSSION
Based on the ACC/AHA ASCVD risk estimator and the 2016 USPSTF recommendations, this study 
demonstrated that aspirin was indicated in 23.6% of the participants undergoing medical check-up but only 
6% of the participants were taking it appropriately. These results are similar to previous findings that showed 
the frequency of aspirin use[9-11]. The role of aspirin in primary prevention among individuals without known 
CVD is currently unclear[2,4,12]. However, high-risk patients who are not receiving aspirin are at an increased 
risk of CVD events. Low-risk patients are also exposed to the adverse bleeding risk with unnecessary use of 
aspirin. For primary prevention of CVD, decisions regarding aspirin use should be highly individualized[13]. 
An alternative approach that may be helpful in determining the risk and benefit from aspirin therapy is 
using a risk assessment tool. It is helpful that healthcare providers will be able to estimate the CVD risk for 
an individual patient.

In this study, logistic regression analysis revealed that though SBP did not have any effect on the aspirin 
use (OR 0.98; 95% CI 0.96-1.01), treatment for hypertension was strongly associated with taking aspirin. It 
might be related with doctor’s coprescription of aspirin with antihypertensive drugs in outpatient clinic, 
suggesting that there may be an opportunity for decreasing the rate of CVD as well as the risk for major 
bleeds through tailored education for physicians on aspirin use. Our study also showed that there was a 
trend toward taking aspirin with men and aging. Advancing age is a well-known non-modifiable risk factor 
for CVD. The cumulative effects of aging substantially increase the CVD risk, but the burden of CVD risk 
can be reduced in part by the modification of traditional risk factors[14]. A higher frequency of diabetes and 
smoking in men may be associated with these results as well. Potentially modifiable risk factors, such as 
hypertension, diabetes, dyslipidemia, tobacco use, and physical inactivity, account for most of the risk of 
CVD[15,16]. Medications to control blood pressure and lipids, smoking cessation, diet, and exercises are the 
interventions broadly applicable to the general population. There is another chance for decreasing the rate of 
CVD through personalized education for individuals on modifiable risk factors. The optimization of CVD 
prevention for individuals can identify and achieve the control of risk factors safely, expeditiously, and cost-
effectively.

In our study, the mean IMT was significantly greater in the ≥ 10% 10-year CVD risk group than in the < 10% 
10-year CVD risk group. Several longitudinal studies have demonstrated that an increased carotid IMT can 
have an independent, synergistic risk prediction power for stroke and MI[17]. While a carotid ultrasonography 
screening policy is not warranted in the general population, it might be considered in subjects with a higher 
10-year CVD risk to better stratify their actual risk[18,19]. Further studies are required to address the role of 
carotid ultrasonography in primary prevention of vascular events in high-risk subjects. 

There were several limitations in this study. The most important limitation was that aspirin use was determined 
based on a self-report and this might have led to an underestimation of the actual use. The socioeconomic 
status was not determined and this could have resulted in overestimation of the number of individuals in 
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Table 4. Logistic regression analysis for the factors of ASCVD risk calculation and taking aspirin

ASCVD risk calculation factors OR (95% CI) P  value
Men 1.64 (0.79-3.35) 0.179
Age 1.05 (0.99-1.12) 0.106
HDL-cholesterol 0.98 (0.94-1.01) 0.124
Total cholesterol 0.99 (0.98-1.01) 0.346
Treatment for hypertension 7.49 (3.62-15.49) < 0.0001*
Systolic blood pressure 0.98 (0.96-1.01) 0.179
Cigarette smoker 0.59 (0.24-1.42) 0.236
Diabetes 1.27 (0.56-2.86) 0.565

ASCVD: atherosclerotic cardiovascular disease; OR: odds ratio; CI: confidence interval; HDL: high density 
lipoprotein. Significant P  is marked with *



the population taking aspirin. Due to the small sample size, we could not evaluate the factors regarding 
to the inappropriate use of aspirin. Only 3.9% of participants were taken aspirin regularly in this study. 
Finally, this trial enrolled only Korean participants, limiting the generalizability of our findings to other 
geographic regions. Concerns have been raised that this guideline is the only US-based, externally validated 
equations that report risk as a combination of CVD, stroke, and CRC events. There may be limitations in 
general applications of the risk functions to other ethnic populations due to the differences in diet pattern, 
life style, social environment, or genetic predisposition[20,21]. These limitations should be considered during 
the interpretation of our data.

In conclusion, the decision to take aspirin is still an individual one, which should be made after careful 
evaluation of the trade-off between the benefits and risks, particularly the risk of major bleeding. This study 
showed that aspirin would be indicated in nearly one-quarter of the adults aged 50 to 69 years who undergo a 
medical check-up but only 6% were taking aspirin appropriately based on the 2016 USPSTF recommendations. 
These results suggested that there may be an opportunity for decreasing the rate of CVD as well as the risk 
for major bleeds through tailored education on aspirin use.
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Abstract
Depression is one of the most common psychiatric disorders, and has become an epidemic in modern medical practice; 

notorious for frequently co-occurring with multiple comorbidities, especially cardiovascular disease (CVD), type 2 

diabetes mellitus (DM2), and its various risk factors comprised in the metabolic syndrome (MS). Selective serotonin 

reuptake inhibitors (SSRIs) are the most widely used class of psychotropic drugs in this and many other clinical 

scenarios; yet their impact on cardiometabolic health has not been elucidated. The objective of this review was to 

summarize current views on the pharmacology of SSRIs and cardiometabolic risk, as well as available epidemiological 

evidence regarding its clinical significance. SSRIs appear to intervene in cardiometabolic physiology fundamentally by 

modulating chronic inflammation, a key pathophysiologic phenomenon in MS, DM2 and CVD. However, the dosing 

necessary to achieve a beneficial impact in this regard, as well as their clinical correlations, remain controversial. 

Each SSRI displays a particular profile regarding each of the components of the MS: weight gain seems to be the 

most common effect of SSRIs, more frequent with paroxetine, followed by citalopram and escitalopram. As a drug 

class, SSRIs also appear to promote hypercholesterolemia rather uniformly, while fluoxetine and citalopram appear 

to particularly increase triacylglyceride levels. In contrast, fluvoxamine and paroxetine seem to have the greatest 

impact on dysglycemia. Lastly, most SSRIs appear to be innocuous or even beneficial regarding blood pressure and 



high-density lipoprotein cholesterol. Nevertheless, many of these effects may vary significantly upon specific clinical 

circumstances, especially timing. This topic remains rather unexplored in clinical psychopharmacology, and further, 

larger-scale epidemiological studies are needed in order to offer improved care in this field.

Keywords: Depression, selective serotonin reuptake inhibitors, metabolic syndrome, cardiovascular risk, cardiovascular 

disease, type 2 diabetes mellitus, chronic inflammation

INTRODUCTION
Depression has become an emerging epidemic in recent years, with prevalence rates of 10%-15% across the 
globe[1]. This trend has resulted in ever-increasing financial costs, along with a significant decay in the life 
quality of patients[2]. A substantial portion of this burden may stem from the multiple medical comorbidities 
associated with depression, in particular, cardiovascular disease (CVD)[3], with these conditions coexisting 
in up to 15% of cases[4].

CVD remains the leading cause of morbidity and mortality worldwide[5], significantly driven by a myriad of 
modifiable risk factors consequent upon a predominantly Westernized lifestyle[6]. The metabolic syndrome 
(MS), conceptualized as a cluster of cardiovascular risk factors - obesity, hypertension, hyperglycemia 
and atherogenic dyslipidemia - which in co-occurrence substantially increase the risk of CVD and type 2 
diabetes mellitus (DM2), is widely regarded as a useful clinical tool in the prevention of these conditions[7]. 
These factors also appear to be involved in the pathophysiology of depression, and may account for the 
higher cardiovascular risk observed in this disorder[8,9].

In this context, the pharmacological management of depression presents a clinical conundrum: depression 
is accompanied by increased risk of MS - and by extension, CVD and DM2 - yet many antidepressant drugs 
appear to exacerbate these risks as well[10,11]. However, in contrast with antipsychotic drugs, whose clinical 
relevance in regards to deleterious cardiometabolic effects has been well-characterized[12,13], the impact of 
antidepressant drugs in clinical outcomes remains less clear. This is an especially pressing matter in the field 
of neuropsychopharmacology, as antidepressant drugs, and selective serotonin reuptake inhibitors (SSRIs) 
in particular, have become one of the most prescribed drug classes in contemporary medical practice[14,15]. 
This review aims to summarize current views on the pharmacology of SSRIs and cardiometabolic risk, as 
well as available epidemiological evidence regarding its clinical significance.

SSRI-ASSOCIATED CARDIOMETABOLIC RISK: MOLECULAR PATHWAYS
SSRIs have become very popular in clinical use owing to various beneficial characteristics, including their 
ease of administration, increased pharmacodynamic specificity, and enhanced tolerability with relatively 
minor side effects; in contrast to the “dirtier”, less specific and tolerable older antidepressant drugs, 
such as tricyclics and monoamine oxidase inhibitors[16]. Although this distinction is notorious regarding 
cardiovascular safety, the underlying molecular differences in their pharmacologic profiles remain largely 
elusive[17].

Chronic systemic inflammation may be an especially important target for SSRIs in this context, given 
the comprehensive involvement of this phenomenon in the pathophysiology of MS, CVD and DM2[18]. 
Furthermore, this kind of low-grade inflammation is also present in depression, as patients with disorder 
tend to show increased levels of proinflammatory biomarkers such as tumor necrosis factor alpha (TNFα), 
C-reactive protein, interleukin (IL)-6 and IL-1β[19]. This is compounded by the frequent accompaniment of 
depression with unhealthy dietary habits and physical inactivity, which themselves also promote chronic 
inflammation[20], and are prominent in the development of depressive symptoms such as loss of energy, sleep 
disturbances and irritability[21].
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Interestingly, the onset of the antidepressant effect of SSRIs has been reported to coincide with a reduction in 
the circulating levels of proinflammatory biomarkers[22]. A novel hypothesis posits these changes to be due to 
a T helper (Th1)-like response, triggering inflammatory activity via interferon γ (IFNγ)-related pathways[23]. 
SSRIs appear to decrease the production of INFγ and stimulate the release of IL-10, by modulating the 
corresponding mRNA in immune cells[24]. Consistent with this, SSRIs also appear to upregulate the 
expression of genes involved in apoptotic pathways in T cells[25]. In addition, blockade of serotonin reuptake 
results in increased circulating serotonin levels, which have been reported to be able to suppress cytokine 
synthesis by T cells, B cells, natural killer cells and monocytes/macrophages[26-29], resembling what occurs in 
sepsis after massive platelet degranulation[30].

Macrophages may be particularly relevant regarding the immunomodulatory effects of SSRIs due to their 
high expression of serotonin receptors[31,32]. By acting as ambient serotonin level sensors, macrophages could 
modulate genotype expression patterns in macrophages: activation of 5HT

7
 receptors in macrophages has 

been noted to induce polarization towards the antiinflammatory M2 phenotype[33,34]. Inhibition of TNFα and 
IL-6 release, as well as promotion of IL-10 synthesis, are prominent among the antiinflammatory features of 
M2 macrophages[33,35,36].

Nevertheless, these antiinflammatory effects have been speculated to occur only at doses greater than 
the usual therapeutic range[37], and SSRIs may rather be proinflammatory at lower doses, especially with 
prolonged use[38]. This is consistent with evidence from Kubera et al.[27], who found physiological levels of 
intracellular serotonin tend to promote TNFα and IL-6 synthesis in macrophages, whereas supraphysiological 
levels of extracellular serotonin were linked with downregulation of serotonin receptors serotonin receptors 
and with decreased release of with decreased release of proinflammatory cytokines. Further research is 
required to elucidate the clinical correlates and significance of this molecular framework for SSRI-mediated 
immunomodulation.

Chronic inflammation is also closely linked to insulin resistance and obesity, two fundamental elements 
of the MS. Thus, by intervening through immunomodulation, SSRIs could have a pivotal role in the 
pathophysiology of this cluster of manifestations[39]. Paroxetine may be a particularly powerful inductor of 
insulin resistance by interfering with IRS-1 signaling[40]. Indeed, each SSRI seems to exert distinct effects 
on insulin resistance, body weight composition, and serum lipids, independently of their impact on chronic 
inflammation. For example, paroxetine has been linked with higher low-density lipoprotein cholesterol 
(LDL-C) levels, possibly due to increased appetite[41]; whereas fluoxetine, by inhibiting PON1 activity, may 
favor lower high-density lipoprotein cholesterol (HDL-C) levels[42]. In addition, certain pharmacokinetic 
interactions, such as that of fluoxetine with statins - including inhibition of CYP3A and modulation of 
glucuronidation, P-glycoprotein (Pgp) and organic anion transport peptide 1B1 (OATP), may result in 
potentiated reduction of cholesterol[43]. This complexity warrants further insight and an individual assessment 
of each specific SSRI in this context. In stark contrast, SSRIs seem to be relatively innocuous regarding blood 
pressure, unlike other antidepressant drug classes such as serotonin-norepinephrine reuptake inhibitors, 
monoamine oxidase inhibitors, and tricyclic antidepressants[44-46].

Lastly, the prominent role of serotonin in platelet physiology has ignited speculation regarding SSRIs as 
antiplatelet agents[47,48]. The higher concentrations of circulating serotonin induced by SSRIs could reduce 
platelet aggregation[49,50] and impair reactivity to vasoconstriction[51]. However, SSRIs do not appear to 
intervene in the functionality of vitronectin - a fundamental component of glycoprotein IIb/IIIa[48] - or 
fibrinogen[52]; but are able to regulate the expression of vascular adhesion molecules such as VCAM-1, ICAM-
1, P-selectin and E-selectin[53,54]. Nevertheless, the relative relevance of these effects remains unknown in the 
context of the chronic inflammatory milieu which SSRIs could promote simultaneously, as does the clinical 
significance of this antiplatelet activity.
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SSRI-ASSOCIATED CARDIOMETABOLIC RISK: CLINICAL EVIDENCE
Management of metabolic risk is a frequent clinical challenge when prescribing psychiatric medications[55]. 
However, in contrast to other psychotropic drug classes - which tend to behave more or less uniformly in regards 
to metabolic risk[56], SSRIs appear to have more heterogeneous patterns[57,58]. The following sections summarize 
key clinical evidence regarding the impact of SSRIs on each of the components of the MS [Tables 1 and 2].

Obesity
Historically, weight changes have been a hallmark in the side effect profile of most antidepressant classes[59-61]. 
In the case of SSRIs, the specific agent used and the length of therapy may account for the very variable effects 
these drugs appear to have on body weight[59]. For example, in two multicenter, double-blind, randomized, 
placebo-controlled clinical trials assessing sertraline therapy in 376 pediatric patients with major depressive 
disorder (MDD) over 10 weeks, Wagner et al.[62] found a mean weight loss of 0.38 kg in subjects treated with 
sertraline. Croft et al.[63] obtained similar outcomes in an 8-week case-control study, with an average weight loss 
of 0.79 kg in patients treated with sertraline. Likewise, use of fluoxetine has been linked to short-term weight 
loss, as reported by de Jonghe et al.[64] in a randomized, double-blind 6-week study, where patients treated 
with fluoxetine showed an average loss of 0.84 kg; as well as by Michelson et al.[65] in a prospective, placebo-
controlled trial, where subjects on fluoxetine showed an average weight loss of 0.35 kg after 12 weeks. However, 
escitalopram has been linked with a significant increase in waist circumference in the short term[66].

Nevertheless, the clinical value of these findings may be limited due to the short length of these studies, especially 
when considering treatment guidelines for MDD suggest use of antidepressants for at least 6 months. Therefore, 
in recent years, more studies have attempted to evaluate the long-term effect of SSRIs on weight[67-71]. In a similar 
32-week study by Fava et al.[67] with fluoxetine, sertraline and paroxetine, weight gain was significantly higher with 
the latter. Mansoor et al.[68] found a similar outcome, where citalopram and paroxetine were associated with long-
term weight gain, whereas fluoxetine and venlafaxine were not. Fluoxetine in particular is consistently reported 
not to be linked with any major long-term weight changes[69,70]. In contrast, Calarge et al.[71] found citalopram and 
escitalopram are associated with significant changes in all body composition parameters, including visceral fat 
mass, after 2 years in treatment for MDD and generalized anxiety disorder.

Notwithstanding this outline, some research has suggested patients with MDD are intrinsically more 
susceptible to changes in body weight, and these shifts may occur independently of antidepressant use[72]. 
At any rate, at present, there is sufficient evidence to highlight long-term weight gain as a clinically relevant 
effect for certain SSRIs, underlining the importance of patient-centric prescribing in psychopharmacology.
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Table 1. Comparison of the clinical effects of SSRIs in key metabolic variables

SSRIs Body weight Glycemia Serum Lipids Blood 
pressure 

References
TAG HDL-C LDL-C TC

Paroxetine Short-term: N Short-term: ↓ ↑ N ↑ ↑ N [59,67,68,75,80,81,85,
88-90,94,96,99,101-104]Long-term: ↑↑↑ Long-term: ↑↑↑

Fluoxetine Short-term: ↓ ↓ ↑↑ N ↑ ↑ N [58,59,64,65,67-70,78,85,
90-92,94,96,99,105-107]Long-term: N

Fluvoxamine N ↑↑↑ SE SE SE ↑ SE [58,75,84,108-110]
Sertraline Short-term: ↓ ↓ ↑ N ↑ ↑ N [62,63,67,76,85,89,90,93,

94,96,99,111]Long-term: N
Citalopram Short-term: ↑ N ↑↑ N ↑ ↑ N [58,68,71,79,84,85,90,92,

94,96,99,112]Long-term: ↑
Escitalopram Short-term: ↑ ↓ ↑ ↑ ↑ ↑ N [66,71,77,85,96,99,113,114]

Long-term: ↑

↑: increase; ↑↑: high increase; ↑↑↑: very high increase; ↓: decrease; N: neutral; SE: scarce evidence; TAG: triacylglycerides; HDL-C: high-
density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; TC: total cholesterol; SSRI: selective serotonin reuptake 
inhibitor



Dysglycemia
Although research on the effect of SSRIs on dysglycemia has been notoriously hindered by ample heterogeneity 
of study methodology, current evidence suggests each SSRI behaves distinctly regarding different outcome 
variables[73,74]. In particular, fluvoxamine has shown the strongest association with the development of DM2, 
obtaining an odds ratio of 9.05 (95% CI 1.08-75.58) in a recent large case-control study by Andersohn et al.[75]. 
On the other hand, sertraline has been reported to be associated with significant reductions in glycated 
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Table 2. Summary of key clinical evidence regarding SSRIs and the components of the metabolic syndrome

Authors SSRIs studied Methodology Relevant results 
Andersohn 
et al .[75] 

Paroxetine, 
sertraline, 
fluoxetine, 
fluvoxamine 
and citalopram 

Case-control study with data from the 
UK General Practice Research Database, 
including 165,968 patients with depression 
who received at least one prescription for 
antidepressants between January 1990 and 
June 2005

Fluvoxamine and paroxetine were associated with increased 
risk of type 2 diabetes mellitus: OR 9.0 (95% CI 1.08-75.58) 
and OR 1.75 (95% CI 1.13-2.72), respectively

Raeder 
et al .[58] 

Paroxetine, 
sertraline, 
fluoxetine, 
fluvoxamine 
and citalopram 

Cross-sectional study with data from the 
Hordaland Health Study, including 25,315 
subjects with ages between 40-49 years 
and 70-74 years

As a group, SSRIs were significantly associated with type 
2 diabetes mellitus, hypercholesterolemia and abdominal 
obesity. Paroxetine showed the strongest association with 
general and abdominal obesity. Conversely, citalopram was 
not linked with any of the aforementioned metabolic variables

Wagner 
et al .[62]

Sertraline Two multicenter, double-blind, randomized, 
placebo-controlled clinical trials which 
assessed the safety and efficacy of 
sertraline during 10 weeks in 376 pediatric 
patients diagnosed with MDD

Use of sertraline was associated with a mean weight loss of 
0.38 kg at 10 weeks

Fava 
et al .[67] 

Fluoxetine, 
sertraline and 
paroxetine 

Double-blind, randomized trial which 
assessed body weight changes during 
treatment with SSRIs over 26-32 weeks

Patients treated with paroxetine had significant weight gain, 
while those treated with sertraline and fluoxetine had non-
significant weight gain and loss, respectively

Olguner 
Eker 
et al .[66] 

Sertraline, 
escitalopram 
and fluoxetine 

Case-control study on 40 patients and 32 
control aged 29-49 years with symptoms 
of depression and anxiety, treated with 
SSRIs during 8 weeks, assessing metabolic 
variables

As a group, SSRI use was related to higher body weight, 
waist circumference and HDL-C, and lower insulin and 
HOMA index levels. Escitalopram was also associated with 
lower fasting glucose. Anthropometric changes were seen 
after treatment only in patients with depression and not 
anxiety. No anthropometric or biochemical changes were 
found in subjects on sertraline, fluoxetine or venlafaxine

Pigott 
et al .[114] 

Escitalopram Double-blind, randomized, placebo-
controlled trial during 8 months, which 
aimed to compare the safety and efficacy 
of duloxetine and escitalopram in patients 
with MDD

Escitalopram was associated with increased systolic blood 
pressure and body weight in comparison to duloxetine. No 
significant changes were observed regarding diastolic blood 
pressure

Beyazyüz 
et al .[90]

Paroxetine, 
fluoxetine, 
citalopram and 
escitalopram 

Prospective cohort study including 97 
female patients with Generalized Anxiety 
Disorder treated with SSRIs during 16 
weeks, evaluating various metabolic 
variables

After 16 weeks, subjects on paroxetine had significantly 
higher LDL-C, TC and TAG, while those on citalopram or 
escitalopram only had higher TAG. In contrast, subjects on 
fluoxetine showed lower TC and TAG

Serodio 
et al .[85]

All SSRIs Cross-sectional study on 219 participants 
from the National Health and Nutrition 
Examination Survey treated with SSRIs, 
with the objective of evaluating their 
influence on obesity and cardiovascular risk

Independently of body mass index, subjects on SSRIs 
showed lower systolic blood pressure and higher HDL-C in 
comparison with subjects not on this medication

Wei 
et al .[89]

Paroxetine and 
setraline 

Observational cohort study on 2682 adults 
who received paroxetine or sertraline for at 
least 60 continuous days and had LDL-C 
measured twice, on and off the medication

Mixed regression model analyses adjusting for age, gender, 
comorbidities and hypolipemic medication, longer periods 
of time on paroxetine or sertraline were associated with 
increased LDL-C. Conversely, longer periods of time since 
suspending paroxetine and sertraline were related to lo lower 
LDL-C

Fjukstad 
et al .[99]

Paroxetine, 
fluoxetine, 
sertraline, 
escitalopram 
and citalopram

Cross-sectional study on 280 patients with 
schizophrenia or bipolar disorder treated 
with SSRIs, evaluating their effect on 
metabolic variables and prevalence of the 
metabolic syndrome

After adjusting for confounders, SSRI use was associated 
with increased TC, LDL-C and TAG, and increased incidence 
of metabolic syndrome. There were significant correlations 
between SSRI doses and TC and LDL-C levels

Yosmaoğlu 
et al .[83]

Sertraline and 
citalopram 

Experimental trial on 14 male subjects 
treated with SSRI at least 3 months. Resting 
metabolic rates, anthropometric measures 
and serum lipids were assessed

Resting metabolic rates decreased with increasing doses of 
SSRIs, yet no relation was found between this variable and 
body weight. Resting metabolic rates remained unchanged 
with constant doses of SSRIs. Body weight was reduced 
between the first and third weeks of treatment, but changes 
were non-significant by the third month. TC levels were 
significantly higher after 3 months of therapy

TAG: triacylglycerides; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; TC: total cholesterol; SSRI: 
selective serotonin reuptake inhibitor; MDD: major depressive disorder; OR: odds ratio



hemoglobin levels in patients with DM2 and MDD at 10 weeks of treatment[76], and escitalopram has been 
linked with significant reductions in fasting glucose levels[77]. Fluoxetine has been related to improved insulin 
sensitivity in patients with DM2, independently of weight loss[78]; while citalopram does not appear to impact 
measures of insulin sensitivity[79] or be associated with DM2[58]. 

Evidence regarding paroxetine on this aspect is more controversial. Although this SSRI tends to be 
associated with increased risk of DM2 and obesity[75], in short-term uses, it has proved to be innocuous, 
or even beneficial regarding glucose homeostasis: in a 5-week double-blind, randomized study by Weber-
Hamann et al.[80] on non-diabetic patients with MDD, paroxetine was associated with improved insulin 
sensitivity. Paile-Hyvärinen et al.[81] echoed these findings in a 10-week, single-blind study on 15 patients 
with MDD. The time-dependent effects of paroxetine on glucose metabolism highlight the importance of 
long-term prospective clinical studies in the characterization of the effects of SSRIs in cardiometabolic risk.

In summary, although SSRIs as a drug class are typically believed to increase the risk of DM2[82], current 
clinical evidence supports this notion predominantly for fluvoxamine and paroxetine[75]. This underlines 
the importance of pondering the metabolic profiles for each individual SSRI, especially in subjects with risk 
factors for DM2 or CVD.

Dyslipidemia
Similar to dysglycemia, SSRIs have been frequently linked to dyslipidemia. In the large Hordaland Health 
Study, subjects who used SSRIs were more prone to presenting components of the MS in comparison to 
subjects who did not use any psychotropic drugs, especially high triacylglycerides (TAG), high LDL-C, and 
low HDL-C[58]. Yosmaoğlu et al.[83] obtained similar results in an Anatolian sample after 3 months of SSRI use, 
although comparable changes have been ascertained as early as after 5 weeks of treatment[84]. Nevertheless, 
some findings also suggest SSRIs to have no impact on or be beneficial for lipid profiles[85-87].

These discrepancies may reflect the distinct characteristics of each specific SSRI. For example, in an 8-week 
case-control study on patients with symptoms of depression and anxiety, use of escitalopram was linked 
with a significant increase in HDL-C[66]. In contrast, in a 20-week follow-up study, both paroxetine and 
sertraline were related to higher total cholesterol and LDL-C[88,89]. Similarly, after a 16-week follow-up, 
Beyazyuz et al.[90] found paroxetine to increase total cholesterol and TAG levels, while fluoxetine lowered 
both parameters. Lastly, most SSRIs - including fluoxetine, paroxetine, sertraline, and citalopram, as well as 
venlafaxine - have been associated with high TAG after 8-12 weeks of therapy[91-93].

Thus, in general, SSRI use tends to be associated with high TAG in the earlier weeks, and then with 
hypercholesterolemia in the later months; while the effect on HDL-C appears not to be significant. This 
outlines SSRIs as important promoters of atherogenic dyslipidemia, and may worsen cardiometabolic risk 
in conjunction with other factors.

Hypertension
In contrast to the previously discussed risk factors, the impact of SSRIs on the development of hypertension 
may be more negligible[94-100]. Hypertension is notoriously not among the most frequent cardiovascular side 
effects of SSRIs, which include cardiac dysrhythmias, orthostatic hypotension, bradycardia, first-degree 
atrioventricular block, and syncope[94-96]. Among these, dysrhythmias are the most common (4%), whether 
as a consequence of overdose or chronic use; in the case of the latter, the dysrhythmias tend to be well-
tolerated[97]. This profile renders SSRIs relatively safe regarding atherothrombotic risk[98].

Various large-scale clinical epidemiological studies have reported that, as a drug class, SSRIs seem to be 
unrelated to significant increases in systolic or diastolic blood pressure, in patients with depression, anxiety 
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disorders, bipolar disorder and schizophrenia[58,90,93,99]. At most, specific SSRIs such as sertraline and 
paroxetine may be linked to hypertension in < 1% of cases, while fluoxetine and citalopram appear to be 
innocuous in this regard[94].

On the contrary, SSRIs may have a beneficial effect on blood pressure, especially by diminishing mean or 
systolic blood pressure, presumably via an inhibitory effect on the autonomic nervous system[100]. Notably, a 
report by Serodio et al.[85] found that, at any body mass index, systolic blood pressure was significantly lower 
in subjects treated with SSRIs than in those without antidepressant treatment, although this corresponded 
to a small 4 mmHg difference. In summary, although scarce, currently available evidence suggests no 
relationship between SSRIs and hypertension, and this might not be one of the principal contributions of 
these drugs in the development of MS.

CONCLUSIONS
At present, enough evidence is available to affirm SSRIs intervene in the pathogenesis of certain components 
of MS. However, this impact is not equal for all SSRIs; rather, each drug in this groups has shown a particular 
cardiometabolic profile, differentially affecting body weight and composition, serum lipids, glycemia, 
blood pressure, and other parameters. These findings highlight the importance of holistic, patient-centered 
prescribing as a fundamental principle in clinical psychopharmacology. Further research is required to 
determine optimal approaches for the management of the metabolic effects of SSRIs. Future developments 
in psychopharmacology should consider the metabolic safety of novel drugs, in view of the burden CVD 
implies for public health, and the close association between mental and cardiometabolic disorders.
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Abstract
We present a case of a superior mesenteric arteriovenous fistula (SMAVF) diagnosed four years after index Nissen 

fundoplication and examine the associated imaging, clinical course, and surgical treatment followed by a review of 

the limited, available literature. From a transbrachial approach, a covered stent was successfully deployed in the 

superior mesenteric artery to exclude the fistula after confirmation of the site of pathology on both digital subtraction 

angiography and intravascular ultrasound. Follow-up imaging demonstrated continued exclusion of the anomalous 

fistula with complete resolution of his symptoms at both his postprocedure and 1-year follow-up visits. SMAVFs are 

usually encountered secondary to previous surgical dissection or trauma and presents with nondescript abdominal pain 

making early diagnosis difficult; however, they can be successfully treated with minimally-invasive stent exclusion.

Keywords: Superior mesenteric artery, iatrogenic, fistula, endovascular, stent, treatment

INTRODUCTION
A superior mesenteric arteriovenous fistula (SMAVF) is a rare pathology that can lead to gastrointestinal 
bleeding, portal hypertension, and hepatic dysfunction if allowed to progress[1]. Although limited outcomes 
data is available, endovascular therapy is preferred secondary to a lower postoperative morbidity compared 
to open surgical repair[2].
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CASE REPORT
A 44-year-old gentleman presented to us following a 4-year history of nonspecific abdominal discomfort 
and a newly discovered peri-umbilical bruit. He recalled developing abdominal discomfort immediately 
following laparoscopic Nissen fundoplication that was complicated by a large peritoneal bleed upon trocar 
insertion. This bleeding event during the index operation resolved with copious application of surgical clips 
by the general surgeon. A mesenteric duplex was performed which demonstrated turbulence in the superior 
mesenteric vein (SMV) distribution. The pathologic connection was confirmed on a computed tomographic 
angiogram (CTA), but it was difficult to distinguish the exact location of fistula formation. 

At this point, we elected to proceed with a diagnostic angiogram via a transfemoral approach. The presence 
and location of the fistula was established but no intervention was undertaken secondary to the significant 
angulation of the superior mesenteric artery (SMA). The following week, the patient returned to the 
operating theatre where a cutdown of the left arm was performed to expose the brachial artery to ease 
SMA cannulation and stent deployment. The brachial artery was accessed with a micropuncture needle 
and a long 6F sheath was positioned into the distal thoracic aorta with the assistance of an OmniFlush 
angled catheter (AngioDynamics, Latham, NY). Once the SMA was successfully cannulated, digital 
subtraction angiography (DSA), once again, confirmed an anomalous connection between the SMA and the 
hypertrophied SMV; identification of the exact point of fistula formation was achieved with the assistance 
of intravascular ultrasound (IVUS). The previously positioned 6F sheath was upsized to a long 12F sheath in 
preparation of stent deployment. After exchanging the wire for a stiff Amplatz (Cook Medical, Bloomington, 
IN), a 10 mm × 2.5 cm Viabahn self-expanding, covered stent (W.L. Gore and Associates, Flagstaff, AZ) was 
deployed to cover the marked anomalous arteriovenous connection [Figure 1].

The patient tolerated the procedure well without any postoperative complications and was discharged 
home the following day. His repeat CTA at 1-month postoperatively exhibited a patent stent, absence of any 
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Figure 1. Initial selective angiography demonstrates flow through the proximal SMA (A) before redirection of contrast through the SMV (B) 
and the venous system. After accessing the brachial artery, a 10 mm × 2.5 cm Viabahn stent was deployed (C) over the identified SMA 
defect (via IVUS) successfully excluding the pathologic anatomy (D). SMA: superior mesenteric artery; SMV: superior mesenteric vein; 
IVUS: intravascular ultrasound
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communicating fistulas, and reduced SMV and portal vein size [Figure 2]. Most importantly, his abdominal 
discomfort resolved. The patient was again seen in clinic at 14-month postoperatively where a mesenteric 
duplex demonstrated a widely patent SMA stent in an asymptomatic patient.

DISCUSSION
SMAVF is most commonly caused by penetrating abdominal trauma or iatrogenic injury during 
abdominal surgery. Specifically, this complication has been observed after small bowel resection, colectomy, 
aortobifemoral bypass, and kidney-pancreas transplantation[3,4]. The clinical manifestations of SMAVF 
may vary from completely asymptomatic to nonspecific abdominal pain, anorexia, nausea, diarrhea, 
gastrointestinal hemorrhage, signs of portal hypertension, and even congestive heart failure secondary to 
a persistent high-flow state[5]. The most common physical findings are the presence of a machine-like bruit, 
palpable abdominal mass, or a thrill over the abdomen.

Mesenteric duplex can be used as the initial diagnostic imaging modality as it does not have any associated 
risks related to radiation or contrast administration. While specificity may be high with this study, sensitivity 
can be lacking - particularly in the morbidly obese patient. Therefore, CTA with both an arterial and venous 
phase should also be considered as the confirmatory diagnostic modality. However, the gold standard for 
diagnosis, continues to be intraoperative DSA which carries the highest sensitivity and specificity. In our 
patient, DSA was used to define the area of vascular defect intraoperatively. Unfortunately, in the setting of 
significant venous congestion, near-instant filling of arterial and venous collaterals can make delineation 
of vascular anatomy difficult, even with the benefit or orthogonal angles. In these situations, IVUS in the 
suspected vascular territories can help identify the exact site of defect for stent coverage.

Endovascular treatment has supplanted open ligation secondary to low morbidity and a desire to avoid 
laparotomy in a reoperative abdomen. Coil embolization, vascular plugs, and covered stents have all been 
deployed with varying success. A literature review demonstrates at least 25 instances of endovascular 
SMAVF repair consisting of 16 cases with coil embolization, two cases with vascular plugs, six cases 
with covered stents, and one patient repaired with a combination of both coil embolization and covered 
stent exclusion[5-7]. Coil embolization, while effective at fistula exclusion, is associated with a high risk of 
postoperative migration and inadvertent thrombotic events and should be avoided if possible. For example, 
three of the coil embolization procedures were complicated by portal thrombosis. While two were self-
limited and resolved after heparinization[8,9], the third patient died from multiorgan failure[1]. Additionally, 
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Figure 2. Postoperative surveillance CTA demonstrated successful exclusion of the SMAVF and loss of venous collaterals on both coronal 
(A) and sagittal (B) projections. CTA: computed tomographic angiogram; SMAVF: superior mesenteric arteriovenous fistula
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there was one reported case of bowel ischemia requiring intestinal resection after coil embolization[10]. Not 
surprisingly, it appears that the risk of coil migration is increased in patients with a short, wide fistula neck. 

Although no complications were reported in the seven patients treated with covered stents, the drawbacks 
associated with SMA stent grafting should not be neglected; these potential complications include the need 
for large access sheaths, difficulty cannulating the SMA ostia, intraoperative thromboembolism, and risk of 
subacute or late stent thrombosis which could lead to acute or chronic bowel ischemia. Therefore, the risks 
and benefits for each patient should be individually characterized before an operative decision is made. 
We empirically recommend dual antiplatelet therapy in the three-month postimplantation period with 
subsequent life-long treatment with aspirin and regular duplex surveillance for stenosis/occlusion.

In conclusion, SMAVF is a rare pathology observed after abdominal injury. Although severe morbidity can 
occur if left untreated, these anomalous connections can be safely intervened upon to relieve symptoms with 
covered stents.
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Abstract
Descending thoracic aortic aneurysm management has gained momentum and became a topic of many debates at 

international levels since the evolution of endovascular repair. Ruptured descending thoracic aortic aneurysm is a 

clinical emergency which is associated with high mortality and morbidity rates if not managed properly. Prior to thoracic 

endovascular aortic repair (TEVAR), open repair (OR) was the gold standard management, however since the evolution 

of TEVAR, this has changed. Several centers have reported many of their experiences and published that TEVAR can 

provide equal or even better perioperative outcomes when compared to OR, although the evidences can be of only short 
term and could be biased at different levels at the time of publication. This review article is aimed to examine current 
literature evidences behind the use of TEVAR vs.  OR and the reported comparative clinical outcomes.

Keywords: Open repair, aorta, endovascular repair, ruptured aorta, descending thoracic aorta

INTRODUCTION
Descending thoracic aortic aneurysm (DTAA) is a clinical entity that gained a lot of international attention 
in the current era. Currently, the presence of such aneurysms is mandated for elective repair to prevent 

http://crossmark.crossref.org/dialog/?doi=10.20517/2574-1209.2018.12&domain=pdf


rupture or dissection, however the clinical emergency occurs when such aneurysms rupture. Although it 
is a rare pathology, ruptured descending thoracic aortic aneurysm (rDTAA) carries high mortality and 
morbidity rates with the majority of patients dying prior to arrival to hospital[1]. The incidence of rupture is 
estimated to be 5 in 100,000 of population. 

Just over a decade ago, the gold standard management of rDTAA was open repair (OR) requiring 
thoracotomy, aortic cross-clamping, aneurysm resection and replacement with an interposition of a 
prosthetic graft and cardiopulmonary bypass[2-4]. However, ORs were associated with high perioperative 
mortality and neurological adverse events[5]; nevertheless with advancement in clinical practice and 
evolving minimal access surgical interventions, the role of endovascular repair in such emergencies 
has been explored. Thoracic endovascular aortic repair (TEVAR) has appealing qualities including a 
minimally invasive procedure with rapid deployment with decreased operative time and decreased blood 
loss[3]. However, this approach is subject to anatomical and logistical limitations, including anatomical 
requirements and variations, the quality of the landing zones, ease of iliac access, availability of the wide 
range of stent graft sizes in an emergency setting and available expertise on site[4]. The major benefits of 
endovascular repair reported are lower mortality and morbidity rates associated with such a complex 
procedure[5]. The advantage of TEVAR was not only limited to such perioperative outcomes but TEVAR 
was also used in patients who were not surgical candidates, which has resulted in an alternate management 
option as opposed to conservative management in those patients with almost 100% mortality rates[5].

Despite TEVAR being an attractive alternative option for OR, it still remains a high-risk procedure. The 
current literature has many limitations in that the majority of evidence comes from case series and there is 
a lack of appropriate randomized controlled trials or long term comparative data that confirms the accuracy 
of the data and thus globalization of the results[6-8]. Therefore, the aim of this paper is to review current 
literature and the evidence behind using TEVAR in the emergency setting of rDTAA and comparing the 
clinical outcomes with OR in such cohort of patients. 

EVIDENCES BEHIND TEVAR IN rDTAA
The use of endovascular repair goes back to as early as 1991, when first performed on an abdominal aortic 
aneurysm[9]. Since then, the technology has evolved with advancement in using endovascular repair for 
aortic aneurysms repair. Most of the patients who experience rDTAA do not survive to present to hospital. 
Hence why of those that do, open repair remains a strong choice for managing such patients. Yet, open 
repair is associated with significantly higher rates of mortality (ranging 14%-45% in specialized centers) and 
morbidity peri- and post-operatively[10-13]. 

Currently, TEVAR is the standard management plan for elective cases of DTAA[14], however the evidences 
behind using TEVAR in the emergency setting are scarce and limited[7]. There are however several published 
reports from international centers about the clinical outcomes for the use of TEVAR in emergency situations 
for rDTAA[2,6-8,15], but most of these are limited to a relatively small number of cases and are observational 
studies. These studies have been summarized in Table 1. 

A study by Jonker et al.[7] analysed 87 patients that underwent emergency TEVAR for rDTAA between 
2002 and 2009. The majority of the cases (> 90%) were in critical condition and immediate intervention 
was required. Forty percent of the patients were haemodynamically unstable and 22% were in shock. In 
their study, they have noted a 30-day mortality rate of 18.4%, whilst the rate of stroke and neurological 
complications were 8% in both. Eighteen percent of the patients were diagnosed with an endoleak within 
30 days of the procedure. It is important to note that the presence of shock and haemothorax at the time of 
admission were the two contributing factors for increased mortality rates in these groups of patients. The 
same group[16] published their data of 161 patients, of which 92 patients were treated with OR and 69 with 
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TEVAR. The outcomes were different, however in favour of TEVAR. There was a 30-day mortality of 25% in 
the OR group vs. 17% following TEVAR, although this was not deemed to be statistically significant. On the 
other hand, the 4-year survival rate was 75% in TEVAR vs. 64% in OR group; moreover the postoperative 
neurological complications were much less in TEVAR than the OR group. In a further study by Piffaretti et al.[17], 
who studied 56 patients that underwent TEVAR for rDTAA found that early evacuation of a haemothorax 
reduced postoperative mortality significantly in patients with cardiorespiratory compromise at the time of 
presentation.

All these findings were supported by a larger study from Kilic et al.[15], who analysed 2788 patients that had 
rDTAA and underwent either open or endovascular repair in an emergency setting. They identified an 
operative mortality reduction from 52.6% to 23.4% primarily related to the use of an endovascular repair 
approach in the majority of patients. Whilst their study is ref lective of a large database, they have only 
demonstrated the short-term outcome with operative mortality rather any mid or long term outcomes. 

In a further study by Minami et al.[8] in 2015, 23 patients that underwent emergency TEVAR for rDTAA 
showed that the mortality rate is much lower when benchmarked with OR at an international center. They 
reported operative mortality of 26% whilst the rate of neurological complications postoperatively was 26%. 

Lastly, a meta-analysis of 224 patients that had rDTAA by Jonker et al.[18], of which 143 patients underwent 
TEVAR and 81 patients underwent OR have concluded that TEVAR is a safe and effective alternate option 
to OR in selected patients. The 30-day mortality was 19% vs. 33% in TEVAR and OR group of patients 
respectively. Although the rate of postoperative neurological complications was higher in OR than TEVAR, 
this again was not statistically significant. 
 
The overall current published literature shows that TEVAR is a feasible option in managing patients with 
rDTAA and the results are promising in the short term when compared to open repair.  

Table 1. Findings of large-scale comparative studies on open versus endovascular repair of rDTAA

Study Type Popula
tion Sample size

Age (years) Male 30-day 
mortality

Long term 
survival

Re-intervention 
ratea

Open TEVAR Open TEVAR Open TEVAR Open TEVAR Open TEVAR
Jonker et al .[18], 
2010

Meta-analysis United 
States

Open: 81
TEVAR: 143
Total: 244

70.2 70 66.7% 70.8% 33.3% 18.9%
(P = 
0.016)

3 years 30 days

82% 70.6% 2.3% 9.1% 
(P = 
0.169)

Jonker et al .[16], 
2011

Retrospective 
cohort

United 
States

Open: 69 
TEVAR: 92
Total: 161

64.8 69.4 51% 62% 24.6% 17.4%
(P = 
0.26)

4 years 30 days

64.3% 75.2% 
(P = 
0.191)

2.9% 7.6%b

Jonker et al .[7], 
2010

Retrospective 
cohort

United 
States

Open: n/a
TEVAR: 87
Total: 87

n/a 69.8 n/a 69% n/a 18.4%
(P = 
0.014)

4 years 30 days 

n/a 74.6% n/a 18.4%b

Piffaretti et al .[17], 
2015

Retrospective 
analysis 

Open: n/a
TEVAR: 56
Total: 56

n/a 62 n/a 71.2% n/a 12.5% 2 years 30 days 

n/a 81% n/a 0%

Kilic et al .[15], 
2014

Retrospective 
analysis 

United 
States 

Total: 2788
1998-2004: 
1596
2005-2008: 
1192

68.6 60% 36.6% 21.5% n/a n/a

Minami et al .[8], 
2015

Retrospective 
analysis

Japan Open: 14
TEVAR: 23
Conservative: 
13
Total: 50

n/a 76.8 n/a 62.5% 7.7% 4.3% 2 years 30 days

n/a 57.8% n/a 17.4%b

aIncludes re-exploration for bleeding, open repair and additional TEVAR; brate of Endoleak within 30 days. TEVAR: thoracic endovascular 
aortic repair; rDTAA: ruptured descending thoracic aortic aneurysm; n/a: not available
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IS EVERYONE A CANDIDATE FOR TEVAR?
Although TEVAR seems an attractive option for managing patients with rDTAA, it cannot be used as a 
standard management in every patient at the time of presentation due to many factors[3]. Initially the gold 
standard method for managing such patients was OR[19], however this method has been challenged by the 
evolution of TEVAR and the favourable short-term outcomes[16,20,21]. One of the key factors in choosing 
TEVAR over OR, is the anatomic variations and suitability for TEVAR. To assess such anatomical variation, 
thorough imaging studies are required such as computerized tomography and magnetic resonance imaging 
to assess such anatomical suitability[3]. Cross-sectional imaging of the aorta is essential, alongside detailed 
aortic pathology assessment using computerized tomography aortogram. Although obtaining such imaging 
can be time consuming and may delay the immediate management, they are crucial to determine the 
location and extent of the pathology so that appropriate interference can be implicated[19]. It is not only 
important to obtain knowledge about the pathology itself, but rather the assessment of the neck vessels, 
vertebral arteries and access point vessels are of paramount to evaluate for suitable of endovascular repair, 
which provides a sufficient amount of information for a rapid decision about whether to perform TEVAR or OR. 

An important factor considering TEVAR for rDTAA is the quality of the landing zones. The application 
for traditional TEVAR requires a proximal and distal landing zone of at least 2 cm. However, patients 
who present with thoracic aortic pathology can have disease extending to the aortic arch, resulting in 
an unsuitable proximal landing zone distal to the left subclavian artery. In order to optimize outcome 
and reduce complications following the graft placement in zones 0, 1 or 2 of the aortic arch, planning for 
revascularization of the aortic vessels is essential to prevent neurovascular compromise and risk of stroke. 
Therefore, when TEVAR is extended into zone 2 further procedures such as left carotid-subclavian artery 
bypass or left carotid-subclavian artery transposition is warranted. When TEVAR is extended into zone 1 
of the aortic arch, the left common carotid artery requires revascularization via carotid-carotid crossover 
bypass[22]. 

Traditionally, patients with calcified vessels, difficult anatomy and an inability to identify suitable access 
points, as well as patients with connective tissue disorders, are offered open repair over TEVAR[7,16,23].  

OPEN OR ENDOVASCULAR REPAIR FOR rDTAA?
The choice of OR or TEVAR in patients presenting with rDTAA remains debatable at present. In many 
centers internationally TEVAR is offered as the first line treatment for these patients unless contraindicated, 
such as patients with connective tissue disorders, except as a temporizing solution until definitive surgery 
can be performed[24]. The choice of TEVAR also depends largely on the available expertise and the anatomic 
limitations of the DTA, as discussed above. 

TEVAR itself offers a minimal access procedure and thus saving major operating time and reducing 
perioperative complications associated with OR. Stabilization of the patient through aggressive resuscitation 
is a key step in preparing the patient for either OR or TEVAR. This includes potentially controlling of the 
source of bleeding through either application of a clamp at the proximal aorta in OR or balloon inflation in 
the case of TEVAR; however the later seems to be less efficient technically in providing adequate control of 
the bleeding[3]. An advantage of TEVAR is the selection of anaesthetic technique. It is possible to perform 
TEVAR under either local, regional or general anaesthesia, in contrary to OR where it can be performed 
only under general anaesthesia. Therefore, patients with advanced cardiopulmonary comorbidities and those 
who are unfit for OR may potentially be a suitable candidate for TEVAR and thus a life saving procedure can 
be performed[25].

Neuroprotection in patients undergoing repair of rDTAA is a key step for a favourable outcome. This 
includes stabilization of spinal cord perfusion pressure through placement of a lumbar drain to avoid the 
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effect of fluctuated blood pressure during repair[26,27]. The current paraplegia rate following TEVAR is around 
2%-6%[28] in contrary to OR that has a 8.7% rate[16]. This rate in TEVAR can go as high as 15% depending 
on the presence of many cofounding factors such as hypotension, concomitant repair of abdominal aortic 
aneurysm, long standing aortic disease and renal failure[25,27,28].

Although the current trend in managing patients with rDTAA is shifting towards TEVAR, the experience 
is limited to case series and based on centers of excellence and the presence of experienced operators. 
Nevertheless, the studies are confined to short-term outcomes. There is a lack of data related to long-term 
outcomes, on the contrary to OR, where the evidence behind its success and long-term outcomes has been 
well reported in literature. The surge in using TEVAR is pushed forward by the satisfactory short-term 
outcomes in TEVAR itself, providing lower morbidity and mortality rates when compared with OR[7,16,23]. 

In a meta-analysis by Jonker et al.[18], they have identified that the mortality rate is much lower in TEVAR 
group than OR, 18.9% vs. 33.3% respectively (P = 0.16), whilst the stroke rate is reported to be higher in OR 
than TEVAR (10.2% vs. 4.1% respectively), however this is not statistically significant (P = 0.11). Similarly, the 
paraplegia rate was higher in OR than TEVAR (5.5% vs. 3.1%), yet this is also not statistically significant (P 
= 0.40). Whilst vascular complications were higher in the TEVAR group than OR (9.1% vs. 2.3%, P = 0.17), 
interestingly, the survival rate from aneurysm related complications was 70.6% in TEVAR patients compared 
with 100% in the OR patients. 

Despite the success of TEVAR, it carries many limitations. A key consideration in patients undergoing 
TEVAR is the rate of re-intervention. A study by Desai et al.[29] has reported a survival rate of TEVAR 
equivalent to OR in patients with rDTAA at 8-10 years of follow up. In a later study by Botsios et al.[21], the 
rate of re-intervention is thought to be between 4.5%-16% at 1.5-44 months follow up time. Interestingly this 
rate reported to be as high as 45.5% after rDTAA in some other studies[6,18]. Such re-interventions can be very 
drastic and require further major intervention and hence affect the long-term outcomes overall. Another 
limitation of TEVAR is the rate of graft infection, although rare, it is associated with a high mortality rate of 
up to 50% and often requires surgical intervention for definitive management[30]. 

Moreover, current vascular surgery practice guidelines suggest considering several factors prior to TEVAR 
in patients presenting with rDTAA. These factors include anatomical consideration, surgical urgency and the 
presence of surgical expertise to perform the procedure[18]. 

At this current stage, there is no randomized controlled trial found to provide comparative clinical outcomes 
and cost effectiveness comparison between OR and TEVAR in patients presenting with rDTAA. Therefore, 
the choice of procedure in these patients is based on the experience of the center and the operator[3]. 

CONCLUSION
TEVAR serves a feasible and attractive option for patients presenting with rDTAA. It is being used in many 
centers as the first line management of such acutely unwell patients, primarily due to its promising short-
term outcomes. However, the published data behind this recommendation is limited and is composed of 
only case series with retrospective observational studies and lacks any randomized data trials. Regular 
follow up of patients that undergo a TEVAR is required for early identification and management of TEVAR-
related complications such as endoleaks. 
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Abstract
Left ventricle (LV) myocardial infarction may result in changes to the structure of the subvalvular apparatus. This may 
lead to a functional regurgitation if accompanied by annular dilatation preventing coaptation of leaflets. Scar tissue 
formation in the left ventricle may also lead to aneurysm of the left ventricle. This can then calcify, making repair of 
the leaflet technically challenging. We present a case of a mitral valve repair with concomitant repair of left ventricle 
aneurysm in a 75-year-old gentleman who suffered an ST-segment elevation myocardial infarction to the lateral wall 
20 years ago. He presented with breathlessness on minimal activity, severe mitral regurgitation with a posteriorly 
oriented regurgitant jet and calcification of LV aneurysm on chest X-ray and computed tomography scan. Despite the 
challenging nature, it is possible to repair a mitral valve with concomitant calcified LV aneurysm formation. Long term 
outcomes are still unknown for this cohort of patients. 

Keywords: Transmural infarct, left ventricular dilatation, ischaemic mitral valve repair, left ventricular aneurysm with 
calcification

INTRODUCTION
Left ventricle (LV) myocardial infarction (MI) may initiate a series of configurational remodelling of 
the ventricle which leads to changes in the 3D geometry of the subvalvular apparatus[1]. This chain of 
events accompanied by annular dilatation may cause functional mitral regurgitation (MR). Another well-
recognised post MI complication is the LV aneurysm which may result in calcification of the aneurysm that 
can be visualised on a chest radiograph[2]. Generally LV aneurysm is considered as a deleterious outcome 

http://crossmark.crossref.org/dialog/?doi=10.20517/2574-1209.2018.17&domain=pdf


of MI with an increased risk of congestive heart failure, thromboembolism, unstable angina as well as 
ventricular tachycardia[3]. In symptomatic patients, aneurysmectomy is predominantly offered as an adjunct 
to surgical revascularisation however in this group the survival is more dependent on the revascularisation 
rather than the aneurysmectomy[3]. Combination of LV aneurysm calcification and severe MR remains a 
rare and challenging post-MI pathology while the failing heart on maximal medical therapy makes complex 
surgery the primary treatment choice. 

CASE REPORT
A 75-year-old Caucasian male was referred with severe symptomatic MR 20 years following lateral ST-
elevation MI. He presented with breathlessness on minimal activity, severe MR with a posteriorly oriented 
regurgitant jet and calcification of LV aneurysm on chest X-ray and computed tomography scan. His 
calculated EuroSCORE II mortality was 21%.

Following institution of aorto-bicaval cardiopulmonary bypass (CPB), cooling to 32 °C and cardioplegic 
arrest, the heart was positioned to expose the lateral surface where the aneurysm was located. Using a 
skin knife (blade size 24), the lateral surface of the LV was incised longitudinally parallel to the course of 
posterior descending artery. An incision was made whereby the blade met the outer surface of calcification 
which was extended to endocardium and myocardium sparing the epicardium. The epicardium was 
shaved off the calcified patch [Figure 1A]. The patch measuring 15 cm × 5 cm was entirely excised 
completing the ventriculotomy [Figure 1B and C]. The mitral subvalvular apparatus needed reconstruction 
due to excision of the calcified patch and intrinsic disease. The construction of subvalvular apparatus 
started with reimplantation of healthy parts of the posteromedial papillary muscle using pledgeted CV-4 
polytetraf luoroethylene (PTFT) sutures (GORE-TEX, WL Gore & Associates Inc, Flagstaff, AZ, USA) 
followed by attachment of neo-chordae to the edge of both mitral valve leaf lets where detached native 
chordae were located. For papillary muscle reimplantation the fibrosed segment of papillary muscle was used 
to anchor a pledgeted box stitch to the stable part of papillary muscle already located on the LV. Subsequently 
the PTFT sutures were passed through the LV [Video 1] and tied on the outside of the heart using pledgets 
for more strength. 

The neo-chordae to the edge of leaf lets were left untied on the atrial side because prior to closure of 
ventriculotomy accurate length measurement of neo-chordae was impossible. Satisfactory reconstruction 
of subvalvular apparatus was confirmed by firm and stable reimplantation of papillary muscle and 
attachment of neo-chordae between papillary muscle and the leaflets for each detached native chordae. The 
ventriculotomy was closed by bovine pericardial patch which was sewn by running polypropylene suture 
around the edge of ventriculotomy [Figure 2A]. The epicardium flap from which the calcified patch was 
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Figure 1. A: Shaving the calcified patch off the epicardium (arrow); B: the giant calcified patch; C: ventriculotomy with distorted and 
damaged mitral subvalvular apparatus (inside the square)
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shaved off was used to cover bovine pericardial patch for haemostasis [Figure 2B]. 

The atrial surface of mitral valve was approached via left atriotomy. The length of neo-chordae attached to 
the leaflets was accurately measured for an optimised coaptation before tying on the atrial side of the leaflets. 
A flexible 31-mm annuloplasty ring (St. Jude Medical Inc, St. Paul, MN, USA) was implanted after sizing the 
annulus from trigone to trigone and considering the area of anterior leaflet. The mitral valve was tested using 
a cardioplegia catheter into the LV through the valve [Figure 2C]. This was confirmed following weaning 
from CPB. The patient was asymptomatic at 6 weeks and 3 months follow-up with an echocardiogram 
demonstrating mitral valve competence with improved LV function. 

The overall cardiopulmonary bypass time was 158 min with an aortic cross clamp time of 133 min.

DISCUSSION
LV aneurysm in the context of ischemic heart disease and subsequent calcification has been reported 
previously[4]. However, there is a paucity of literature regarding the surgical treatment of calcified LV 
aneurysm in a symptomatic patient with severe MR. LV aneurysm calcification can be attributed to chronic 
renal failure[5] or other hypercalcemic conditions, but this was absent in our patient. He was also suffering 
from concomitant severe MR which was structurally distorted by the calcification of LV aneurysm. 
Although severe MR in a symptomatic patient would be an indication for surgery, we could not ignore the 
role of calcification, impairing valve function and its impact on the planned repair as without excision of 
the calcified patch reimplantation of papillary muscle and subvalvular apparatus repair was not feasible. 
Although concomitant mitral valve repair and excision of LV aneurysm calcification is possible with 
desirable short-term results, longer follow-up is required to evaluate outcomes.
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Abstract
There is an increasing number of patients who have surgery during the active phase of infective endocarditis. Despite 
the decreasing in-hospital mortality and increasing early intervention rate, optimal timing for surgery remains a difficult 
decision. For patients with mental illnesses, the choice of valve is another factor to consider as non-adherence may lead 
to serious adverse events Antipsychotic medications may also alter the metabolism of vitamin K antagonists increasing 
the risk of stroke or major haemorrhage. We report a case of a 19-year-old man with a history of Ehlers-Danlos syndrome 
and aortic regurgitation, who required management of aortic valve bacterial endocarditis. This is the first report 
describing the use of the new RESILIA INSPIRIS valve which has increased durability and does not require anticoagulation.

Keywords: Endocarditis, bio-prosthetic valve, anti-coagulation, Ehler-Danlos syndrome

INTRODUCTION
Infective endocarditis is inf lammation of the endocardium, usually of the valves, usually by bacterial 
infections. Indications for surgery include symptomatic heart failure, uncontrollable infection, embolic events, 
large vegetations, severe valvular and perivalvular lesions and infections by virulent microorganisms[1]. Risk 
factors include structural abnormalities of the cardiac valve which alter flow dynamics (connective tissue 
disorders, prosthetic valves) for adherence of bacteria. This allows adhesion of bacteria to the valvular surface 
and propagates as vegetation or systemic emboli[1].
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CASE REPORT
We report a case of a 19-year-old man who was referred to the valvular multidisciplinary team (MDT) 
meeting. He was an inpatient in the coronary care unit for 2 weeks with a background of cardiac-valvular 
Ehlers-Danlos syndrome (cvEDS) with severe aortic regurgitation. His other comorbidities included 
Asperger’s syndrome, borderline autism, psychotic depression and asthma. His regular medications included 
aripiprazole, fluoxetine, and bronchodilators. He had multiple admissions to psychiatric services due to non-
adherence to medications. 

He presented to the general surgeons with increasing abdominal pain, vomiting and raised inflammatory 
markers. There were no subcutaneous stigmata of infective endocarditis but a collapsing pulse was present 
on examination. A computed tomography scan showed embolic infarcts in the spleen [Figure 1] and blood 
cultures were positive for Streptococcus mutans.

He later developed cellulitis of his right foot in keeping with a septic embolism. A transthoracic 
echocardiography showed a large vegetation on the non-coronary cusp (NCC) of the aortic valve with 
no other valvular abnormalities and a preserved ventricular function. A subsequent trans-oesophageal 
echocardiograph revealed a 1.3 cm × 1.05 cm vegetation on the NCC with a perforation of the NCC 
and severe aortic regurgitation with two jets. The mitral valve was clean with no evidence of tricuspid 
valve regurgitation nor pulmonary valve insufficiency and there was no aortic root dilatation. His 
electrocardiogram incidentally was normal [Figure 2].

He received intravenous benzylpenicillin, clindamycin and gentamicin resulting in a C-reactive protein 
reduction from 134 to 26 mg/L. His dental checks were satisfactory at the time of referral. Due to the 
patient’s comorbidities and previous history of non-adherence, there were concerns about the use of 
anticoagulation in the setting of a mechanic valve implantation. Therefore, the MDT outcome favoured the 
use of a bio-prosthetic valve. The INSPIRIS RESILIA Aortic ValveTM (Edwards Lifesciences, One Edwards 
Way, Irvine CA 92614 USA) was chosen partly due to the young age of the patient.

A median sternotomy was performed. The patient was cooled to 32 ℃ . Hockey stick aortotomy was done to 
access the native aortic valve. Cardioplegia was administered into the coronaries. On inspection, there was 
a large perforation on the non-coronary leaflet. The annulus was sized to 27 mm. The INSPIRIS RESILIA 
valve (model no. 11500A) was inserted using pledgetedTi-Cron (Ti-Cron™, Covidien 555 Long Wharf Drive 
New Haven, CT 06511) mattress sutures. A GoretexTM (© 2012 W. L. Gore & Associates) patch was applied 
between the pulmonary artery and aorta as a wrap. The pericardium was closed using a Goretex patch. The 
patient was weaned off bypass without difficulty. The total ischaemic time was 91 min with a bypass time 
of 110 min. An intraoperative transoesophageal echocardiography revealed a well-seated valve with no 
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Figure 1. Computed tomography showing a pyramidal wedge of affected splenic tissue with the apex pointing towards the hilum, and the 
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paravalvular leak.

He was extubated within 6 h of arrival to the intensive care unit, discharged to the high dependency unit 
on post-operative day 1 and to the ward the following day. A peripherally inserted central catheter line was 
inserted for subsequent doses of IV antibiotics post-operatively [Figure 3]. He was discharged home with the 
remainder of his antibiotic course administered as an outpatient on the 9th post-operative day. He attended 
the follow-up cardiology clinic with well-healed wounds and a transthoracic echocardiography revealed a 
well-seated valve with no regurgitant flow.

DISCUSSION
Bio-prosthetic tissue valves are advantageous due to the lower frequency of thromboembolism thereby 
avoiding long-term anticoagulation. Long-term durability, however, limits its usage in younger patients. 
Calcification of these valves causes structural valve degeneration. The type of bio-prosthetic tissue used also 
influences the rate of calcification. Liao et al.[2] proved in rat models that bovine pericardium valves calcified 
less than porcine valves. This, however, did not have any effect on long-term survival. Most bio-prosthetic 
valves are fixed in glutaraldehyde to prevent early degeneration after implantation. This process in itself can 
cause in-vivo calcification of tissue. Various fixation tissue treatments have been developed to circumvent 
this effect. Carpentier et al.[3] proved that the rate of calcification could be reduced by decreasing the 
phosphate content or by blocking calcification binding sites with magnesium ions and using surfactant. The 
enhancement of such properties may facilitate the use of tissue valves in younger patients. In one particular 
single center experience utilizing the ResiliaTM technology, revealed excellent haemodynamic performance 
and safety outcomes at one year of follow-up with a paravalvular leak rate of < 1% at one year and no 
reduction in effective orifice area[4]. Flameng et al.[5] looked at the anti-calcification efficacy of using a novel 
method of treatment vs. standard anti-calcification in juvenile sheep. The novel technology involved:
1. Functional group capping which reduces the presence of aldehydes in glutaraldehyde-fixed tissues 

Figure 2. Preoperative electrocardiogram showing normal sinus rhythm
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preventing oxidation and mitigating calcification;
2. Glycerolization with additional ethanol rinsing to reduce the residual chemicals and allowing the valves to 
be packed dry as the glycerol and ethanol mixture displaces most of the water;
3. Sterilisation with ethylene oxide, thus valves need not be rinsed prior to usage.

In this randomized study, the valves were placed in the mitral position. The sheep with the novel 
preservation had a lower mean gradient across the valve and less leaflet calcification. They concluded that the 
novel preservation significantly improved the hemodynamic and anti-calcification properties compared to 
current standard of care. This novel treatment led to the development of the INSPIRIS RESILIA valve. In its 
recently published safety and efficacy trial (COMMENCE 2), the INSPIRIS RESILIA valve showed improved 
breathlessness, increased effective orifice area, reduced mean gradient and low paravalvular leak rate at two 
years. One-year actuarial freedom from all-cause mortality for all patients was 97.6%[6].

Our patient also has a long history of non-adherence to medication. This was taken into consideration 
prior to deciding the choice of the valve to use. Retrospective analysis of the Veterans AffaiRs Study to 
Improve Anticoagulation Registry demonstrated that patients with mental health conditions had a lower 
time in therapeutic ratio after adjusting for other covariates[7]. Mechanical heart valves also have an audible 
click which has been shown to affect a patient’s health-related quality of life raising the likelihood of non-
adherence[8].

Ehler-Danlos syndrome is a genetic defect of collagen and connective tissue synthesis and structure. Our 
patient had a recessively inherited form of EDS with an increased risk of cardiac valvular dysfunction. This 
results in failure to synthesize proα2(I) chains of type I procollagen[9]. Aortic regurgitation occurs by either 
proximal aortic dilatation or laxity and redundancy of the aortic leaflets and mitral valve regurgitation 
secondary to mitral valve prolapse. This alteration in valvular flow dynamics increases the risk of sub-acute 
bacterial endocarditis (SBE). SBE has an insidious onset characterized by low-grade fever, night sweats, chills, 
fatigability, malaise, weight loss and valvular insufficiency. Septic emboli may disseminate causing distal 
infarcts or infections. Our patient had classical symptoms and a right foot cellulitis alongside splenic infarcts 
from emboli. SBE is usually caused by the viridans group of streptococci. However, Streptococcus mutans is 
rarely reported due to difficulties isolating and culturing the bacteria[10]. Weinstein and Moellering[11] first 
published a case series of four patients with SBE and two with meningitis who were successfully treated with 
penicillin and gentamicin. A similar treatment plan was employed in our patient with clindamycin for better 
skin penetration due to the cellulitis that emerged.

Figure 3. Post-operative chest X-ray showing valve in the aortic position and peripherally inserted central catheter line

Page 4 of 5                                                         Singh et al. Vessel Plus 2018;2:10  I  http://dx.doi.org/10.20517/2574-1209.2018.18



In conclusion, durable bioprosthetic valves can be safely used in patients with contraindications to lifelong 
anticoagulation. Further studies are needed to evaluate its long-term efficacy. With advances made in 
transcatheter valve insertions, this may be a viable option for younger patients in the near future. 
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Abstract
Posterior reversible encephalopathy syndrome (PRES) is an uncommon neurological syndrome due to autoregulation 
breakthrough with subsequent predominantly vasogenic oedemain associated with several clinical conditions. It is being 
increasingly reported in antineoplastic-treated patients. Here we report the case of a 72-year-old man who developed 
PRES during the second cycle of bortezomib treatment for multiple myeloma. Unlike usual PRES cases, only moderate 
hypertension was present at symptom onset, supporting the hypothesis that alterations of the vascular endothelium 
and blood-brain-barrier are the principal pathophysiological mechanisms involved in bortezomib-induced PRES. Prompt 
recognition of this potentially serious neurological adverse event is paramount to prevent mortality and long-term 
sequelae.

Keywords: Bortezomib, chemotherapy, multiple myeloma, posterior reversible encephalopathy syndrome

INTRODUCTION
Posterior reversible encephalopathy syndrome (PRES) is a clinico-radiological entity characterized by 
variable associations of headache, altered mental status, seizures, visual disturbances and less frequently 
other neurological signs. It may develop in association with many clinical conditions, such as acute 
hypertension, infections, pre-eclampsia/eclampsia, autoimmune disorders, neoplastic disease, exposure to 
toxins or drugs[1]. Regardless of the underlying cause, cerebral vasogenic edema usually develops due to 
impaired autoregulation, blood-brain-barrier damage, and endothelial dysfunction.
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Bortezomib is a proteasome inhibitor approved for the treatment of multiple myeloma and mantle cell 
lymphoma. It acts through the inhibition of nuclear factor kappa B (NF-kB) activity. Few neurological 
complications have been reported in association with the use of bortezomib, predominantly peripheral 
neuropathies, and to date, only six cases[2-7] of PRES.

CASE REPORT
In November 2016, a 72-year-old hypertensive man received a diagnosis of multiple myeloma with IgGk/
IgAλ monoclonal component. He was initially treated with bortezomib, thalidomide and dexamethasone. In 
March 2017, he was switched on melphalan, prednisone and bortezomib. 

At the end of March 2017, he acutely developed altered mental status and visual disturbances. At symptom 
onset, his blood pressure was 170/80 mmHg, slightly higher than his typical values (140-150/70-80 mmHg). 
A neurological examination showed nonfluent aphasia with altered comprehension and cortical blindness.

No acute changes were revealed on a computed tomography scan, as well as in any laboratory test, including 
renal function. His blood pressure was controlled adding nifedipine to his habitual enalapril. On a brain 
magnetic resonance imaging (MRI) scan extensive vasogenic oedema in the subcortical white matter of the 
occipital lobes and left frontal lobe was demonstrated [Figure 1].

The clinical history, neurological examination and MRI findings were highly suggestive of PRES, attributable 
to the use of bortezomib. Further administration of bortezomib was withheld and a short course of 
dexamethasone 8 mg daily was started and tapered over 5 days.

After 10 days from onset, the patient completely recovered. He was switched on lenalidomide and 
dexamethasone, and at 6-month follow-up he is experiencing a serological remission of the monoclonal 
component.

DISCUSSION
PRES was originally described as the sudden onset of headache, altered mental status, seizures, visual 
disturbances and less frequently other focal neurological signs in the setting of uncontrolled hypertension, 
associated with the imaging findings of bilateral parieto-occipital vasogenic brain oedema, characterized 
by favourable prognosis with improvement or complete resolution. Since the first reports in the mid-
90s, much has changed in the spectrum of the disease. The same clinical syndrome has been described in 
association with atypical radiological patterns, involving frontal and temporal lobes, basal ganglia and even 
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Figure 1. Brain magnetic resonance imaging scans demonstrating: symmetrical high intensity signals in the subcortical white matter 
of the occipital lobes at onset on FLAIR images (A), whereas a very mild changes on DWI and ADC sequences (B and C), and imaging 
remission after 10 days on FLAIR images (D)



the brainstem. Persistent disability and life-threatening complications such as severe cerebral hemorrhage, 
cerebellar herniation and refractory status epilepticus have been described. Likewise, an increasing number 
of different inciting entities have been identified, such as haemodialysis, glomerulopathies and other 
autoimmune disorders, sepsis, neoplastic disease, and drugs. Among the latter, increasing attention is 
being directed to antineoplastic therapies. The syndrome has been described in association with induction 
chemotherapy in childhood acute lymphoblastic leukaemia, specifically with oxaliplatin, L-asparaginase, 
gemcitabine, bevacizumab, and sunitinib. Multiple myeloma, a neoplastic proliferation of an aberrant 
colony of plasma cells, has historically been difficult to treat with remission rates as low as 5%. Recent 
research identified the ubiquitin-proteasome pathway as a potential target for chemotherapeutic agents as 
its inhibition blocks cellular growth and division, ultimately leading to a proapoptotic state. Bortezomib is 
a potent, specific and reversible inhibitor of the chymotrypsin-like activity of the 26S proteasome, leading 
to the inhibition of NF-kB. NF-kB acts as a transcription factor, turning on genes implicated in cell growth, 
surface molecules expression and vascular endothelial growth factor (VEGF)-mediated angiogenesis. By 
inhibiting NF-kB, bortezomib leads to the inhibition of cell growth, tumor-associated angiogenesis, and 
the promotion of apoptosis. The most common adverse events reported in patients receiving bortezomib 
include thrombocytopenia, fatigue, peripheral neuropathy and neutropenia. To date, only 6 cases of 
bortezomib-induced PRES have been reported. The exact mechanisms of vasogenic brain oedema in such 
patients have not been completely delineated. In all cases, imaging studies show prominent posterior poles 
involvement. Local more sparse posterior circulation sympathetic innervation, compared to that in the 
anterior circulation, may explain the increased susceptibility of the posterior circulation to haemodynamic 
stress. Furthermore, as it happens in cases of granulomatous vasculitis and capillary leak syndrome[8], 
endothelial cell damage and perivascular lymphomononuclear infiltration may further contribute to the 
development of brain oedema. There have been several cases of anti-VEGF agent induced PRES reported so 
far[9]. Bortezomib induces decreased transcription of cellular growth factors, including VEGF. Therefore, 
bortezomib might indirectly alter the integrity of the vascular endothelium through the NF-kB pathway.

In our case, as in other 4/6 cases of bortezomib-induced PRES, only a small increase in blood pressure levels 
has been detected, suggesting that in bortezomib-treated patients hypertension might be a contributor but 
not the originator of the cascade leading to brain oedema. 

The concomitant use of melphalan is to be considered. In a case series[10], 9/451 of high-dose melphalan 
treated patients developed acute encephalopathy. Eight of them developed changes in mental status ranging 
from drowsiness and confusion to loss of consciousness, while one patient had tonic-clonic seizures. Only 
one patient had imaging abnormalities compatible with posterior reversible encephalopathy syndrome. 
Melphalan-induced encephalopathy is usually associated with renal impairment. It is not the case in our 
patient, who was treated with low-dose melphalan and did not experience renal impairment. However, we 
cannot completely rule out a minor contribution of melphalan in the development of PRES. Our patient 
received a short course of dexamethasone, which should theoretically improve vasogenic edema, even 
though robust evidence for their use is lacking.

In conclusion, PRES must be considered when a bortezomib-treated patient develops altered mental status 
associated with other neurological signs, such as visual alterations or language impairment as in our case, 
even in the absence of an excessive rise in blood pressure levels, particularly if concomitant potentially 
neurotoxic drugs are used. Brain MRI scan is the preferred imaging modality to diagnose vasogenic oedema, 
and posterior poles seem to show a particular susceptibility.

Prompt withdrawal of the offending drug and control of blood pressure are associated with neurological 
recovery in all cases of bortezomib-induced PRES reported so far. 
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Abstract
Bioresorbable stents (BRSs) are regarded as the next-generation medical devices to treat blocked or diseased arteries. 

The use of BRSs aims to reduce the risk of late stent thrombosis and long-term tissue inflammation associated with 

permanent metallic stents. BRSs are designed to relieve symptoms immediately and also provide mechanical support 

for an appropriate time period before they are fully absorbed by human body. To promote clinical adoption of BRSs 

or even to substitute metallic stents, the mechanical performance of BRSs needs to be thoroughly investigated and 

quantitatively characterised, especially over the full period of degradation. This paper offers a review of current research 

status of polymeric BRSs, covering both experimental and modelling work. Review of experimental studies highlighted 

the effects of stent designs and materials on the behaviour of polymeric BRSs. Computational work was able to simulate 

crimping, expansion and degradation of polymeric BRSs and the results were useful for performance assessment. In 

summary, the development of polymeric BRSs is still at an early stage, and further research is urgently required for a 

better understanding and control of their mechanical performance.

Keywords: Bioresorbable stents, mechanical performance, degradation, experimental studies, computational work

INTRODUCTION
Since the implantation of the first coronary artery stent in 1986, stent deployment has become a standard 
medical procedure to treat coronary stenosis, a leading cause of heart attack. The worldwide coronary stent 
market is worth over $7 billion and forecasted to grow by more than 5% annually[1]. Over the past three 
decades, there have been significant improvements made in stent materials and designs, especially for the 
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drug-eluting stents (DESs) which were firstly approved by Food and Drug Administration (FDA) of USA in 
2002. DESs are coated with non-degradable polymer embedded with anti-proliferative drugs, to avoid the 
occurrence of in-stent restenosis (ISR) which represents a major drawback of bare metal stents (BMSs)[2]. 
Although the use of DESs can substantially reduce the ISR rates, especially in high-risk patients (lowered by 
74%), other clinical problems arise, particularly the increase of late stent thrombosis (ST, with a mortality 
rate of about 45%) after implantation of DESs[3,4]. The development of deadly ST is concertedly facilitated 
by hypersensitivity to the permanent presence of alloy and by incomplete repair of the endothelium at the 
site of vascular wall injury due to the anti-proliferative drug coatings[5]. Also, the presence of permanent 
stent could cause the increasing risk of strut fracture and failure under complicated loading and corrosive 
conditions, leading to heart attack or failure, unstable angina and other clinical complications in patients[6].

To overcome these issues, it becomes mandatory to develop next-generation bioresorbable stents (BRSs) to 
replace metallic ones. Biodegradable polymers have attracted the most interests for manufacturing BRSs[7-9]. 
Fully expandable biodegradable polymeric stents provide the mechanical support to the vessel wall with 
appropriate radial strength, to prevent mechanical recoil after immediate implantation. When arterial 
remodelling achieves a relatively stable phase at 6 months, the mechanical support is no more required. As 
a result, stents are supposed to be designed to dissolve after 6 months in human body, leaving behind the 
intact vessel with no pro-inflammatory substances or obstacles[10]. During the process, the biodegradable 
polymers gradually soften, thus allowing a smooth transfer of the load from the stent to the healing artery, 
and eventually removing the significantly high stresses induced to the stented artery.

Earlier development of polymeric BRSs includes the Igaki-Tamai stent (Kyoto Medical Planning Co. Ltd, 
Japan), the Abbott BVS vascular drug-eluting stent (Abbott Vascular, Santa Clara, California, USA) and the 
REVA stent (Reva Medical, San Diego, California, USA)[8,9]. The Igaki-Tamai stent, made of poly-L-lactic acid 
(PLLA), has a zig-zag design with straight connective struts. It was the first fully biodegradable polymeric 
stent ever implanted in humans, and degraded over 18 to 24 months with good performance[8]. The Abbott 
BVS stent has a bioresorbable polymer backbone of PLLA, incorporated with a polymer coating of poly-
DL-lactic acid (PDLLA) containing and controlling the release of the anti-proliferative drug. The BVS 1.0 
has out-of-phase sinusoidal rings connected either directly or by straight bridging struts. The first in-man 
study of BVS 1.0 stents not only highlighted the efficacy and safety of using a biodegradable scaffold, but also 
provided vital data that help develop the BVS 1.1 stent which has in-phase sinusoidal rings connected by 
straight bridging struts, which can provide radial support for a longer period of time[9]. This is also the case 
for REVA stent, which is made of absorbable tyrosine-derived polycarbonate polymer and has a distinctive 
slide-and-lock design. The preclinical trials of REVA stents have led to the development of the second-
generation REZOLVE bioresorbable stent with a helical design[9].

Development of next-generation polymeric BRSs still faces many challenges and unsolved issues, such as 
stent material and design, mechanical support, in vivo performance, biodegradation rate and manufacturing 
process. One of the major uncertainties for polymeric BRSs is the effective control of mechanical properties 
during the biodegradation process. It is very important for BRSs to relieve symptoms immediately and also 
offer mechanical support for an appropriate period of times. Currently, there is a critical shortage of such 
data and information, severely limiting the application and further development of BRSs. Designers must 
use a trial-and-error approach to work out the appropriate material formulation and geometrical parameters 
of BRSs that can sustain mechanical loads during the degradation process. As an evidence, the concept of 
a biodegradable polymeric stent dates back to the 1980s, yet currently there are no designs with the FDA 
approval on the market. Abbott BVS PLLA stent, also named as ABSORB, is a first-of-its-kind device used 
initially in Europe and parts of Asia Pacific and Latin America to treat arteries with mild restenosis. To 
promote clinical application at a large scale or even to replace metallic stents, the mechanical performance 
of BRSs needs to be thoroughly investigated and quantitatively characterised, especially over the full period 
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of degradation. This paper offers a review of current research status of biodegradable polymeric scaffolds, 
covering both experimental and modelling work.

EXPERIMENTAL STUDIES OF BRSS
Mechanical behaviour
Stents, as medical devices used in human bodies, impose difficulties and challenges for experimental 
studies due to their tiny size and complex design. Despite the challenges, various methods have already 
been developed to investigate the behaviour of stents, including polymeric stents. Grabow et al.[11] studied 
the expansion behaviour of a biodegradable slotted tube stent, made of PLLA and poly-hydroxybutyric acid 
(PHB), by stent bench testing. As shown in Figure 1, the crimped stent was mounted on a balloon catheter, 
and then expanded by balloon inflation. All stents were expanded successfully without the occurrence of strut 
fracture, and Figure 2 shows the stent diameter change as a function of balloon pressure. The stent initially 
expanded rapidly at a balloon pressure of 1-2 bars and then achieved full expansion at a pressure of 6 bars. 
The measured recoil effect and collapse pressure were 4.2% and 1.1 bars, respectively. These results revealed 
that the PLLA/PHB slotted tube stent exhibited adequate mechanical properties during rapid expansion 
process. The same method was also used by Grabow et al.[12] to investigate the mechanical performance of 
two types of biodegradable balloon-expandable stents, made of PLLA and PLLA/PCL/TEC, respectively. 
Both types of stents were able to expand fully by balloon inflation under a pressure of 8 bars, but differences 
were observed for expansion process as shown in Figure 3. Specifically, the PLLA/polycaprolactone (PCL)/
TEC stent expanded immediately with the balloon inflation while the pure PLLA stent started to expand at 
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Figure 1. Stent in crimped and deployed configurations[11]

0           1           2           3          4            5           6           7           8
                                   Balloon pressure (bar)

7

6

5

4

3

2

1

St
en

t d
ia

m
et

er
 (m

m
)

Figure 2. Stent diameter change against balloon pressure during expansion[11]



a balloon pressure of ~2 bars. As a result, the pure PLLA stent achieved a smaller diameter (6.0 mm) than 
that of PLLA/PCL/TEC stent (6.7 mm) at peak balloon pressure. Moreover, the pure PLLA stent exhibited 
smaller elastic recoil (2.4%) and larger shortening (3.4%) compared to PLLA/PCL/TEC stent (8.8% and 2.3%, 
respectively). These results suggested that material properties affected the mechanical behaviour of stents.

Schmidt et al.[13] characterized the in vitro mechanical performance of bioresorbable scaffolds (i.e., Absorb 
GT1, Elixir DESlove and Biotronik Dreams 2G) using the same method as described above. The crimped 
stent had an outer diameter of 1.38 mm, 1.39 mm and 1.44 mm for Absorb GT1, Elixir DESlove and Dreams 
2G, respectively. The Dreams 2G exhibited a pushability of 45.41% compared to 33.77% for Absorb GT1 and 
36.27% for Elixir DESolve, but no significant difference was found for trackability of the three stents which 
were 0.68 N, 0.75 N and 0.64 N for Dreams 2G, Absorb GT1 and Elixir DESlove stents, respectively. Moreover, 
they examined and compared expansion behaviour of the three stents within a mock vessel and a rigid vessel 
model. The Dreams 2G showed smaller recoil (5.6% and 5.0%) in both two cases without change over time, 
while Absorb GT1 and Elixir DESolve stents showed time-dependent recoil. These results highlighted the 
differences between metallic and polymeric BRSs due to different material properties and designs. Ormiston 
et al.[14] performed expansion and post-dilatation experiments for two commercially available bioresorbable 
stents (Absorb and DESolve) and compared to typical metallic DES Xience Xpedition. They examined the 
mechanical characteristics, such as crossing profile, recoil and radial strength, by imaging and intravascular 
ultrasound techniques. The crossing profile had a diameter of 1.14 mm, 1.43 mm and 1.44 mm for Xpedition, 
Absorb and DESolve, respectively. The radial strength of stent, measured in terms of pressure required to 
reduce 25% of cross-sectional area, was found to be 1.6 atm for Xpedition, 1.4 atm for Absorb and 1.1 atm for 
DESolve. All three stents showed elastic recoil after expansion with a slight change over time. Initially, all 
three stents significantly recoiled by approximately 0.1 mm. Afterwards, Absorb and Xpedition continued 
slight recoiling whereas the diameter of DESolve showed an increase (self-correction). Their results revealed 
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that the metallic stent had thinner strut with smaller profile but greater radial strength compared to 
polymeric stents. Welch et al.[15] studied the effect of thermal annealing on the mechanical behaviour of 
helical coiled PLLA stents. The stents were annealed at a temperature of 70 °C, 80 °C and 90 °C for 25 min 
after manufacturing, and then expanded by balloon catheter up to a pressure of 12 atm. Experimental results 
showed that the stent had higher stiffness and greater collapse resistance with the increase of annealing 
temperature, whereas the elastic recoil had a decrease. Probably, thermal annealing induced some changes in 
crystalline structure of PLLA, and thus affected the stress-strain behaviour and stent expansion behaviour.

The experimental work mainly studied the expansion behaviour of polymeric stents, such as stent diameter 
change against inflation pressure, recoil and shortening effect, which are greatly affected by stent materials 
and designs. Polymeric BRSs, as the latest generation of stent, are mostly made of biodegradable polymer 
PLLA. It is well known that PLLA has low mechanical strength and poor elongation compared to metal, which 
limits its application for stents. Consequently, studies have also been performed to investigate and improve 
the mechanical behaviour of poly-lactic acid (PLA), including blending PLA with ductile biodegradable 
polymers as discussed above. In order to further improve the performance of BRSs and compete with metallic 
stents, research into processing and characterisation of biodegradable polymers is particularly required.

Degradation behaviour
One of key features for polymeric stents is their degradation behaviour over time. There were some 
experimental studies available in terms of characterization of stent degradation in vitro and in vivo. Xu et al.[16] 
evaluated in vitro and in vivo degradation behaviour of biodegradable tubular stents, made of poly-lactic-
co-glycolic acid (PLGA) with five different molar weight ratios of LA/GA (50/50, 60/40, 71/29, 80/20 and 
88/12), for application in common bile duct (CBD) repair and reconstruction. For in vitro test, stents were 
placed in bile degradation medium (pH = 7.2-7.6). Morphological results showed that the stents slightly 
expanded, deformed and then cracked meanwhile their colour changed from initially transparent to 
yellow and opaque due to the bile and water absorption. Weight loss, molecular weight change and water 
uptake were also observed, indicating the PLGA stents exhibited different degradation rates due to different 
composition ratios. For in vivo test, PLGA (71/29) stents were implanted in the rat CBDs. Results showed 
that the polymeric stents can provide the same biomedical functions as typical T tubes and completely 
disappeared after 5 weeks.

Hadaschik et al.[17] investigated the degradation behaviour of a new biodegradable ureteral stent (Uriprene) 
made of copolymer PLGA (LA/GA = 80/20) using porcine models. Uriprene stents were implanted in 20 
pigs while standard biostable stents were implanted in 16 pigs as a control. Compared to control stents, 
Uriprene stents caused significantly less ureteral dilatation and urinary tract infections. Their results also 
showed that the Uriprene stents began degradation at week 3, and completely degraded at week 10. The novel 
stent was proved to be biocompatible in vivo. Yang et al.[18] carried out degradation experiments on a novel 
biodegradable PGLA ureteral stent, with multilayer design immersed by microsphere zein and BaSO

4
, in 

human urine in vitro. The scanning electron microscope (SEM) results showed that the novel stent started 
degradation at week 2 and fully degraded after 4 weeks, and the degradation happened layer by layer from 
outer to inner surface. The stent weight and mechanical strength (i.e., tensile strength, elastic recovery and 
radial compression load) showed a decrease over the degradation time.

Currently, commercial degradable polymeric stents are made of PLLA, which breaks down to natural 
by-products, i.e., water, gases (CO

2
 and N

2
), biomass and inorganic salts. These natural by-products are 

non-toxic, so there are no negative effects on the blood or vessel wall. Degradation behaviour of polymeric 
stents was mainly characterized by in vitro and in vivo methods, focusing on variation of physical (e.g., 
mass weight and molecular weight) and mechanical properties (e.g., tensile strength and elastic modulus) 
over degradation times. Key parameters used to assess degradation behaviour of biodegradable polymers 
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include mass loss, molecular weight change, water uptake and morphology change. Gong et al.[19] carried 
out in vitro degradation study of porous PLLA scaffolds over 39 weeks, and the scaffolds degraded at a 
slow rate due to its highly porous structure in terms of weight water uptake and structure change. As 
reported by Liu et al.[20], PLLA porous scaffolds exhibited a reduction in mass and molecular weight during 
an in vitro degradation time of 200 days. Rodrigues et al.[21] studied degradation process of porous PLA 
scaffold immersed in phosphate-buffered-saline solution, and revealed that there was no significant change 
in molecular weight over 8 weeks. Zamiri et al.[22] compared the in vitro degradation behaviour of PLLA and 
PLLA/PLGA braided scaffolds over 25 weeks, and the mass loss was found very limited for PLLA braided 
scaffolds whereas PLLA/PLGA braided scaffolds experienced a mass loss of 64%. Grabow et al.[12] reported a 
gradual and steady reduction in molecular weight for a PLLA scaffold prototype during 24 weeks of in vitro 
degradation. Table 1 gives a summary of these key parameters used in assessing degradation behaviour of 
polymer scaffolds.

Mechanical properties (i.e., ductility, toughness and strength) of biodegradable polymers change significantly 
during degradation due to hydrolytic chain scission at molecule level. It is of importance to understand the 
mechanical behaviour of bioresorbable polymeric scaffolds during degradation period. The earliest assessment 
of the mechanical performance of biodegradable stents was conducted by Agrawal et al.[23], who tested in vitro 
the pressure-diameter behaviour of the Duke biodegradable stents made of PLLA fibres. They reported that 
with a careful balance between fibre mechanical properties (varied with draw ratio and thermal treatments) and 
stent designs, it was possible to achieve a successful biodegradable stent. Zilberman et al.[24] reported a loss in 
radial compression strength for their PLLA stent designs with degradation time, which is also associated with 
reductions in elastic modulus and yield strain of the PLLA fibres. Nuutinen et al.[25] carried out in vitro tests of a 
woven fibre polymeric braided stent subjected to radial compression in a pressurized chamber. The stent design 
did not perform well enough when made of biodegradable polymer, and the collapse pressure was still lower 
than its metal counterpart even with thicker fibres. Specifically, the stent lost structural integrity after 36 
weeks of degradation (immersed in saline at 37 °C) and the collapse pressure decreased by half at 30 weeks. 
The in vitro degradation study by Liu et al.[26] showed that PLLA porous scaffolds exhibited a reduction in 
compressive modulus and strength during a degradation time of 200 days. Recently, Rodrigues et al.[21] 
carried out an in vitro degradation study of porous PLA scaffold immersed in phosphate-buffered-saline 
solution for 8 weeks. The study revealed that compressive properties (i.e., compressive modulus and stress at 
yield) of the scaffolds maintained constant during the initial 6 weeks and increased significantly at week 8. 
Similarly, Grabow et al.[12] conducted in vitro degradation study for a PLLA scaffold prototype in a deployed 
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Table 1. Key parameters used in assessing degradation behaviour of polymer scaffolds

References Gong et al .[19] 
(2007)

Liu et al .[20] 
(2014) 

Rodrigues et al .[21] 
(2016) 

Zamiri et al .[22] 
(2010) 

Grabow et al .[12] 

(2007) 
Materials PLLA scaffold PLLA scaffold Porous PLA scaffold PLLA scaffold/

PLGA scaffold
PLLA scaffold

Media PBS PBS PBS PBS PBS

Degradation times 39 weeks 200 days 8 weeks 25 weeks 24 weeks

Mass loss 30% 8% Remain relatively 
constant

5%/64% -

Molecular weight 
loss

From 177,000 to 80,000 From 179,000 to 
146,000

No significant change 
(120,000~150,000)

- 28%

Water uptake Decreased dramatically with 
degradation time, and lowest 
value appeared between 
week 9 and 12

900% - - -

Morphology 
change

Microcracks at week 9; more 
cracks and big holes after 
week 23

Some little holes on 
the surface of the 
porous walls

- - -

PLLA: poly-L-lactic acid; PBS: poly-butylene-succinate; PLA: poly lactic acid; PLGA: poly-lactic-co-glycolic acid



shape, and they found that collapse pressure increased firstly within 12 weeks and then deceased. From the 
material point of view, the initial increase of compressive properties might be caused by the recrystallization 
of biodegradable polymer PLA/PLLA due to the water absorption and temperature increase (from room 
temperature 20 °C to human body temperature 37 °C). It was reported that crystallization can significantly 
improve the mechanical strength and stiffness of PLLA. It should be pointed out that there is a lack of efforts 
in assessing the discontinuity of the scaffold during the late stage of degradation, due to the difficulties in 
imaging the scaffold. However, such studies can be accomplished by using the micro computed tomography 
(CT) technology to investigate the internal damage associated with both biodegradation and mechanical 
deformation wherever feasible. Also the microstructures of all specimens can also be investigated using SEM 
both before and after the tests, by fracturing the specimens (e.g., in liquid nitrogen) and coating the fracture 
surfaces with a thin layer of gold.

In addition, clinical trials have also been carried out extensively and long-term follow up indicated the safety 
and efficacy of polymeric stents in treatment of coronary artery disease. Follow-up studies, based on invasive 
imaging methods such as CT, angiography and intravascular ultrasound (IVUS), were normally carried out to 
assess the stented vessel after the implantation of bioresorbable scaffolds. As reported in Ormiston et al.[27], the 
bioresorbable vascular scaffold (BVS) absorb showed an overall 16.8% reduction of lumen area at 6-month 
follow-up of 30 patients implanted with the scaffolds. Serruys et al.[28] evaluated the outcomes of Absorb for 
treating coronary artery stenosis in 45 patients. The mean lumen area was found to decrease by 3.1% (6.60 to 
6.37 mm2) according to IVUS analysis at 6-month follow up whereas it increased to 6.85 mm2 at 2-year follow 
up. Recent 5-year follow-up results after Absorb implantation concluded that the mean lumen area tended 
to increase from 6 months to 1 year and 5 years[29]. Progressive lumen gain was also observed after Absorb 
implantation in porcine coronary arteries[30], for which the lumen area kept stable up to 6 months and then 
showed a progressive increase from one to 3.5 years. These studies confirmed the lumen gain after scaffold 
implantation over the degradation times, especially from 6 months onwards.

However, studies are still limited and challenging due to the microscale geometry of stent and complex 
environment of human artery. To complement experimental work, finite element simulations were 
consequently used to study the stent performance during deployment, which is reviewed in the next section.

COMPUTATIONAL WORK
Stent deployment
Finite element (FE) modelling is of particular help in evaluating stent performance. However, most FE 
modelling of stent implantation, including recent ones, were dealing with metallic stents such as the effects 
of design and material on stent expansion, recoiling and dogboning[31-33]. FE modelling of polymeric BRSs 
is very limited, especially how they compare with metallic stents in terms of mechanical performance. 
There are only a few papers in literature. For instance, Pauck and Reddy[34] simulated the mechanical 
performance of PLLA stents with different designs and varying polymer stiffness. Material stiffness and 
geometrical design affects the radial strength of polymeric stent significantly. Debusschere et al.[35] studied 
the free-expansion behaviour of bioresorbable Absorb stent by considering the viscoplasticity of the 
material. They simulated stent expansion by increasing inflation pressure linearly or in a stepwise, and 
linear inflation method was found to induce higher stress concentration in the U-bend struts. Inflation 
rate affected stent expansion mainly during inflation process, while not much difference was shown after 
balloon deflation. Wang et al.[36] studied the mechanical deformation of a PLLA biodegradable coronary 
stent using experimental and computational methods. They modelled the crimping of stent to an outer 
diameter of 1.41 mm and subsequent expansion to different inner diameters. Stent deformation profiles 
were in good agreement with experimental ones during both crimping and expansion processes, and large 
deformation occurred at sharp curvature of struts in all cases. The radial recoil ratio showed a decrease 
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trend with the increase of stent expansion, which was 4.19%, 2.92% and 1.81% obtained for stent with 
expanding to 3.1 mm, 3.7 mm and 3.92 mm, respectively. They also modelled re-crimping of the expanded 
stent to evaluate the radial strength and stiffness, and calculated radial strength and stiffness was 1.46 N/
mm (close to the experimental value of 1.55 N/mm) and 1.40%, respectively. Shanahan et al.[37] developed a 
viscoelastic material model for a biodegradable polymeric braided stent, and evaluated the time-dependent 
viscoelastic behaviour using finite element method. They simulated the crimping of stent by enforcing 
radial displacement on 8 rigid plates, and the linear viscoelastic material model was validated against 
their experimental data. However, no significant difference was observed for the crimping behaviour of 
braided stent modelled as either linear elastic or viscoelastic material. However, all these simulation work 
neglected the diseased artery in their models and was unable to assess the performance of polymeric stents 
comprehensively. 

Very recently, Schiavone et al.[38] carried out a comparative study for polymeric Absorb stent and metallic 
Xience stent by including diseased artery in finite element simulations. The Absorb stent showed a lower 
rate of expansion in diseased artery, with higher dog-boning and recoiling when compared to Xience stent 
[Figure 4]. This was due to the difference in material property and stent design. It was suggested that post-
dilatation of Absorb stent is required in order to achieve an effective treatment of stenosis, especially for 
patients with stiffer vessels and highly calcified plaques. However, significantly lower stress was induced to 
the plaque-artery system treated with the Absorb stent, which is a clinical benefit in terms of causing less 
injury to the vessels. Effect of plaque eccentricity was also evaluated in their simulations, and higher stress 
was found for the media and adventitia tissue layers with the increase of plaque eccentricity [Figure 5]. 
Eccentric plaque also caused complications to stent implantation, such as non-uniform stress distribution 
and artery expansion. As such, the selection of stents, in terms of designs and materials, will be of high 
importance for patients in order to achieve the most effective clinical outcomes.
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Stent degradation
BRSs have advantages in overcoming clinical complications (e.g., restenosis and ST) associated with 
permanent metallic stents due to their biodegradation characteristics. Generally, constitutive models are 
required to describe the mechanical response of stent materials during the process of degradation. For 
instance, Soares et al.[39] applied a thermodynamically consistent constitutive model to predict degradation 
behaviour of PLLA stents. This model was suitable for simulating deformation-induced degradation, 
especially for biodegradable PLLA. The model is based on a degradation-dependent Helmholtz potential 
(material properties decrease as a function of degradation) and the rate of dissipation. Degradation of three 
different stent designs was modelled, and results showed that high risk of degradation was mainly observed 
at the bends of stent rings and junction points. Luo et al.[40] developed a numerical model to study the 
degradation behaviour of bioabsorbable PLLA stent. The constitutive degradation model combined the 
degree of degradation with pre-stretched deformation, and the degree of degradation was used to describe 
the change of material property as a function of degradation time. The degradation model was validated 
against experimental tensile data at different degradation times. Results showed that degradation happened 
throughout the whole stent over 30 days, but the degradation rate was not uniform [Figure 6]. The maximum 
degradation was observed at the inner surface of U-bend strut where the stress concentration/maximum 
strain occurred during stent expansion, which was in good agreement with experimental result. This 
indicated that the degradation rate of material was influenced by the initial deformation.
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Figure 5. Contour plot of the maximum principal stress (MPa) on the (A) plaque, (B) intima layer, (C) media layer and (D) adventitia layer, 
after deployment of Absorb scaffold and Xience V stent in eccentric lesion[38]
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Material property of biodegradable polymer shows a difference during degradation, and therefore mechanical 
behaviour of polymeric stents is also influenced by stent degradation. Several studies have been carried out 
to predict the degradation behaviour of polymeric stents by developing constitutive models for degradable 
material, but neglected stent-artery interaction during degradation. For the first time, Qiu et al.[41] evaluated 
the mechanical behaviour of a polymeric BRS using computational method, with a focus on stent-artery 
interaction during the process of degradation and artery remodelling. In particular, stress-strain responses 
were calibrated for polymeric stents over 2-year in vitro degradation period, according to experimentally 
measured strength and stiffness [Figures 7 and 8]. Effect of degradation on stent behaviour was simulated 
by considering the change of material’s property over time. In addition, vessel remodelling was simulated 
by manually changing the geometry of diseased artery, following those published clinical data. Over 2-year 
degradation times, stresses in the plaque and vessel layers showed a consistent decrease; while the stent 
experienced an increase in stress at the beginning followed by a gradual decrease, corresponding to the 
changing properties of the polymeric material [Figure 9]. In addition, vessel remodelling led to a reduction 

Figure 7. Constructed poly-L-lactic acid stress-strain curves for Absorb scaffold at different degradation time points[41]

Figure 8. Radial strength and stiffness data obtained from simulation for Absorb scaffold compared to experimental data at different 
degradation time points[41]
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of stress for the whole scaffold-plaque-artery system. This work offered valuable insights into interactive 
behaviour between a bioresorbable stent and diseased artery during a 2-year period of in vitro degradation, 
which is helpful for developing new-generation BRSs for treating artery stenosis.

The work of Qiu et al.[41] highlighted that for percutaneous coronary intervention, stent deployment causes 
severe stresses to the artery, which will induce negative influence such as damage to arterial tissue. Thus, it 
is of importance to assess the stress state produced in the artery-plaque system during stent implantation 
process. A desirable process of stent implantation requires an outcome of expansion which is enough to relieve 
vessel obstruction and also causes least damage to the arterial walls[42], as unsuccessful deployment may trigger 
ISR. Here, unsuccessful deployment includes injury and excessive stretch of arterial walls, under-expansion of 
stent and structural failure of struts. A strong correlation between severe wall stresses and high restenosis rate 
has been confirmed by literature[43]. Clearly, it is also necessary to assess the safety and efficacy of polymeric 
stents during degradation, especially stent-artery interaction. The work of Qiu et al.[41] is the first attempt to 
model the mechanical interaction of BRS with stenotic artery over the full process of stent degradation. 
A general reduction of stresses was shown for the plaque and vessel layers over stent degradation, which can 
be beneficial for the natural healing of stented artery.

So far, computational work has focused on the development and validation of material constitutive models 
that can predict the mechanical behaviour of degradable polymer or implant[44,45]. There is not a model 
available yet to model the degradation process as well as property changes, especially to predict both 
biodegradable implant mechanics and its interaction with blood vessel. For instance, finite-element models 
were used to predict the recoil and collapse behaviour of polymer stent design by considering the elastic 
and/or inelastic behaviour of the polymer[46,47], but neglecting any changes of material properties that occur 
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E

Figure 9. Contour plot of the maximum principal stress on the media layer at a degradation time of 0 day (A), 189 days (B), 365 days (C), 
659 days (D) and 729 days (E)[41]



Page 12 of 15                                                         Qiu et al. Vessel Plus 2018;2:12  I  http://dx.doi.org/10.20517/2574-1209.2018.13

with degradation[48]. At human-body temperature, the biodegradation process is a combined effect of time 
and local deformation. To study this process appropriately, it is necessary to couple the visco-deformation 
model with biodegradation. In this case, a damage tensor needs to be introduced into the model to simulate 
the material degradation process, linked with the multi-axial stress/strain states in the implanted stent. 
The evolution of this damage tensor will depend on mechanical deformation and subsequently affect the 
mechanical properties as a result of material degradation[49]. In this way, the interplay between deformation 
and degradation can be modelled, including the influence of deformation rate and material composition, 
which has not been previously reported for biodegradable polymeric stents[44]. This type of model, although 
not available yet, can best simulate the degradation process and help predict the biological outcome due to 
progressively changing load-bearing property of vascular implant during degradation process.

Loading rate dependency
It is well known that PLLA has low mechanical strength and poor elongation compared to metal, which 
limits its application for stents. Based on literature review, a number of experimental studies have been 
performed to investigate and improve the mechanical behaviour of PLA, including adding plasticizers to 
PLA and blending PLA with ductile biodegradable polymers. Also, different constitutive material models 
(e.g., elastic-plastic model and viscoelastic model) were applied to model the deformation of PLLA stent. It 
should be noted that the stress-strain behaviour of polymers is affected by strain rate, which indicates the 
time-dependent deformation nature of the materials (an increase of stress level with the increase of loading 
rate). Consequently, consideration of the time-dependent or viscous behaviour of the materials should be 
given during the process of designing and manufacturing of polymeric devices, including computational 
studies.

Only recently, Qiu et al.[50] applied an elastic-plastic constitutive model with time dependency to model free 
expansion of Elixir stent under a loading rate of 1.4, 14 and 140 MPa/s, respectively. Loading-rate dependence 
was described by inputting the ratio of yield stress as a function of plastic-strain rate. As shown in Figure 10, the 
rate-dependent stress-strain response of a PLA and poly-butylene-succinate (PBS) copolymer (with a weight 
ratio of 70% to 30%) was simulated very well by the rate-dependent elastic-plastic model[50]. After expansion, 
stresses developed in the stent was dependent on the loading rates, for both magnitude and distribution. 
Stent recoiling showed a significant reduction when the loading rate was changed from 1.4 to 140 MPa/s, as 

Figure 10. Experimental and simulated stress-strain behaviours of blended PLA/PBS (70/30) for different strain rates[50]
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shown in Figure 11. These results proved that polymeric stent behaved differently during expansion process 
if the loading rate was different. With the increase of inflating rate, stent intended to expand further, with 
reduced recoiling but higher level of stresses. These results suggest that loading rate should be taken as an 
additional factor in the surgical practice of stent deployment.

CONCLUSIONS
Stents have been developed from BMSs, to DESs and then BRSs to prevent various complications and improve 
their clinical efficacy. Materials are also extended from metal (e.g., stainless steel and cobalt-chromium 
alloy) to biodegradable polymer (PLLA). For polymeric stents, experimental studies showed stent designs 
and materials played an important role in the stent behaviour during expansion. Physical properties (e.g., 
mass weight and molecular weight) and mechanical properties (e.g., tensile strength and elastic modulus) 
showed a difference during stent degradation. Computational approaches have also been used to study the 
stent performance during expansion and degradation. However, the development of bioresorbable polymeric 
stents is still ongoing, and studies are extremely limited due to the microscale geometry of stent and complex 
environment of human artery. Therefore, further research is urgently required for a better understanding of 
the mechanical performance of polymeric stents, including long term clinical outcomes.
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Abstract
Aim: To determine whether plasmatic biomarkers correlate with 18fluoro-2-deoxy-D-glucose (FDG) positron emission 

tomography/computed tomography (PET-CT) and presence of microembolic signals (MES) detected by transcranial 

Doppler in patients with carotid stenosis.

Methods: 18FDG-PET-CT and MES detection was performed in consecutive patients with 50% to 99% symptomatic or 

asymptomatic carotid stenosis. Uptake index was defined by a target to background ratio (TBR) between maximum 

standardized uptake value of the carotid plaque and the average uptake of the jugular veins. The analysis of biomarkers 

included adhesion molecules [intercellular adhesion molecule (ICAM)-1, vascular cell adhesion molecule 1, P-selectin 

and E-selectin], interleukins (IL-1, IL-6), chemokines (RANTES, monocyte chemoattractant protein 1), cytokines (tumor 

necrosis factor α), matrix-metalloproteases (MMP), myeloperoxidase, and lipoprotein-associated phospholipase A2.

Results: There were 54 symptomatic and 57 asymptomatic patients. TBR values were significantly higher in the 

symptomatic compared to the asymptomatic (median 2.1 vs . 1.8, P  = 0.002) and in the MES positive (MES+) compared 

to the MES negative (MES-) group (MES+, n  = 19, median 2.3 and MES-, n  = 88, median 1.8, P  = 0.01). The best 

threshold for TBR values was of 1.9. We found a significant correlation between higher 18FDG uptake (TBR ≥ 1.9) and the 
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plasmatic levels of chemokine RANTES (P  = 0.03) and higher levels of ICAM-1 in MES+ patients (P  = 0.03). Interestingly 

MMP-2 levels were more important in patients with lower TBR values (P  = 0.02) and MMP-3 and P-selectin in those 

who were MES- (respectively P  = 0.001 and P  = 0.009). 

Conclusion: In the present study, ICAM-1 was associated with the presence of thrombotically active atherosclerotic 

plaques, while RANTES mainly correlated with the inflammatory process. MMP-2, MMP-3 and P-selectin levels were 

more important in patients with stable plaques. 

Keywords: Carotid plaque, biomarkers of inflammation, microemboli detection, transcranial Doppler, 18FDG-PET-CT

INTRODUCTION
Inflamed carotid plaques play a key role in the occurrence of distal embolic cerebral infarcts[1-3]. Intensive 
research has been performed in the last few decades aimed at optimizing different imaging modalities with 
adequate spatial resolution to precisely analyse the arterial wall morphology, plaque composition, and degree 
of local inflammation[4-6]. Among them, positron emission tomography (PET) using the glucose analogue 
18fluoro-2-deoxy-D-glucose (18FDG) as a radiotracer reflecting glycolytic activity has shown promise 
for non-invasive functional detection of local inflammation in atherosclerotic plaques and is considered 
as an emergent marker of plaque vulnerability[7-9]. Furthermore, ultrasound-based imaging modalities 
demonstrated that the presence of microembolic signals (MES) detected by means of transcranial Doppler 
downstream the stenosis is associated with an increased risk of embolic stroke[10-12].

In the present study we investigated in patients with symptomatic or asymptomatic carotid stenosis the 
relationship between 18FDG-PET-computed tomography (CT), MES and plasmatic biomarkers of inflammation 
including adhesion molecules, interleukins (ILs), chemokines, cytokines, matrix-metalloproteases (MMP) 
and lipoprotein-associated phospholipase A2 (lp-PLA2). 

METHODS
We included patients with unilateral symptomatic or asymptomatic carotid disease with 50% to 99% degree 
of stenosis according to the ECST criteria. Symptomatic stenosis was defined as any recent (< 6 months) 
neurological or retinal deficit, persisting or transient ischemic attack (TIA), which could be plausibly 
attributed to the ipsilateral carotid artery. Assessment of clinical parameters was performed upon study 
inclusion. Symptomatic patients had a complementary work up including cardiac ultrasound examination 
and long duration electrocardiogram for 7 days in order to exclude a cardio-embolic origin of stroke. 
Asymptomatic stenosis was defined as no history of recent (within the last 6 months) neurological or retinal 
deficit and/or presence of ipsilateral ischemic magnetic resonance imaging (MRI) lesions. All patients gave 
their written consent. 

18FDG-PET/CT angiography
All patients underwent 18FDG-PET-CT with contrast angiography within 2-3 days after admission when 
symptomatic, and within 10 days after assessment of the diagnosis of carotid stenosis when asymptomatic. 
We used a standard protocol as described previously[13]. Analysis of PET-CT was done by two experienced 
investigators (JPW, HM) blinded to the clinical and biological data. The target to background ratio (TBR) 
was assessed by dividing the SUVmax of the carotid plaque wherever highest by the average SUVmean of 
the jugular veins. 

Ultrasound analysis
Standard examination included duplex ultrasound of the carotid arteries (SIEMENS) with assessment of 
degree of stenosis according to the ECST criteria[14], plaque surface morphology and plaque echogenicity. 
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For MES detection, bilateral transcranial doppler (TCD) recording was performed during 60 min. In 
symptomatic patients, this examination was performed within 7 days after stroke onset and within 10 days 
when asymptomatic. We used a standard protocol as described elsewhere[13]. Embolic signal interpretation 
was done manually by an experienced ultrasonographer based on the criteria of the International Consensus 
group on Microembolus Detection[15,16]. Detection of at least 1 MES ipsilateral of the stenosis resulted in a 
positive exam, and those patients were defined as MES+.

Imaging
Symptomatic patients underwent a CT scan with contrast angiography of vessels of the neck and brain. 
Additionally, MRI study was performed with T1, T2, diffusion weighted (DWI) and fluid attenuated inversion 
recovery (FLAIR) sequences. 

Plasmatic biomarkers
Venous blood samples taken on the day of 18FDG-PET-CT were analyzed for 111 patients. Plasma levels of 
MMP-2, -3, -8, -9, IL-1, IL-6, intercellular adhesion molecule (ICAM)-1, vascular cell adhesion molecule 
(VCAM)-1, P-selectin, E-selectin, tumor necrosis factor α (TNFα), RANTES, monocyte chemoattractant 
protein (MCP)-1, were performed using a bioplex 200 array reader (Bio-Rad Laboratories; Hercules, CA, 
USA) with Luminex MAPTM Technology (Luminex Corporation, Austin, TX, USA). MPO levels were 
measured using the colorimetric enzyme-linked immunosorbent assay (ELISA), a commercial kit purchased 
from R&D Systems (Minneapolis, MN, USA), according to manufacturer’s instructions. The lp-PLA2 
concentration (mass) was measured using PLAC Test ELISA Kit.

Statistical analysis
All continuous variables were summarized by mean and median. For testing of significant difference 
between groups, the U-Mann-Whitney test was applied. Receiver operating characteristic (ROC) curve 
analysis was used to determine the prognostic accuracy of the plasmatic biomarkers with respect to TBR 
values and presence or absence of MES. For correlation we used Spearman’s rho method. Statistical analysis 
was performed using MedCalc (MedCalc Software, Ostend, Belgium) software.

RESULTS
From 2009 to 2015, 111 patients were analyzed. Fifty-four patients presented with symptomatic and 57 with 
asymptomatic carotid disease. All demographical data of the patients are summarized in Table 1. The CV risk 
factor profile was similar in the two groups, for the exception of degree of stenosis which was significantly 
higher in symptomatic patients. The male gender predominated in both groups.

MES
MES detection could be carried out in 107 patients. In 4 patients the investigation was not possible because 
of insufficient temporal bone window. Nineteen of 107 (18%) patients presented microembolic signals 
ipsilaterally during TCD recording. The mean number of emboli was 10 (range 1-50). The proportion of 
MES+ patients was higher in the symptomatic (26%, n = 14/54) when compared to the asymptomatic group 
(9%, n = 5/57; P = 0.01) [Table 1]. 

18FDG-PET 
One hundred eleven patients with 111 carotid plaques were analyzed. Hundred-one plaques presented 
with partial calcification whereas 10 showed exclusively a soft component on CTA. 18FDG uptake was 
significantly higher in the symptomatic group as compared to the asymptomatic one (TBR: median 2.1 
vs. 1.8, P = 0.002) [Table 1]. When confronting presence of MES to 18FDG uptake, those plaques producing 
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emboli, showed also an increased inflammatory activity (TBR: median 2.3 vs. 1.8, P = 0.01). The best TBR 
threshold value for the distinction between symptomatic, asymptomatic, MES+ and MES- negative patients 
was 1.9[13].

Plasmatic biomarkers
Analysis of plasmatic biomarkers was performed in 111 patients. When symptomatic and asymptomatic 
patients were compared, levels of MMP-8 and MMP-9 were significantly higher in the symptomatic 
ones (P = 0.03 for both) [Table 2]. In a subgroup analysis of the symptomatic patients differentiating 
between stroke and TIA, only stroke patients maintained a difference of MMP-9, however without reaching 
significance. MPO showed a trend towards higher levels in stroke patients but did not attain statistical 
significance [Table 2].
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Table 1. Baseline characteristics of the whole cohort

Symptomatic 
(n  = 54)

Asymptomatic
(n  = 57)

P  values

Age Mean 71.7 Mean 72.1 0.7
Gender (male) 44 (81%) 43 (75%) 0.5
Degree of stenosis Mean 77.3 Mean 73.2 0.03
High blood pressure 41 (76%) 42 (74%) 0.9
Diabetes 17 (31%) 16 (28%) 0.5
Dyslidemia 25 (46%) 34 (60%) 0.2
Tobacco 30 (56%) 31 (54%) 0.3
Coronary disease 10 (19%) 10 (18%) 0.9
Family history 4 (7.4%) 5 (8.7%) 0.9
Antiplatelet 7 (17%) 4 (3.5%) 0.3
Statins 18 (33%) 26 (48%) 0.2
Stroke 42 (78%) -
TIA 12 (22%) -
Lesion MRI (ipsilateral to stenosis) 41 (76%) -
*MES 14 (19%) 5 (9.2%) 0.02
TBR Median 2.1 Median 1.8 0.002

*MES detection performed in 107 patients. TIA: transitory ischemic attack; MRI: magnetic resonance imaging; MES: microembolic signal; 
TBR: target to background ratio

Table 2. Inflammatory plasmatic biomarkers in symptomatic and asymptomatic patients (median values)

Symptomatic
(n  = 54), pg/mL

Stroke only
(n  = 42), pg/mL

TIA only
(n  = 12), pg/mL

P  value
(stroke vs . TIA)

Asymptomatic
(n  = 57), pg/mL

P  value
(sympt vs . asympt)

MMP-9 283,302 291,844 186,353 0.07 195,299 0.03
MMP-8 11,292 11,574 9302 0.7 8001 0.03
MMP-3 17,909 18,745 17,485 0.6 24,434 0.18
MMP-2 344,126 326,695 394,951 0.1 345,067 0.26
TNF-α 5.2 5.1 5.8 0.8 5.3 0.94
ICAM-1 277,016 280,808 256,042 0.7 285,594 0.56
VCAM-1 1,024,550 1,024,550 1,014,682 0.8 953,996 0.87
P-selectin 96,102 102,334 87,809 0.9 99,868 0.40
E-selectin 36,714 37,362 34,503 0.3 41,567 0.12
RANTES 45,188 45,992 41,941 0.2 44,278 0.49
MCP-1 296 310 251 0.3 258 0.17
*MPO 107 107 80 0.5 63 0.07
IL-6 1.35 1.3 2.07 0.7 1.35 0.24
IL-1 1943 1946 1840 0.7 1707 0.10
*lp-PLA2 126 118 131 0.4 138 0.25

*n  = 51. MMP: matrix-metalloproteases; TNF: tumor necrosis factor; ICAM: intercellular adhesion molecule; VCAM: vascular cell 
adhesion molecule; MCP: monocyte chemoattractant protein; MPO: myeloperoxidase; IL: interleukin; lp-PLA2: lipoprotein-associated 
phospholipase; TIA: transitory ischemic attack



We found a significant correlation between higher 18FDG uptake (TBR ≥ 1.9) [Table 3] and the plasmatic 
levels of chemokine RANTES (P = 0.03). The correlation between RANTES and TBR values was of rho 0.249 
(P = 0.008) [Figure 1]. 

There were higher levels of ICAM-1 (P = 0.03) in MES+ patients [Table 4]. The correlation with the number 
of MES was of rho = 0.21 (P = 0.03). 

The predictive values of RANTES and ICAM-1 are shown on Table 5. 

MMP-2 levels were more important in patients with lower TBR values (P = 0.02) and MMP-3 and P-selectin 
in those who were MES- (respectively P = 0.001 and P = 0.009) [Tables 3 and 4]. There was an inverse 
correlation between number of MES and MMP-3 with rho = -0.319 (P = 0.0008) and number of MES and 
P-selectin with rho = -0.26 (P = 0.006).
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Table 3. Inflammatory plasmatic biomarkers according to TBR values of 18FDG-PET-CT in symptomatic or asymptomatic 
patients with carotid stenosis (median values)

TBR ≥ 1.9 
(n  = 56), pg/mL

TBR < 1.9 
(n  = 55), pg/mL

P  value 

MMP-9 227,612 253,273 0.9014
MMP-8 10,263 10,181 0.83
MMP-3 22,183 20,670 0.8273
MMP-2 328,626 365,796 0.0268
TNF-α 4.8600 5.5600 0.1018
ICAM-1 276,728 290,987 0.85
VCAM-1 959,190 1,020,700 0.4242
P-selectin 102,491 87,460 0.5672
E-selectin 38,700 38,744 0.5514
RANTES 51,396 41,367 0.0387
MCP-1 283 283 1.0000
MPO 73 88 0.1969
IL-6 1.3500 1.4900 0.6376
IL-1 1742 1934 0.3514
lp-PLA2 130 125 0.6187

MMP: matrix-metalloproteases; TNF: tumor necrosis factor; ICAM: intercellular adhesion molecule; VCAM: vascular cell adhesion 
molecule; MCP: monocyte chemoattractant protein; MPO: myeloperoxidase; IL: interleukin; lp-PLA2: lipoprotein-associated phospholipase; 
TBR: target to background ratio; 18FDG-PET-CT: 18Fluorodoeoxyglucose positron emission tomography/computed tomography
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Figure 1. Correlation between RANTES and target to background ratio (TBR) values, rho 0.249 (P  = 0.008)



DISCUSSION
The clinical role of plasmatic biomarkers in the setting of carotid atherosclerosis has been extensively studied 
in these recent years[17-19]. This not only for the assessment of the embolic risk but also for the choice of the 
best type of carotid intervention[20-22]. 

The present study has examined the relationship between plasmatic mediators of inflammation, 18FDG 
uptake in carotid plaques and the presence of MES. We found a significant correlation between higher 18FDG 
uptake and the plasmatic levels chemokine RANTES [Table 3 and Figure 1]. Furthermore in MES+ patients 
higher levels of ICAM-1 were present.

In the dal-PLAQUE study, baseline 18FDG uptake positively correlated with blood MPO and IL-6[23,24]. 
Interestingly, hs-CRP, P-selectin, E-selectin, ICAM-1, MMP-3 and MMP-9 did not correlate with TBR 
values[23,24]. In an earlier report by Rudd et al.[9], 18FDG uptake was significantly associated with serum MMP-
9 levels. We did not find a correlation of PET-CT to MMP-9 in our study. One possible explanation is that 
MMP-9 may be influenced by the burden of ischemic brain lesions and does not only reflect inflammation 
within the carotid plaque. Supporting this hypothesis, we found a higher level of MMP-9 in stroke in contrast 
to TIA patients with a trend towards significance [Table 2].

Chemokines coordinate communication between circulating inflammatory cells and endothelium[25,26]. We 
found that circulating RANTES correlated positively to 18FDG uptake in the carotid plaque, but there was no 
significant difference between symptomatic and asymptomatic patients. These findings are inline to those of 
Zaremba et al.[27] who found no differences in RANTES levels between the sera of stroke patients and those of 
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Table 4. Inflammatory plasmatic biomarkers according to presence or absence of MES

MES+
(n  = 19), pg/mL

MES-
(n  = 88), pg/mL

P  value 

MMP-9 257,003 230,582 0.9938
MMP-8 11,885 9698 0.4884
MMP-3 13,022 24,087 0.001
MMP-2 319,239 344,595 0.06
TNF-α 5.8 5.3 0.6712
ICAM-1 304,084 272,250 0.03
VCAM-1 1,250,217 963,976 0.2967
P-selectin 69,370 100,415 0.009
E-selectin 35,766 39,562 0.22
RANTES 40,975 47,131 0.3653
MCP-1 265 270 0.6836
MPO 83 85 0.7081
IL-6 1.3500 1.3500 0.9022
IL-1 1968 1794 0.2006
lp-PLA2 124 139 0.7652
TBR 2.3 1.8 0.01

MMP: matrix-metalloproteases; TNF: tumor necrosis factor; ICAM: intercellular adhesion molecule; VCAM: vascular cell adhesion 
molecule; MCP: monocyte chemoattractant protein; MPO: myeloperoxidase; IL: interleukin; lp-PLA2: lipoprotein-associated 
phospholipase; TBR: target to background ratio; MES: microembolic signal

Table 5. Sensitivity and specificity of biomarkers to predict high TBR values of 18FDG or presence of MES 

Sensitivity (%) Specificity (%) AUC Criterion P  value
RANTES 82 42 0.614 > 27,835 pg/mL 0.03
ICAM-1 90 42 0.615 > 239,642 pg/mL 0.015

AUC: area under the curve; ICAM: intercellular adhesion molecule; TBR: target to background ratio; MES: microembolic signal; 18FDG: 
18Fluorodoeoxyglucose



controls. Furthermore, in the present study the analysis of the plasmatic levels of RANTES between patients 
with and without a lesion on MRI showed no statistical significant difference. Also correlation to TBR persisted 
even in patients without a stroke lesion. RANTES may therefore be a marker of inflammation in atherosclerosis 
and be less influenced by ischemic damage in stroke [Table 5]. In the present study, we found higher levels of 
ICAM-1 in MES+ patients, but not in patients with higher TBR values. These results possibly reflect different 
plaque components; in fact 18FDG-PET-CT mainly depicts the inflammatory state of the whole carotid plaque 
whereas presence of MES reflects surface abnormalities such as ulceration and/or plaque thrombus[7,10]. 
Although a significant correlation between presence of symptoms and MES could be demonstrated in our 
cohort [Table 1], no difference was found between symptomatic and asymptomatic patients with respect to 
ICAM-1 levels, again giving more strength to the link between biomarkers and thrombotically active plaques 
per se [Table 5]. Cellular adhesion molecules, including ICAM-1, VCAM-1 and E-selectin promote recruitment 
of inflammatory cells into the arterial wall where they interact with lipid particles leading subsequently to 
plaque formation[28]. In the Atherosclerosis Risk In Communities (ARIC) study, the relationship of ICAM-
1 and E-selectin with coronary heart disease and carotid artery atherosclerosis was independent of other 
known risk factors[29]. Cellular adhesion molecules have also been implicated in the destabilisation of 
atherosclerotic plaques. In a recent study including human carotid endarterectomy (CEA) specimens from 
asymptomatic (n = 30) and symptomatic (n = 30) patients, expression of VCAM-1 on the endothelium of CEA 
specimens from symptomatic patients was 2.4-fold greater than that from asymptomatic patients (P < 0.01)[30]. 
In another study performed upon 40 patients undergoing carotid endarterectomy it was possible to determine 
the influence of surgery on the levels of adhesion molecules. A statistically significant decrease of the ICAM-1 
levels 1 h and 6 h after the endarterectomy compared to levels before the operation was found suggesting 
that decrease of ICAM-1 could be a possible marker of endothelial de-activation after plaque removal[31]. 
Only very few studies investigated the relationship between biomarkers and presence of MES[32,33]. One study 
including 104 controls and 118 patients found increased values of CXCL16 in stroke and in MES+ patients[33]. 
Other studies reported the following biomarker candidates for MES:P-selectin, fibrinogen, high neutrophil 
count, reduced ratio of CD4+CD25, high regulatory T cells and the C allele of TNF receptor superfamily 
member[32]. At present ICAM-1 has never been reported in association with MES. However, as this biomarker 
may be involved in the process of plaque destabilization, its relationship to MES is nevertheless very likely. 
Interestingly in our cohort MMP-2 levels were significantly more important in patients with lower TBR values 
and MMP-3 and P-selectin in those who were MES-. There was also a trend of MMP-2 levels to be higher in 
MES- patients. MMPs are a class of proteases involved in extracellular matrix degradation, which appear to 
play a key role in the process of vascular remodeling during the course of vascular disease[34,35]. Numerous 
studies suggest that MMPs and in particular MMP-3, MMP-7, MMP-9 and MMP-12, may be involved in the 
process of plaque destabilization[36,37]. However there are conflicting results in particular regarding MMP-3. 
The correlation between MMP-3 blood levels and carotid atherosclerotic disease has been reported in several 
studies. Lien et al.[38] showed in a study including 433 patients that MMP-3 was significantly associated with the 
presence of higher carotid plaques scores reflecting more unstable plaques. On the other hand, experimental 
studies show that MMP-3 is required for efficient neointima formation after carotid ligation and for smooth 
cell migration, supporting the fact that MMP-3 acts on plaque stability[39]. The relationship between MMP-2 
and stable plaques has been already described by Sluijter et al.[40] who showed in a study including 150 subjects 
that there was an increased activity of MMP-2 in association with the presence of smooth muscle cells and a 
fibrous phenotype. This finding suggested that MMP-2 may be considered as a marker of a stable plaque. The 
correlation between P-selectin and stable plaques has been less well documented. In the study reported by 
Yin et al.[32], P-selectin was increased in MES+ patients. On the opposite, in our cohort there was a significant 
increase of P-selectin levels in MES- patients with an inverse correlation between the number of MES and the 
plasmatic levels of P-selectin. 

To conclude, in the present study ICAM-1 was associated with the presence of thrombotically active 
atherosclerotic plaques, while RANTES mainly correlated with the inflammatory process. MMP-2, MMP-3 
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and P-selectin levels were more important in patients with stable plaques. Further studies combining 18FDG-
PET-CT and MES detection are needed in order to confirm our results. 
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Abstract
Ischemic heart disease is the leading cause of death with acute coronary syndrome accounting for more than 30% of 

causes of mortality in the elderly population. The rate of growth of the older segment of the population has increased 

exponentially and will become more pronounced in the future. Historically, there has been a paucity of clinical trials 

investigating the challenges and outcomes of more invasive treatment strategies such as percutaneous coronary 

intervention (PCI) for that very segment of the population. However, the safety, efficacy, and outcomes of PCI in the 

older population have started to receive more attention, leading to some changes in their trends. There are several 

factors that make interventional cardiologists more resistant to direct the elderly to PCI. Most of these challenging 

factors, such as the complexity of coronary lesions, frailty, hematological and vascular changes, are discussed in this 

review. In addition. more advanced technologies have been introduced to PCI platform such as second- and third-

generations stents, several alternative approaches have been adopted like transradial approach and the usage of 

bivalirudin instead of heparin and GP IIb/IIIa inhibitor, and several imaging modalities have been optimized to assess 

patients’ outcome and prognosis more accurately. Several recent studies have shown better results when these 

strategies are adopted. The most recent recommendations regarding performing PCI in the elderly are also discussed in 

this review.   

Keywords: Percutaneous coronary intervention, coronary artery disease, acute coronary syndrome, coronary stents, 

angioplasty, elderly, old age patients, frail patients, high risk patients 
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INTRODUCTION
Ischemic heart disease is one of the major challenges that encounter healthcare providers all over the world. 
It is considered the leading cause of death with acute coronary syndrome (ACS) accounting for more than 
30% of causes of mortality in the elderly population (aged 65 years or older)[1]. The elderly group of population 
has grown substantially. For many reasons, the rate of growth has increased exponentially and will become 
more pronounced in the future, especially in the developed world. In 1970, the population aged 65 years and 
older constituted only 9.8% of the total population in the United States, however, in 2012 it increased to 13.7% 
and it is expected to exceed 20% by the year 2030. Octogenarians and older populations constituted a smaller 
segment of only 3.7% comparing to their younger counterparts in 2012 but it is also expected to jump up to 
3.9% and 5.4% by 2020 and 2030, respectively[2]. Despite the recent advancements that have been achieved 
in both clinical and interventional cardiology realms, the management of coronary artery disease (CAD) in 
the elderly is still a major concern, both for cardiac interventionists and surgeons. Historically, older patients 
often receive conservative management rather than invasive procedures and there is a paucity of clinical 
trials investigating the challenges and outcomes of more invasive treatment strategies for that very segment 
of the population. Therefore, this relative under-representation of elderly in clinical trials and the consequent 
lack of knowledge made many cardiology interventionists more reluctant to perform percutaneous coronary 
intervention (PCI) for very elderly patients which hinders their optimal evidence-based therapy[3]. Recently, 
safety and outcomes of PCI in the older population has started to receive more attention, therefore, changes 
in its trends have to be studied thoroughly. In this review, we discuss age and its impact on older patients’ 
stratification and prognosis, the most relevant challenges that make PCI more difficult in this group of 
patients, recent changes in trends of PCI in the elderly, and the latest guidelines and recommendations.

AGE AND PCI
There is no specific age beyond which PCI cannot be performed, however, with increasing age less 
invasive therapy is usually preferred. In the literature, even a few centenarians underwent successful PCI 
procedures[4,5]. The oldest reported case was a 106-year-old lady who presented with inferior wall ST-segment 
elevation acute myocardial infarction (STEMI)[5]. It is also difficult to assign a clear-cut age threshold to 
classify patients based on their ages as risky vs. non-risky patients. However, according to the data from the 
Global Registry of Acute Coronary Events (GRACE), patients aged 75 years or more had more cardiovascular 
risk factors such as history of congestive heart failure (CHF), myocardial infarction (MI), hypertension, 
atrial fibrillation, diabetes mellitus, and stroke comparing to younger patients[3]. Also, patients aged 75 years 
and older were considered a special group in the American College of Cardiology Foundation/American 
Heart Association (ACCF/AHA) guidelines[6,7]. Thus, in this review, we define risky old patients as patients 
aged 75 or more. 

Age of patients presenting with ACS has a significant prognostic value and it is considered the second most 
important predictor of mortality after Killip class as it has been shown that the in-hospital mortality risk of 
a patient with ACS increases by 1.7 fold for each 10 years and by 2 folds for each Killip class deterioration[8]. 
Risk stratification plays a crucial and decisive rule during the initial management of ACS patients, as it 
helps to determine the appropriate site of care and the intensity of therapy. Age among other patients’ 
demographic characteristics profoundly affects this stratification as well as the initial estimate of death and/
or other cardiac events even before performing any physical examination or reviewing electrocardiograms 
(ECG) and laboratory results[6]. This is why, age is usually a vital criterion in several scoring systems that are 
used to estimate the in-hospital, 30 days, and even 1-year mortality rates of patients presenting with ACS 
and risk of complications as well. Among these scoring systems, the GRACE risk score[9,10], the thrombolysis 
in myocardial infarction (TIMI) risk score[11,12], and the “platelet IIb/IIIa in unstable angina: receptor 
suppression using integrilin therapy” (PURSUIT) risk score[13]. According to the GRACE score, age of more 
than 75 adds a mortality risk score of 73. For TIMI score, age of more than 65 adds a 5% risk at 14 days of: 
all-cause mortality, new or recurrent MI, or severe recurrent ischemia requiring urgent revascularization. 
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As far as the PURSUIT score, age of 70 or more adds a mortality only risk of 4 points and a risk of mortality 
and infarction of 11 points. 

PCI CHALLENGES IN OLDER POPULATION
Providing proper management and rehabilitation for older patients could be very challenging. Certainly, 
this becomes more sophisticated if a more invasive procedure such as PCI is required. Factors that make 
interventional cardiologists more resistant to perform PCI for an elderly patient can be either general factors 
related to the patient’s general status such as frailty, co-morbidities, functionalities of their cardiovascular 
and other systems or local factors related to coronary lesions such as the complexity of these lesions. Here, 
we discuss the most relevant factors in more details.

FRAILTY AND MULTI-MORBIDITY
Frailty is often defined as gradual insufficiency and regress of multiple body systems that eventually lead to 
an ultimate state of low reserve, functional/ cognitive decline, and inability to cope with different stressors. 
It is also considered by geriatricians to be a clinical syndrome that makes patients vulnerable to a variety 
of adverse outcomes[14]. Frailty becomes more apparent with aging, and unfortunately, even with the best 
healthcare and interventions provided to the elderly in order to support, improve, and maintain their quality 
of life, frailty is usually inevitable at a certain point of their age[15]. Based on the analysis of data from 4735 
out of 5888 participants of the Cardiovascular Health Study (CHS), the mean ages of non-frail, intermediate 
state, and frail patients were 71.5, 73.4, and 77.2 years, respectively. The same study demonstrated a higher 
prevalence of cardiac risk factors such as CHF, history of angina, MI, peripheral vascular disease (PVD), and 
carotid stenosis in frail patients[16]. Some inflammatory markers such as C-reactive protein (CRP) and some 
clotting factors like factor VIII and fibrinogen were found to be in higher levels in frail patients compared 
to non-frail ones, suggesting that the high prevalence of some PCI adverse outcomes such as thrombotic 
complications in the aging frail population can be explained by an inflammatory process yet to be 
understood[17]. With aging, a variety of cardiac and non-cardiac morbidities usually exist concurrently with 
the patients’ coronary problems which makes it even more difficult for them to suit such procedures and to 
overcome any ominous adverse event. In the United States, the prevalence of cardiac diseases, hypertension, 
stroke, chronic obstructive pulmonary disease (COPD), kidney diseases, arthritis, and a lot of cancers is 
higher among the population aged 75 and older more than any other age group[18].

POLYPHARMACY
With the increased prevalence of different morbidities among older patients, being on multiple medications 
at the same time is an expected consequence. Polypharmacy is more pronounced in the geriatric population 
and it makes patients more prone to many cardiac events which makes deciding PCI for them more unlikely. 
Data collected from 384 old frail patients participated in the Geriatric Evaluation and Management (GEM) 
Drug Study revealed that more than 40% of the participants were on 5 to 8 different medications and more 
than 37% had even more than 8 medications at the time of their discharge[19]. In a prospective cohort study 
on old aged men with a mean age of 77 years, polypharmacy was associated with poor cardiovascular events 
such as MI and stroke with a statistically significant hazard ratio of 1.09 (95% CI: 1.06-1.12)[20]. In addition 
to that, many factors associated with advanced age such as the decrease in renal function, low glomerular 
filtration rate, decreased liver mass and blood flow can alter many drugs pharmacokinetics and reduce their 
hepatic and renal elimination predisposing patients to more adverse events[21]. Another challenge that could 
be faced during dealing with any elderly who needs PCI, is adjusting the dose of their cardiac medications 
as changes in water-fat balance in their body composite affect drugs distribution and dosing to a significant 
extent. Older patients have a lower total body water that leads to a lower volume of distribution and a 
higher serum level of water soluble medications such as digoxin that necessitate reduction of its loading 
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dose. In contrary, relative increase in total body fat resulted from reduction of adipose-free body mass in 
elderly people leads to increased volume of distribution of fat-soluble medications such as lidocaine and 
prolongation of their half-life[21]. Another issue is that the recommended use of dual antiplatelet therapy 
(DAPT) in the elderly PCI patients has many additional complications which may influence the choice 
of the stent and the mode of management of these patients, including; higher risk of bleeding, need for 
concomitant warfarin therapy for atrial fibrillation, the increased likelihood of having future non-cardiac 
surgery, and the increased risk of falls[13]. When added to therapy, anti-coagulants dosing is also altered 
with advanced age. It has been shown that old age is usually associated with a lower warfarin maintenance 
dose with patients aged 80 to 89 years usually requiring only half of a total weekly dose (TWD) of warfarin 
compared to patients aged between 20 and 59 years[22]. 

HEMATOLOGICAL AND VASCULAR CHANGES
A lot of changes that occur with aging may cause the elderly to paradoxically experience hemorrhagic or 
thrombotic complications after PCI. Age is a significant independent predictor of major bleeding in ACS 
patients who had PCI and it is associated with higher in-hospital mortality rates[23]. Case fatality has been 
shown to be more than 18% in patients who experienced any major bleeding following PCI while 5% in 
patients without major bleeding[23]. Interestingly, thrombotic complications such as stent thrombosis and 
restenosis occurred more frequently with advanced age as well. In a previous study, 47% of all patients 
aged 75 years and older who had PCI with stenting experienced a 50% or more restenosis at the stent site 
or adjacent to it compared to only 28% in younger patients. Also, older patients experienced more diffuse 
restenosis (1 cm or more in length) than their younger counterparts[24]. Increased risk of bleeding in elderly 
can be explained by several hematological alterations such as higher level of tissue plasminogen activator 
(tPA)[25], lower platelets aggregation[26], and the presence of more advanced and complicated vascular disease 
with more local changes, more atherosclerosis and hypertension[23]. In contrary, older people have a higher 
blood viscosity, higher activity of several coagulation factors, and a lower fibrinolytic activity as it has been 
proven that plasminogen activator inhibitor (PAI-1) level increases with age[27,28]. These changes cause a 
prothrombotic state in older patients that potentially increases risk of post-PCI thrombotic complications as 
well. In addition, aging is associated with impairment of vascular structure and endothelial function caused 
by several interacting histological and molecular alterations such as increased collagen content, smooth 
muscle changes, and altered composition of the extracellular matrix of the arterial wall. This can lead to 
a gradual decrease in elastic fibers, arterial wall rigidity, and increased risk of atherosclerosis and arterial 
thrombosis[28]. Many PCI-related vascular complications such as large hematomas in femoral regions, 
pseudoaneurysms, and arteriovenous fistulas have been also associated with advanced age[29]. Also, the 
gradual impairment of endothelial cells function that occur with aging leads to lower production of nitric 
oxide and prostacyclin which play an important role in promoting vasodilatation as well as preventing 
platelets aggregation[28,30].

CORONARY LESIONS COMPLEXITY 
Older patients usually have more complex and advanced coronary lesions which make PCI procedures more 
difficult with a higher risk of complications and a lower chance of procedure success. Batchelor et al.[31] compared 
the angiographic characteristics of 7472 octogenarian patients with 102,236 younger others undergoing PCI. 
Older patients had more left main coronary artery (LMCA) and proximal left anterior descending (LAD) lesions 
than patients aged 79 and younger, 7.3% vs. 5.7% (P < 0.01) and 24% vs. 20% (P < 0.01), respectively. In a different 
sample of patients, the angiographic characteristics based on the modified ACC/AHA criteria revealed that 
863 out of 2551 (33.8%) patients aged less than 75 years had coronary lesions of type B1 or less, in contrast to 
only 37 out of 137 (27%) patients aged 75 years or more (P = 0.002). On the other hand, lesion types B2 and 
C were more prevalent in older than younger patients, 72% vs. 65% (P = 0.002), respectively[24]. Older patients 
had a higher number of affected vessels as well, as 55% of patients aged 75 or more had 3 diseased coronary 
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vessels compared to only 24% of younger patients (P = 0.0001). Also, 22% of older patients vs. 38% of their 
younger counterpart had only 1 diseased vessel (P = 0.0001)[24]. The Synergy between Percutaneous Coronary 
Intervention with TAXUS and Cardiac Surgery (SYNTAX) score has been used to predict clinical outcomes 
in patients undergoing PCI especially those with LMCA lesions and/or multivessel coronary disease based 
on their lesions complexity[32]. More recently, this scoring system has been integrated with some independent 
clinical variables such as the patient’s age, creatinine serum level, and left ventricular ejection fraction 
(LVEF) to obtain the clinical SYNTAX score (CSS)[33]. Both scoring systems have been shown to be valid 
in risk stratification and early mortality prediction among older patients with ACS undergoing PCI. While 
the SYNTAX score did not predict long-term clinical outcomes, the CSS was useful in predicting the 1-year 
major adverse cardiac and cerebrovascular events, reflecting the potentially significant impact of the patient’s 
clinical and demographic factors such as their ages on their clinical outcomes[34]. Previous studies have also 
shown that age is significantly associated with increased coronary artery calcium score[35,36]. Calcification of 
the coronary system is associated with coronary artery disease (CAD) and coronary artery calcium content 
is highly associated with increased cardiovascular events[36].

PCI ADVERSE EVENTS
As a result of the previously mentioned factors, PCI outcome is expected to be worse in the older patients 
comparing to the general population. Indeed, the most devastating outcome would be death. Although 
studies have demonstrated reasonable short and long-term PCI outcomes in the elderly, the in-hospital, 
30 days, and even 1 to 5 years follow-up all-cause mortality rates are still higher[37-39]. Aside from death, 
there is a higher chance that older frail patients experience a variety of complications that can occur 
consequently as a result of this procedure and affect patients’ clinical outcome and quality of life than other 
younger patients[40]. Many cardiac complications have been described such as cardiogenic shock, acute MI, 
acute ventricular septal rupture (VSR), iatrogenic coronary dissection, coronary perforation, and stent 
thrombosis. Other non-cardiac complications have also been reported such as hemorrhage, acute kidney 
injury, stroke, and access site complications like femoral or radial dissection and/or hematoma[41,42]. Major 
bleeding is one of the complications associated with unfavorable clinical outcome. Pooled data from 5 
different trials that participated in the RESOLUTE study program and included 5130 patients undergoing 
PCI with the resolute zotarolimus-eluting stent showed that rates of some complications such as MI and 
repeat revascularization in 1675 patients aged 70 years or older (33%) were similar to those of younger 
participants, however, significant bleeding events occurred more frequently among older population. 
In-hospital and 1-month follow-up bleeding complications occurred in 1.3% and 1.6% of patients aged 
70 years or older, and 0.3% and 0.5% of younger participants (P = 0.009 and 0.014), respectively. Death 
occurred in 26% of old patients who experienced bleeding events with a median time of 21 days between 
the bleeding event and time of death[38]. Another study showed an increase of 2.4% in over-all rates of 
bleeding events among patients undergoing PCI in their octogenarian years than younger patients[37]. Many 
different bleeding complications have been reported to be associated with PCI such as, access site bleeding, 
pericardial bleeding that can lead to tamponade, retroperitoneal bleeding, and gastrointestinal bleeding 
as well[37]. Beside age of the patient, many other variables have been proven to be an independent predictor 
of unfavorable outcome in the elderly undergoing PCI. Reduced cardiac function with left ventricular 
ejection fraction (LVEF) lower than 40%, Killip class of 3 or worse, cardiogenic shock, and hypotension 
with systolic blood pressure (SBP) lower than 100 mmHg have all been identified as independent predictors 
of an increased risk of 1-year mortality[43]. Also, the activity of daily living (ADL) of old age patients after 
PCI can be used to predict mortality. ADL assessment by Barthel index (BI) at the time of admission 
and discharge has been investigated by Higuchi et al.[44] to predict 1-year mortality in very old patients 
undergoing PCI for ACS. They have shown that lower BI at the discharge of the patient can be a predictor 
of higher mortality in patients aged 85 years and older with each 5 unites decrease in BI being associated 
with 1.1 fold increase in 1-year mortality risk. 
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Aside from this, the CHA2DS2VASc score[45] is a recognized predictor of the risk of having cerebrovascular 
episodes. Patients aged 75 or more are assigned 2 on the scale, making the elderly patients more likely to 
end up with higher scores. Adding the factor of gender, elderly females have a risk of 3 at baseline without 
adding the risk attributed to the other comorbidities on the scale and the PCI procedure. Interestingly, 
CHA2DS2VASc score of 2 or more was also found to be predictive of atrial fibrillation after cardiac 
procedures[46]. Table 1 summarizes the significance of CHA2DS2VASc score in predicting stroke and atrial 
fibrillation in the elderly population.

PCI TEMPORAL TRENDS
Historically, there have been a lot of variations in the reported data regarding procedure outcomes and 
mortality rates among the older population undergoing PCI. Some of the papers published in the late eighties 
through nineties showed the success rate of percutaneous transluminal coronary angioplasty (PTCA) in the 
elderly to be approximately 82%-84% and highly variable mortality rates[47-49], however, Both success and 
mortality rates have varied a lot in other papers published in the same era. Kern et al.[50] reported in 1988 
a clinical success rate of a 67% in a group of 21 patients who had undergone PTCA in their octogenarian 
years. After that, a clinical success rate of 57% was reported in 43 patients aged 75 years and older by other 
investigators[51]. In contrary, Jeroudi et al.[52] demonstrated PTCA angiographic and clinical success in 50 
and 49 patients, respectively out of 54 octogenarian patients (93% and 91%, respectively). Procedure success 
has differed considerably between septuagenarians, octogenarians and older participants in the same group 
of old aged patients as it was 85%, 73%, and as low as 50% for patients aged 70 to 74, 75 to 79, and 80 years 
and older[49]. Also, procedural mortality rate varied and reached up to 19% during the same era[50,53]. Many 
cardiac and non-cardiac complications were reported and occurred in more than third of the participants 
in some of the previous studies[47,50]. Although PCI has been proven to be feasible in the older population, 
the previous rates of success, procedural mortality, and consequent complications were unacceptable to 
many healthcare providers which created a high level of prudence and caution before deciding to perform 
PCI on such patients. Over years, several advanced technologies have been introduced, useful cardiac 
imaging modalities have been more available, less invasive approaches and protocols have been investigated 
to be adopted, and the operator techniques have been improved. As a result, a less conservative trend in 
performing more invasive procedures on older patients has gradually appeared. In a cohort of 31,758 patients 
who had undergone PCI between 2000 and 2007, the incidence of PCI in patients aged 75 and older has 
increased from 56/100,000 in 2000 to 216/100,000 in 2007[54]. PCI share of older patients has increased even in 
the very old segment such as the nonagenarians. Among 26,696 PCI performed over 11 years, only 177 were 
performed on nonagenarians, however, the prevalence of PCI in this very subgroup of patients was 0.17% in 
2004 and increased to 1.22% in 2014[41]. Recent studies have also shown some changes in PCI mortality and 
complications trends. Generally, the success rate has improved, mortality and complications risk started to 
approach those of younger population. In a very recent study that was published in 2018, the outcomes of 
PCI in octogenarians and younger patients using second-generation cobalt-chromium everolimus-eluting 
stents were practically the same[42]. Angiographic success was 98.4% in octogenarians and 98% in younger 
participants (P = 0.85). A lot of both in-hospital and 1-year follow-up post PCI-complications were also 
comparable between the 2 groups. In-hospital major bleeding events and cerebrovascular accidents have not 
occurred in either of the 2 groups, however, acute kidney injury occurred more frequently in octogenarians, 
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Table 1. Comparison of the predictive value of the CHA2DS2VASc score for stroke and atrial fibrillation in elderly patients 
based on gender

Elderly > 
75 years old

Baseline score 
according to age 
and gender only

Score after adding 
a single additional 

risk factor

Target high risk 
score for  atrial 

fibrillation

Stroke risk (%) at 
baseline score 

Stroke risk (%) 
after adding a 

single additional 
risk factor

Maximum 
possible score

Male 2.0 3.0-4.0 ≥ 3.0 2.2 3.2-4.0 8.0
Female 3.0 4.0-5.0 ≥ 3.0 3.2 4.0-6.7 9.0



3.7% vs. 1.5% (P = 0.58). One-year follow-up myocardial infarction occurred in 1.9% and 1.5% (P = 1.00) in 
octogenarians and younger patients, respectively. Interestingly, some complications occurred less frequently 
with the octogenarian group than its younger counterpart such as in-hospital subacute stent thrombosis and 
1-year follow-up cerebrovascular accidents, 0% vs. 1.5% (P = 1.00) and 1.9% vs. 2.3% (P = 1.00), respectively. 
Although recent studies have also shown some variations in their results, in 2017 many papers have reported 
relatively high PCI success rates in the elderly that ranged approximately from 75% to 95%[55-57]. Many of 
these recent papers have reported better mortality and some complications trends than before[42,55,58,59]. 
Some of them even reported similar rates of major adverse events in both young adults and elderly in more 
critical situations such as patients with atrial fibrillation (A-fib) undergoing PCI. Lahtela et al.[60] conducted 
a post-hoc analysis of 925 A-fib patients’ data from the atrial fibrillation undergoing coronary artery stenting 
(AFCAS) registry and showed comparable incidence of in-hospital and 1-month major adverse cardiac and 
cerebrovascular events (MACCE) in octogenarian patients and younger ones[61]. It is worth mentioning that 
some recent studies still demonstrate a quit high adverse outcomes rates including in-hospital mortality that 
reached up to 20%[62,63]. 

PROCEDURAL ASPECTS IN ELDERLY
Many aspects regarding PCI procedure in the elderly can be modified, adjusted, and tailored in order to 
make this very segment of the population more suitable for such a procedure and to render the interventional 
cardiologists more comfortable to decide to perform these procedures in older patients. Among these aspects 
are the length of procedure, the volume of contrast agent, the access site, the nature of the intervention, the 
type of the stent, and the length of hospital stay.

ACCESS SITE 
Generally, transfemoral approach has been the traditional standard of care for many years, however, 
previous studies have shown that the newer transradial route is superior to the transfemoral one as the 
former has been associated with better results and lower rates of complications and it has been increasingly 
used instead of the femoral access in the general population[64,65]. In terms of the use of this approach in the 
elderly undergoing PCI, the net benefit is still not totally clear. The differences between both approaches in 
older patients have been reported in some studies and they demonstrated a high percentage of old patients’ 
PCI in whom transradial approaches have been performed. The transradial access has been used in up to 
almost 80% of old aged patients of some cohorts[66,67]. In a 1:1 propensity score analysis of data from 1098 
patients aged 75 years and older who underwent PCI with either transfemoral or transradial approach, 
lower rates of in-hospital and 1-year follow-up major adverse clinical events, in-hospital MI, access site 
complications, and major bleeding were associated with the use of transfemoral access[66]. Other adverse 
clinical outcomes occurred less frequently with the transradial approach such as in-hospital death and 
target vessel revascularization but there were no significant statistical differences between the two groups. 
The same study demonstrated comparable rates of non-access site related major bleeding events with both 
approaches[66]. In contrary, some recent studies have also shown a very low usage of the transradial approach 
with the elderly. Among 1945 octogenarian patients of the Korea Acute Myocardial Infarction Registry, 
1609 participants (82.7%) underwent PCI using the transfemoral approach and only 336 (17.3%) with the 
transradial approach. Nevertheless, using the transradial access has been found to be a predictor of a lower 
in-hospital mortality in the same group of patients[68]. In the same study, intra-aortic balloon pump (IABP) 
had to be used in 103 (6.4%) patients in the transfemoral group vs. only 5 (1.5%) patients of the transradial 
group. Access site can also affect other variables like the time and volume of the contrast agent and the 
length of hospital stay, as the transradial approach was shown to be associated with a shorter hospital 
stay and a lower dose of contrast dye comparing to transfemoral one among older patients[67]. However, 
several other studies showed comparable contrast volume and procedure time with both approaches[41,66]. 
In terms of procedural success, several studies demonstrated almost similar PCI success in elderly using 
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both approaches[41,68], however, many investigators believe that older population can benefit more from the 
transradial approach and it should be used more often with the elderly undergoing PCI.

TYPE OF STENT
As it was discussed above, the coronary lesions in the elderly tend to be more complex and extensive which 
may render them suitable only for plain old balloon angioplasty (POBA) due to a failure of stent delivery, 
or inability to stent lesions in distal or small diameter vessels[43]. On the other hand, stenting technology 
has revolutionized during the last era. Since their first successful clinical application in 2002, drug-eluting 
stents (DES) have been utilized more frequently comparing to bare metal stents (BMS) as lower rates of stent 
restenosis, major adverse cardiac events, and revascularization of target lesions have all been associated with 
the use of DES[69]. The second-generation DES even have a better stent design than the first-generation ones with 
a thinner strut and more biocompatible polymers which lead to a higher efficacy and lower complications[70,71]. 
However, the use DAPT for at least 1 year to prevent stent thrombosis associated with DES raises concerns 
regarding increased risk of bleeding especially in populations with an already high risk of bleeding such as 
the elderly[70]. Although some studies suggested reducing the DAPT to 3-6 months without an increase in the 
risk of many adverse clinical events[72]. Recent data still suggesting under-utilization of DES in elderly patients 
undergoing PCI with stenting[70]. The characteristics and clinical outcomes of 1564 high bleeding risk old 
patients aged 75 years or older who participated in the LEADERS FREE trial and underwent PCI with the 
deployment of either polymer-free DES or similar BMS and only 1 month of DAPT were analyzed[73,74]. They 
showed a high yet similar bleeding rate in the 2 groups. However, rates of mortality, stent thrombosis, MI, and 
target lesion revascularization were lower in patients underwent stenting with DES reflecting superior safety 
and efficacy benefits compared to BMS[74]. In addition to that, major bleeding rates did not differ significantly 
between octogenarian patients who received PCI with BMS and only 1-month mandatory DAPT and others 
with DES and a 1-year course of DAPT in the XIMA trial[75]. Also, compared to the first-generation DES, the 
use of second-generation DES has been associated with better outcomes in the older population, as the latter 
has been associated with a lower risk of MI in the following year among patients aged 70 years or older with a 
hazard ratio of 0.40 (95% CI: 0.19-0.82); P = 0.012[58]. Most recently, the SENIOR trial demonstrated lower rates 
of the 1-year all-cause mortality, MI, stroke, and revascularization in elderly patients who underwent PCI and 
received third-generation DES with bioabsorbable polymer and a short-term DAPT compared to those who 
received BMS[76]. In the same trial, the duration of DAPT was decided before patients’ random assignment to 
the two different types of stents and it was recommended to be 1 month for stable patients and 6 months for 
unstable ones, however, the bleeding complications were comparable in both study arms. 

BLEEDING AVOIDANCE STRATEGIES
With peri-procedural bleeding being one of the most concerning topics regarding PCI in elderly patients[23], 
several approaches and strategies have been developing aiming at reducing the amount of blood loss and 
improving the safety and efficacy of these procedures in populations of high risk. Bleeding avoidance strategies 
(BAS) include the usage of vascular closure devices (VCD), transradial approach instead of the transfemoral, and 
bivalirudin instead of heparin and GP IIb/IIIa inhibitor[77]. Previous data showed that BAS have been associated 
with lower risk of Peri-PCI bleeding, nevertheless, these strategies are underutilized among patients with higher 
risk of bleeding suggesting what we call “risk-treatment paradox”[77,78]. Khambatta et al.[79] evaluated the data of 
124,606 patients with different ages who underwent PCI over a period over 4 years to study the effect of BAS 
on rates of bleeding and other variables in different age groups. They have demonstrated a lower incidence of 
bleeding with the utilization of BAS with an adjusted odds ratio of 0.982 (95% CI: 0.980-0.984) compared to 
those without BAS usage in all age groups even patients older than 80 years. BAS was also associated with lower 
in-hospital mortality with an adjusted odds ratio of 0.993 (95% CI: 0.992-0.994). Interestingly, although the 
overall usage of BAS has been improving in all age groups over the whole study period, their utilization was 
still less frequent in old age patients[79].
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TIME OF INTERVENTION
There are some conflicting data regarding the perfect timing of PCI in patients presenting with STEMI, 
however, several previous studies have shown that shorter door-to-balloon time (DTBT) is associated 
with better outcomes and many investigators believe that attempts to avoid any DTBT delay should be 
adopted regardless the patient’s baseline risks[80,81]. Optimally, reperfusion should be attained within the 
recommended 90-minute window, however, many patients still undergo PCI beyond this time limit[82]. 
DTBT has been shown to be longer among older populations compared to their younger counterparts in 
several recent studies[57,62,79]. The median DTBT in a cohort of 2972 consecutive patients who underwent 
primary PCI for STEMI was 70, 76, and 80 min for patients aged < 75, 75 to 84, and ≥ 85 years, respectively 
(P < 0.001)[57]. Being an old age patient per se, has been shown to be an independent predictor for the door-
to-balloon delay[83]. Other predictors have been described such as non-daytime presentation, the absence 
of typical chest pain, the need for hospital transfer, female sex, and non-white race[83]. Elderly patients with 
ACS often present with non-specific and atypical symptoms like nausea, vomiting, diaphoresis, and dyspnea. 
Chest pain occurs only in approximately 40% of patients older than 85 years[84]. Also, the higher prevalence 
of left bundle branch block (LBBB) in older population patients makes the electrocardiographic diagnosis of 
STEMI more difficult[84]. These unusual presentations of ACS and time-wasting factors may cause some sort 
of delayed diagnosis and management which consequently leads to worse outcomes in elderly undergoing 
PCI that must be investigated thoroughly in the near future. 

AUXILIARY CARDIAC IMAGING UTILIZATION
Over the last years, we have witnessed dramatic advancements in the field of cardiac imaging. Several 
imaging modalities such as transesophageal echocardiography (TEE), cardiac computed tomography (CT), 
cardiac magnetic resonance imaging (CMR), and intravascular ultrasonography (IVUS) have been evolving 
and their usefulness in the diagnosis and assessment of a variety of clinical and/or surgical situations has 
been studied[85,86]. We believe that the optimal utilization of several cardiac imaging modalities can provide 
an additive benefit to the patients undergoing PCI, especially among older populations. Moreover, the 
integration of clinical and imaging data can assess patients’ prognosis and predict their clinical outcomes. 
It also can define and classify several procedural complications and guide healthcare providers to decide 
whether to adopt a conservative management strategy or to proceed with more aggressive options[87]. For 
instance, intra-operative TEE has been used to guide several procedures in the catheterization theater and 
it provided useful assessments to some age-related PCI complications such as iatrogenic aortic intramural 
hematomas and helped to assess the patient’s outcome and to decide the best management[87]. Furthermore, 
with the latest developments of three-dimensional TEE, more accurate intra-operative images of stent 
scaffolds can be obtained which enabled some investigators to more confidently diagnose and assess some 
PCI complications like LMCA stent protrusion and migration[88,89]. Thus, and as we mentioned above, with 
the older populations usually having more frequent LMCA lesions than younger patients, they can benefit 
from this modality. Also, IVUS and optical coherent tomography (OCT) have been shown to be useful in 
the qualitative assessment and preparation of LMCA lesions and in stent sizing and optimization as well[90,91]. 
In addition to that, post-PCI risk stratification has been proven to be helpful in evaluating STEMI patients’ 
prognosis. The use of CMR during the hyperacute phase of STEMI after primary PCI has been shown to be 
safe and feasible[92]. Although the value of most of these imaging modalities in the elderly undergoing PCI as 
a separate high-risk group has not been investigated in large scales studies, many of them may provide useful 
contributions during the management of these patients in the future.

DIFFERENT INDICATIONS OF PCI IN ELDERLY
It has been shown that PCI was indicated for older population in a wide spectrum of different clinical 
situations with variable disease severities, from primary PCI in unstable old patients with STEMI and urgent 
PCI for those presenting with non-STEMI and unstable angina pectoris to elective PCI for old patients with 
stable CAD. Many previous studies have demonstrated that older patients who underwent PCI for unstable 
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ACS constituted the bigger portion of the total elderly underwent PCI. Among 102 CAD patients aged 85 years 
and older, PCI was indicated in an ACS setting in 72.6% of them and only 24.5% of PCIs were performed 
for patients with stable angina[93]. In another cohort, 93% of 177 PCI performed on nonagenarians were 
indicated in ACS settings and only 7% were elective PCI[41]. It is worth mentioning that clinical presentation 
and PCI indication are considered significant determinants of post-PCI clinical outcomes. As it has been 
shown that short and long-term clinical outcomes are usually superior in older patients who underwent PCI 
for stable CAD compared to unstable patients of the same age[93,94]. Among 102 PCI performed for a variety 
of indications in very old patients, aged ≥ 85 years, there were 4 in-hospital deaths, all of them were patients 
presented to PCI due to acute STEMI. However, there were no deaths among very old patients from the same 
age group in whom PCI was indicated for stable coronary syndromes, post-STEMI, and other indications[93]. 
Teplitsky et al.[95] reported a zero percent cumulative mortality rate at 6-month after elective PCI performed 
for nonagenarian patients with stable CAD. The 6-month cumulative mortality rate in patients underwent 
emergent PCI for clinically unstable ACS was 23% in the same study.

PCI AMONG OTHER REVASCULARIZATION AND REPERFUSION STRATEGIES IN ELDERLY
Generally, PCI is the most commonly used reperfusion strategy among all age groups[96]. In terms of 
revascularization in older patients with CAD, a variety of strategies have been utilized, from conservative 
management with no revascularization at all to the most invasive surgical revascularization. However, the 
decision to choose the best reperfusion strategy for this high-risk group of patients has never been simple. 
Peiyuan et al.[97] have compared the clinical outcomes of 3 groups of 3082 STEMI patients aged 75 years and 
older. Reperfusion by PCI was performed in 1000 patients, fibrinolysis was administrated to 160 patients, and 
the third group of 1922 patients did not have reperfusion therapy. PCI group had a significant lower mortality 
rates than fibrinolysis and no reperfusion groups of 7.7%, 15%, and 19.9%, respectively, P < 0.001. Several 
adverse outcomes such as recurrent MI and MI-related complications like heart failure and cardiac arrest 
occurred less frequently in PCI group. Other previous studies from different populations have demonstrated 
better clinical outcomes in patients underwent PCI compared to those whom received fibrinolysis in all 
age groups including the elderly[98,99]. A meta-analysis of 22 randomized trials that included 6763 patients, 
also showed higher death and adverse outcomes rates of patients whom received fibrinolysis compared 
to primary PCI group among all ages except patients aged 50 years and younger[99]. Another strategy that 
involves combining fibrinolysis to urgent PCI can be potentially beneficial for elderly patients with ACS. The 
pre-hospital administration of a reduced-dose fibrinolytic agent before urgent PCI, termed FAST-PCI, showed 
better 30-day mortality rates than primary PCI alone, 4.2% vs. 18.1%, respectively, P < 0.01 in STEMI patients 
aged 75 years and older without an increase in rates of major bleeding events, stroke, or reinfarction[100]. 
Despite that many health care providers are still hesitant to direct old patients toward PCI, it has been shown 
that with aging, the frequency of PCI increases and that of coronary artery bypass grafting (CABG) decreases. 
Nicolini et al.[101] compared the clinical outcomes and adverse events between PCI and CABG in a cohort of 
patients aged 80 years and older with multivessel disease or LMCA lesions. PCI was performed in 947 patients, 
while 441 underwent CABG. It is worth mentioning that, all nonagenarian patients included in the PCI group. 
Although the 1-month mortality rates of both study arms were comparable, many adverse outcomes were 
more frequent among patients who underwent PCI in the follow-up period such as cardiac mortality, MI, and 
target vessel revascularization. In another larger cohort of 10,141 patients aged 85 years or older with ACS and 
multivessel CAD, CABG was more frequently performed compared to PCI, and it was associated with better 
survival and freedom from composite morbidity at 3 years follow-up[102]. Thus, it appears that CABG is still 
the best strategy of revascularization in patients with multivessel disease or LMCA lesions even in elderly.

RECOMMENDATIONS
Several foundations and societies such as the ACCF, AHA, European Society of Cardiology (ESC), and the 
Society for Cardiovascular Angiography and Interventions (SCAI) have tried to adopt some guidelines and 
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recommendations based on the latest available clinical trials and observational studies in order to make the 
decision of performing PCI on older patients clearer and more evidence-based. The management of older 
population with CAD should be patient-centered and the decision whether to direct the patient toward 
reperfusion therapy or to adopt a less invasive and more conservative management should not be taken 
solely based on the patient’s age. On the other hand, the patient’s preferences, life expectancy, all his other 
co-morbidities, and functional status should be considered before denying or recommending PCI. A report 
from the ACCF, AHA, and SCAI stated that the PCI clinical benefits in younger and older population are 
comparable. However, the increased risk of some adverse outcomes in elderly like bleeding events and stroke 
should be taken into consideration[103]. The latest ESC guidelines for management of patients presenting with 
acute STEMI have also emphasized maintaining a high level of suspicion when dealing with any elderly 
presenting with atypical symptoms to avoid any delay in the diagnosis and reperfusion therapy[104]. Primary 
PCI should not have an upper age limit and any patient can be qualified for PCI based on his individual 
circumstances. The transradial approach was also recommended whenever it is possible in these patients. 
In addition, dosing of thrombolytic therapy should be adjusted carefully according to the patients’ kidney 
function, other medications, and comorbidities. The ACCF and AHA have also recommended the use of 
bivalirudin, instead of a GP IIb/IIIa inhibitor plus unfractionated heparin, both initially and at PCI in elderly 
presenting with non-ST segment elevation ACS, as the former is associated with lower bleeding risks. However, 
the dosing of all the medical therapy must be modified according to the patients’ body weight and creatinine 
clearance[6]. They have also stated that CABG can be preferred over PCI for appropriate candidates, especially 
those with diabetes mellites and multivessel disease with SYNTAX score of more than 22 [Figure 1].  

CONCLUSION
There are several factors that render PCI a more challenging procedure among the elderly such as more 
complex coronary lesions, co-morbidities, frailty, and hematological alterations. Historically, PCI clinical 
outcomes have been demonstrated to be worse among older populations compared to their younger 
counterparts. Moreover, the participation of the elderly in the clinical trials that investigated different aspects 
of PCI has been markedly under-represented which created a vague state of decision making capability that 

Figure 1. Summary of the 2014 AHA/ACC recommendations for the management of old patients (≥ 75 years of age) with non-ST-
elevation acute coronary syndromes. ACC: American College of Cardiology; AHA: American Heart Association; ACS: acute coronary 
syndrome; CABG: coronary artery bypass graft; COR: class of recommendation; LOE: level of evidence; DM: diabetes mellitus; PCI: 
percutaneous coronary intervention
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consequently could hinder the optimal treatment for many old patients. Recently, more advanced technologies 
have been introduced to interventional cardiology platforms, a variety of medical therapy options have been 
available, less invasive PCI approaches have been adopted, more advanced cardiac imaging modalities have 
been improving, and more attention to elderly undergoing PCI has been given. Although that PCI mortality 
rates are still practically higher among the elderly, many recent studies demonstrated that PCI is safe and 
effective for this segment of the population and some adverse clinical outcomes became similar to those 
occurring in younger patients. Thus, the decision to perform PCI should not merely rely on the patient’s 
age. Instead, many other considerations should be taken into account such as the patient’s functional and/
or cognitive status, preferences, co-morbidities, current medications, and life expectancy. In addition, more 
elderly must be a part of the future clinical trials and the safety and efficacy of all the available as well as the 
emerging less invasive PCI strategies have to be investigated more thoroughly in order to provide a clearer 
knowledge regarding the optimal utilization of PCI among the elderly.
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Abstract
Acute lung injury (ALI) is a severe progressive disorder that arises from a wide range of causes such as toxins or 

inflammation, resulting in significant morbidity and mortality. There are no effective therapeutic options apart from 

mechanical ventilation strategies. While the mechanisms that govern the clinically relevant process of increased 

endothelial cell (EC) permeability and remodeling associated with ALI are under intense investigation, our knowledge 

of the processes that determine barrier enhancement or preservation are far from completion. Recently, epigenetic 

mechanisms have emerged as a major regulator of enduring changes in cell behavior and the therapeutic potential of 

inhibiting histone deacetylases (HDACs) for the treatment of cardiovascular and inflammatory diseases has gained 

remarkable attention. Although HDACs have been shown to play an important role in regulating EC barrier function, the 

involved HDAC subtypes and mechanisms remain undefined. Further investigation of the HDAC signaling may provide 

therapeutic approaches for the prevention and treatment of ALI.

Keywords: Acute lung injury, endothelial barrier function, histone deacetylases

INTRODUCTION
Acute lung injury (ALI) is a significant source of morbidity and mortality with over 200,000 incidences 
per year in the US[1,2]. ALI arises from a wide range of causes such as toxins or inflammation resulting in 
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significant morbidity and frequently in death[3]. To date no pharmacological therapies have been proven to 
improve ALI in clinical trials[4]. Approaches remain non-specific and rely on supportive care and control of 
initial causes[5]. A major pathophysiological alteration of ALI is the dysfunction of the pulmonary vascular 
endothelial barrier resulting in pulmonary infiltrates, hypoxemia and pulmonary edema[6,7]. Endothelial cells 
(ECs) line the lumen of the blood vessels serving every organ system and provide a semi-selective barrier 
between the blood and the interstitial space[8]. In ALI, the EC barrier is compromised leading to elevated 
vascular permeability[9]. A lack of understanding the pathologic mechanisms involved in ALI remains an 
obstacle to new and effective therapies that reduces the vascular leakage in ALI.  

Recently, epigenetic mechanisms have gained great therapeutic potential in the treatment of inflammatory 
and autoimmune diseases[10,11]. Previous studies have demonstrated that inflammatory gene expression is 
regulated by the precise balance between histone-modulating enzymes; histone acetyltransferases (HATs) 
and histone deacetylases (HDACs)[12,13]. In addition to modulating histone protein, it has been shown that 
HDACs can also deacetylate many non-histone proteins to regulate cellular functions such as cytoskeletal 
acetylation and polymerization, and signal transduction[14-16]. Acetylation of non-histone proteins might 
crosstalk with other posttranslational modifications (PTMs) to control cellular signaling[17]. HDACs are 
classes of enzymes that catalyze the removal of the acetyl groups from specific lysine residues of the histone 
or non-histone proteins[18]. The inhibition of HDACs has been shown to play an important role in EC barrier 
protection[19,20]. In this review, we intend to summarize the current knowledge focusing on the potential 
effect of HDAC inhibition on the pathogenesis of the ALI.

CHARACTERIZATION OF HDACS
There are 18 characterized members of HDAC superfamily in human which can be divided into two 
families and four classes according to their function and homology to yeast proteins[21] [Table 1]. The 
classical family includes the classes I, II, and IV HDACs which are zinc-dependent enzymes and perform 
metal ion-mediated hydrolysis of acetamide bond in their acetylated substrates while silent information 
regulator 2 (Sir2)-related protein (Sirtuin) family contains the class III HDACs requiring NAD+ as a cofactor 
for enzymatic activity[22,23]. Mechanisms for HDAC regulation occurs at multiple levels involving protein 
complex formation, PTMs such as phosphorylation, SUMOylation, subcellular localization, availability of 
metabolic cofactors and proteolytic processing[24].

The class I HDACs (HDAC1, 2, 3, and 8) have sequence similarity to the yeast transcriptional regulator 
reduced potassium dependency 3 (RPD3) protein. They are ubiquitously expressed and mainly localized 
within the cellular nucleus[25]. HDAC1 and HDAC2 contain nuclear localization signal (NLS), but not 
nuclear export signal (NES), therefore they are restricted to the nucleus[26]. HDAC3 are able to shuttle 
between the nucleus and the cytoplasm which is regulated by competing nuclear import and nuclear export 
signals[27]. HDAC8 shows relatively low expression and can be found in the nucleus and in the cytoplasm[28]. 
Class I HDACs are ~350-500 amino acids long. They consist of the conserved deacetylase domain (DAC) 
with short amino- and carboxy-terminal tails, latter can be modified by PTMs including phosphorylation or 
SUMOylation in order to regulate the enzymatic activity[24]. HDACs 1-3 form multiprotein complexes with 
transcription factors and co-repressors to fulfil their deacetylase activities. HDAC8 does not form complexes 
and is fully active in single molecule[29,30].

The class II HDACs are protein orthologous to the yeast histone deacetylase-A 1 (HDA1) protein and can be 
divided into two subclasses such as class IIa (HDAC4, 5, 7 and 9) and class IIb (HDAC6 and 10)[25]. Class II 
HDACs show tissue-specific expression pattern and functions[31]. They are able to shuttle between nucleus 
and cytoplasm, however, HDAC6 and 10 are predominantly localized in the cytoplasm[32]. Class II HDACs 
are considerably larger molecules than class I HDACs, and they have approximately 700-1200 amino acid 
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residues. The class IIa HDACs have the deacetylase domain on the C-terminal and possess a long N-terminal 
tail containing conserved multiple binding domains and regulatory sites which play a crucial role in the 
regulation of the nucleocytoplasmic trafficking[29,33]. The catalytic domain of class IIb HDACs is localized 
on the N-terminus of the protein. In addition, the HDAC6 has a secondary DAC domain and an ubiquitin 
binding site on the C-terminal[34]. HDAC10 is closely related to HDAC6 and has a putative second catalytic 
domain and two putative Rb binding domains on the C-terminal of the enzyme[35].

The HDAC11 shares sequence similarity to both RPD3 and HDA1 proteins and falls into the Class IV as 
a unique member. It is the smallest HDAC isoform consisting 347 amino acid residues and are located 
predominantly in the nucleus. HDAC11 has tissue-specific distribution and can be found in the brain, 
heart, skeletal muscle kidney and testis. It contains a catalytic domain at the N-terminus and short N- and 
C-terminal extensions[36].

The class III HDACs have seven members (SIRT1, 2, 3, 4, 5, 6 and 7) and possess homology to the yeast 
Sir2 protein[37]. They are ubiquitously expressed and show different subcellular localization. SIRT1, 6 and 
7 are mainly localized to the nucleus, the SIRT2 can be found in cytoplasm, while the SIRT3, 4 and 5 are 
mitochondrial proteins[38]. They do not comprise zinc in the catalytic site and uses NAD+ as a cofactor 
in their catalytic reactions. The 275 amino acid long catalytic domain is highly conserved among the 
sirtuins flanking with variable length of amino- and carboxy-terminal extensions[39]. They can serve as a 
NAD+-dependent lysine deacetylase or as a mono-ADP-ribosyltransferase. In the deacetylation reaction, 
nicotinamide, 2’-O-acetyl-ADP-ribose and deacetylated product are generated with the hydrolysis of one 
NAD+ molecule[40]. During the ADP-ribosylation reaction, ADP-ribose from the NAD+ is transferred to the 
acetylated substrate and nicotinamide is released[41]. Both reactions depend on the ratio of NAD+/NADH. 
Therefore the cellular metabolism can be a potential regulatory mechanism of SIRTs.

BIOLOGICAL FUNCTION OF HDACS
Lysine acetylation/deacetylation of histone and non-histone proteins are major reversible PTMs that are 
dynamically maintained by two enzymes families, HAT and HDAC[42]. Changes in histone acetylation 
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Table 1. Characterization of HDACs

Class HDAC isoform Size (amino acids) Subcellular localization Expression pattern
I HDAC1 482 Nucleus Ubiquitous

HDAC2 488 Nucleus Ubiquitous

HDAC3 428 Mainly nucleus Ubiquitous

HDAC8 377 Nucleus/cytoplasm Ubiquitous

IIa HDAC4 1084 Nucleus/cytoplasm Heart, skeletal muscle, brain

HDAC5 1122 Nucleus/cytoplasm Heart, skeletal muscle, brain

HDAC7 952 Nucleus/cytoplasm Heart, placenta, pancreas, skeletal muscle

HDAC9 1011 Nucleus/cytoplasm Skeletal muscle, brain

IIb HDAC6 1215 Mainly cytoplasm Heart, liver, kidney, pancreas

HDAC10 669 Mainly cytoplasm Liver, spleen, kidney

III SIRT1 747 Nucleus Ubiquitous

SIRT2 352 Cytoplasm Ubiquitous

SIRT3 399 Mitochondria Ubiquitous

SIRT4 314 Mitochondria Ubiquitous

SIRT5 310 Mitochondria Ubiquitous

SIRT6 355 Nucleus Ubiquitous

SIRT7 400 Nucleolus Ubiquitous

IV HDAC11 347 Mainly nucleus Brain, heart, skeletal muscle, kidney and testis

HDACs: histone deacetylases



modify chromatin structure and the activity of transcription factors that serve as an important mechanism 
for the regulation of gene expression[43]. Deacetylation of histones by HDACs contributes to the compaction 
of the chromatin structure correlating with gene silencing[44]. Genome-wide mapping revealed that HDACs 
are also associated with active genes and positively correlated with gene transcription, indicating that 
they do not only remove the acetyl group in active genes but also reset the chromatin for activation of 
gene transcription[45]. HDACs deacetylate transcriptional factors mostly repressing the gene expression. 
However, HDACs can also activate transcription by either reducing the transcription of transcriptional 
repressor proteins or by deacetylating and activating the transcription activators or by deacetylating and 
inhibiting the transcription repressors[21]. In addition to regulation of gene expression, activities of HDACs 
have been shown to indirectly regulate other PTMs including phosphorylation, ubiquitination, methylation, 
SUMOylation, NEDDilation, biotinylation, etc.[17]. Lysine acetylation can interfere with other lysine 
modifications, conversely, removal of the acetyl group can promote other lysine modifications that control 
vital cellular functions such as mRNA integrity, translation, enzymatic activity as well as protein stability, 
function, localization and interactions[46]. For example, there is a direct competition between acetylation and 
ubiquitination, namely acetylation blocks ubiquitination and proteasome-mediated degradation of target 
proteins. Similarly, the deacetylation facilitates protein degradation[47]. Members of the HDAC superfamily 
have been shown to be involved in many physiological processes such as cell migration, proliferation and 
survival, cell differentiation, cell cycle, signal transduction, aging, DNA repair and apoptosis[48,49]. Growing 
body of evidence show that malfunction of the HDACs play a critical role in many human disorders 
including cancer, neurodegenerative diseases, metabolic and immunological disorders, inf lammatory, 
cardiac and pulmonary diseases[50,51]. HDAC inhibition has been reported to display antitumor and anti-
inf lammation properties[52-55]. It has also been shown that HDACs play an important role in various 
inflammatory lung diseases including ALI, COPD, and asthma[56-58]. 

HDACS IN ALI
Several reports have indicated that HDAC inhibitors possess beneficial effect in ALI animal models. 
The primary causes of ALI are the endothelial barrier dysfunction and inf lammation[59,60]. It has been 
shown that HDAC6-specific inhibitor tubacin ameliorates pulmonary edema in the LPS-induced ALI[19]. 
Pharmacological inhibition of HDAC6 suppresses the thrombin-induced endothelial barrier dysfunction 
through increased acetylation of α-tubulin and microtubules stabilization[19]. In addition, Yu et al.[61] 
found that selective inhibition of HDAC6 by tubastatin A (Tub A) blocks TNF-α-induced lung endothelial 
permeability and prevents endotoxin-induced pulmonary edema. Pretreatment with Tub A enhanced 
α-tubulin acetylation and decreased the TNF-α-induced microtubule disassembly, endothelial cell 
contraction and actin stress fiber formation as well as reduced the phosphorylation of the myosin light chain 
attenuating the lung endothelial cell hyperpermeability caused by the cytokine[61]. In addition, HDAC6 
inhibition by Tub A increases β-catenin acetylation and consequently its membrane translocation leading 
to increased stabilization of adherens junctions in endothelial cells[61]. Moreover, inhibition of HDAC6 
prevents endotoxin-induced deacetylation of α-tubulin and β-catenin in lung tissues and attenuates lung 
edema formation in mouse model of endotoxemia[61]. The same group demonstrated that selective inhibitors 
of HDAC6 such as CAY10603 and Tub A prevented the TNF-α-induced caspase 3 activation and endothelial 
barrier dysfunction via maintaining cell-cell junction integrity[62]. In addition, inhibition of HDAC6 by 
CAY10603 alleviated the endotoxin-induced lung vascular permeability and caspase-3 activation as well as 
reduced the lung edema formation[62]. Joshi et al.[20] revealed the mediating role of HDACs in LPS-induced 
endothelial hyperpermeability and ALI. Inhibition of various HDACs by pan-HDAC inhibitors including 
panobinostat or trichostatin (TSA) attenuates LPS-induced decrease in transendothelial electrical resistance 
(TER), Hsp90 activation and chaperone function as wells as diminishes the RhoA activity and signaling. 
Moreover, pre-treatment with HDAC3-selective inhibitor RGFP-966 or with HDAC6- selective inhibitor Tub 
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A, or combined inhibition of HDAC3 and -6 prevents the LPS-mediated endothelial barrier dysfunction[20]. 
More importantly, combined pharmacological inhibition of HDAC3 and -6 protected against LPS-stimulated 
inflammation, capillary permeability, and structural abnormalities in murine model of ALI[20]. 

HDAC inhibition has been shown to ameliorate the inflammatory responses associated with ALI. Ni et al.[63] 
reported that broad HDAC inhibitor, butyrate markedly diminishes the pulmonary inflammation in LPS-
induced ALI in mice. LPS administration induces histopathological changes in murine lungs, increases 
the production of TNF-α, IL-1β and NO, as well as increases MPO activity and NF-κB p65 expression that 
are significantly attenuated by butyrate pretreatment[63]. The lung edema is markedly reduced by butyrate, 
indicating its protective effect on the LPS-induced ALI[63]. Zhang et al.[64] further confirmed the beneficial 
effect of butyrate on lung injury. They found that two structurally unrelated HDAC inhibitors, sodium 
butyrate (SB) and TSA diminished the sepsis-induced lung edema and leukocyte infiltration in lung tissue[64]. 
In addition, SB and TSA decrease the expression of ICAM-1 and E-selectin in lung tissue and reduces plasma 
levels of IL-6, indicating that these HDAC inhibitors attenuate sepsis-induced inflammatory lung injury[64]. 
Other group has also demonstrated that early administration of broad-spectrum HDAC inhibitor valproic 
acid (VPA) significantly reduces the levels of IL-6 and tumor necrosis factor in bronchoalveolar lavage (BAL) 
fluid and in plasma as well as improves survival in murine ALI model in gram-negative pneumonia[65]. They 
also showed that VPA reduces the production of proinflammatory cytokines and the neutrophil influx into 
the pulmonary parenchyma and alleviates the host systemic and pulmonary inflammatory responses[66]. 
In addition, the HDAC inhibitor VPA decreases the MPO activity reducing the lung injury induced by the 
bacterial infection and improves the histopathologic changes related to ALI[66]. VPA has also been reported 
to prevent ALI induced by ischemia-reperfusion (I/R) in rat lungs. I/R significantly increases the lung edema, 
pulmonary arterial pressure, lung inflammation and the concentrations of the inflammatory mediators 
[TNF-α, cytokine-induced neutrophil chemoattractant-1 (CINC-1)] in bronchoalveolar lavage fluid (BALF). 
Pretreatment with VPA diminishes the I/R-caused alterations via increased heme oxygenase-1 (HO-1) 
activity that is an essential protective regulator in lung injury[67]. Lu et al.[68] demonstrated that HDAC 
inhibitors, suberanilohydroxamic acid (SAHA) and its analogue 4-(dimethylamino)-N-[7-(hydroxyamino)-7-
oxoheptyl] benzamide significantly decreases early neutrophilic inflammation in murine model of ALI. They 
showed that these inhibitors are able to block the leukotriene A4 hydrolase (LTA4H) activity and to prevent 
the leukotriene B4 (LTB4) biosynthesis suppressing the LPS-induced neutrophils migration and infiltration 
into the murine lungs as well as reduces the production of inflammatory mediator (e.g., TNF-α, IL-1β, and 
IL-6) induced by LPS[68].

HDAC6 plays an important role in the cigarette smoke extract (CSE)-induced lung endothelial barrier 
disruption[69,70]. Cigarette smoke (CS) activates HDAC6 that results in the deacetylation of α-tubulin 
and microtubule destabilization, leading to the impairment of lung endothelial barrier function and the 
exacerbation of LPS- or P. aeruginosa-induced elevation in lung vascular endothelial permeability[70]. Down-
regulation of HDAC6 by tubacin or by siRNAs to HDAC6 significantly reduces the CSE-induced elevation in 
the endothelial permeability in vitro. In addition, inhibition of HDAC6 attenuates the lung inflammation and 
lung edema induced by CSE in LPS- or P. aeruginosa-induced ALI animal model, indicating the involvement 
of HDAC6 in the CS exacerbation of LPS- or P. aeruginosa-induced ALI[70].

CONCLUSION
In summary, convincing evidence support that members of the HDAC family play a critical role in the 
development of ALI [Figure 1]. Manipulating the HDAC signaling pathways using multidisciplinary 
approaches would provide novel therapeutic strategies for the protection of endothelial barrier function and 
for the intervention of ALI in inflammatory lung diseases.
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Figure 1. Schematic illustration of role of HDACs in acute lung injury (ALI). HDAC inhibitors: Tubacin (N1-[4-[(2R,4R,6S)-4-[[(4,5-
diphenyl-2-oxazolyl)thio]methyl]-6-[4-(hydroxymethyl)phenyl]-1,3-dioxan-2-yl]phenyl]-N8-hydroxy-octanediamide)[19,70]; Panobinostat 
(NVP-LBH589)[20]; Trichostatin A (TSA, 7-[4-(dimethylamino)phenyl]-N-hydroxy-4,6R-dimethyl-7-oxo-2E,4E-heptadienamide)[20,64]; 
RGFP-966 ((2E)-N-(2-Amino-4-fluorophenyl)-3-[(2E)-1-(3-phenyl-2-propen-1-yl)-1H-pyrazol-4-yl]-2-propenamide)[20]; Tubastatin 
A (N-hydroxy-4-[(1,2,3,4-tetrahydro-2-methyl-5H-pyrido[4,3-b]indol-5-yl)methyl]-benzamide)[61,62]; CAY10603 (N-[4-[3-[[[7-
(hydroxyamino)-7-oxoheptyl]amino]carbonyl]-5-isoxazolyl]phenyl]-1,1-dimethylethyl ester, carbamic acid)[61,62]; Sodium Butyrate 
(butanoic acid sodium salt)[63,64]; Valproic acid (VPA, 2-Propylpentanoic acid)[65-67]; Vorinostat (Suberoylanilide Hydroxamic Acid, 
SAHA)[68]. LPS: lipopolysaccharides; E.coli: Escherichia coli; I/R: ischemia-reperfusion; MLC: myosin light chain; TNF-α: tumor necrosis 
factor-α; CINC-1: cytokine-induced neutrophil chemoattractant-1; IL-1β: interleukin 1β; IL-6: interleukin 6; NO: nitric oxide; ICAM-1: 
intercellular adhesion molecule 1; NF-κB p65: nuclear factor kappa-B p65 subunit; MPO: myeloperoxidase
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Abstract
Aim: The circadian clock is a molecular network that controls the body physiological rhythms. In blood vessels, the 

circadian clock components modulate vascular remodeling, blood pressure, and signaling. The goal in this study was to 

determine the pattern of expression of circadian clock proteins in the endothelium, smooth muscle, and adventitia of the 

vasculature of human and mouse tissues. 

Methods: Immunohistochemistry was performed in frozen sections of mouse aorta, common carotid artery, femoral 

artery, lung, and heart at 12 AM and 12 PM for Bmal1, Clock, Npas2, Per and other clock components. Studies of 

expression were also assessed in human saphenous vein both by immunoblotting and immunohistochemistry.

Results: In this study, we identified the expression of Bmal1, Clock, Npas, Per1, Cry1, and accessory clock 

components by immunohistochemical staining in the endothelium, smooth muscle and adventitia of the mouse 

vasculature with differing temporal and cellular profiles depending on vasculature and tissue analyzed. The human 

saphenous vein also exhibited expression of clock genes that exhibited an oscillatory pattern in Bmal1 and Cry by 

immunoblotting.

Conclusion: These studies show that circadian clock components display differences in expression and localization 

throughout the cardiovascular system, which may confer nuances of circadian clock signaling in a cell-specific manner.

Keywords: Circadian blood vessel, vascular endothelium, smooth muscle, Clock, Bmal1, aorta, human, mouse, Per, Cry
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INTRODUCTION
This circadian clock is a signaling mechanism that controls 24 h rhythmic oscillations. Heterodimeric 
interactions of clock transcription factors including Clock, Npas2 with Bmal1 bind E-box response elements 
of respective genes and drive transcription of downstream negative clock regulators or putative output 
genes that regulate physiologic function. In the circadian clock loop, the Bmal1-Clock heterodimer serves 
to cause transcription of Period and Cry genes which are then translated to proteins, form heterodimers 
themselves, and cycle from the cytoplasm back into to the nucleus to inhibit Bmal1 and Clock. This 
molecular mechanism is expressed through the body, generating cyclic 24 h physiological rhythms. In 
blood vessels, the circadian clock is also oscillating[1-3]. Since blood vessels are comprised of three distinct 
cellular layers, the endothelial cell layer, smooth muscle cell layer, and the adventitial layer, circadian clocks 
may exert cell specific and cell-coordinated functional actions intrinsic within the vasculature. Evidence 
of vascular cell-specific functions of the circadian clock has first been demonstrated in global knockout 
models. Global disruption of Bmal1 or Period genes impairs endothelial function and detrimentally 
influences the adaptation of the vasculature both acutely and chronically[4-9]. While the circadian clock is a 
resilient or robust signaling pathway whereby its disruption is not lethal due to redundancy, intercellular, 
and intracellular coupling[10,11], overexpression of clock components has been shown to offer protection 
against deleterious vascular phenotypes[12,13]. In cell specific knockout models of the intrinsic vasculature, 
smooth muscle disruption of Bmal1 results in alterations in rhythmic blood pressure[14], disruption of the 
circadian clock in the endothelium worsens the thrombogenic response and also affects blood pressure[15], 
and vascular transplantation of Bmal1-KO mice into WT mice induces arteriosclerotic response[16]. In the 
current study, we sought to examine the cellular expression of the circadian clock in the mouse and human 
vascular tissue.

METHODS
Animals
All animal studies were performed according to protocols approved by the Medical College of Georgia 
Institutional Committee for Use and Care of Laboratory Animals at Augusta University. Normal wild type 
C57BL6 mice were used in all experiments.

Human blood vessels
Segments of intact human saphenous vein were obtained as discarded tissue from other surgical procedures. 
The procurement of these tissues conforms to the principles outlined in the Declaration of Helsinki and was 
approved by the human assurances committee of the Augusta University. 

Materials
Tissue sections were probed using the following Antibodies: polyclonal for Bmal1 (Affinty Bioreagents), 
monoclonal for Clock (Santa Cruz), monoclonal for Npas2 (Abnova), polyclonal for Per1 (Affinty Bioreagents), 
polyclonal for Cry1 (Novus Biologicals), polyclonal for Rev-erbα (Cell Signaling Technology), polyclonal 
for Rora (Cell Signaling Technology), monoclonal for Ck1-e (Bectin Dickinson), and polyclonal antibody 
for Epas (Novus Biologicals), to determine protein expression and localization within the blood vessel. 

Western blotting
Excess tissue from human saphenous veins from patients undergoing coronary arterial bypass surgeries 
(CABG) were transferred to a dish and kept in EBM2 media (Lonza) in the incubator at 37 ºC for further 
processing at serial time points. Vessels were pooled to permit detection of specific proteins, pulverized on 
liquid nitrogen, and then immersed into protein lysis buffer.

Page 2 of 8                                                            Anea et al. Vessel Plus 2018;2:16  I  http://dx.doi.org/10.20517/2574-1209.2018.46



Immunohistochemistry
Vascular tissue samples were dissected from regular wild type C57Bl6 mice, and rapidly embedded for 
frozen cross-sectioning. Sections were cut at 5 μm and mounted onto glass slides. Afterwards, Clock 
components were immunohistochemically detected. Briefly, the indirect avidin biotin-horseradish peroxidase 
visualization method was used (ABC Standard and Elite, Vector Red, Vector Laboratories, Burlingame, 
USA). Samples were incubated with the detection primary antibody at the manufacturer’s recommended 
concentration. 

RESULTS 
To determine the cellular and temporal expression of the vascular clock, we harvested tissues from wild-
type mice at 12 AM and 12 PM and conducted immunohistochemical analysis of different circadian clock 
components. At 12 AM, the common carotid artery, aorta, and femoral artery and vein exhibited Bmal1 
expression that was largely delineated in the outer adventitial region of the blood vessel [Figure 1A]. 
Smooth muscle cell expression and endothelial expression were virtually absent. Similarly, at 12 AM, heart 
and lung exhibited low expression of Bmal1. At 12:00 PM, adventitial Bmal1 expression was reduced, while 
smooth muscle and endothelial Bmal1 was increased in carotid, aorta, and femoral artery and vein. In 
heart, there was increased Bmal1 staining that was also evident in lung. Clock staining exhibited enhanced 
endothelial positivity at 12 AM and was virtually absent adventitial staining in contrast to Bmal1, but 
did exhibit increased overall tissue expression at 12 PM similar to Bmal1 [Figure 1B]. Cry 1 exhibited 
little adventitial staining in carotid arteries at either time point, but medial (smooth muscle) staining was 
increased at 12 PM, as it was also observed in aorta [Figure 1C]. In femoral artery and vein, in contrast 
to Bmal1 and Clock, Cry exhibited robust expression at 12 PM in the adventitia. In both heart and lung, 
Cry1 positive cells were robustly increased at 12 PM, with a punctate nuclear stain. In carotid artery and 
aorta at 12 AM, casein kinase expression was robust, but restricted to the adventitia, and became diffuse 
in the media at 12 PM [Figure 1D]. Femoral artery, vein, heart and lung followed expression patterns that 
aligned with the other circadian clock components. Npas2 exhibited a distinctive adventitial staining in 
all three vessel beds examined, different from the other clock components that occurred at 12 PM, and 
exhibited punctate nuclear staining in heart tissue and more diffuse staining in lung [Figure 1E]. Ror 
exhibited medial staining in the blood vessels but most distinctive was in lung tissue, where epithelial cells 
of bronchioles were highly positive, unique from other clock components [Figure 1F]. Per1 exhibited a 
strong medial expression in all vascular tissues [Figure 1G, first 3 panels], and also a diffuse expression in 
heart and lung [Figure 1G, last 2 panels].

To complement the study, we next assessed circadian clock expression in the human saphenous vein [Figure 2]. 
Bmal1 and Clock expression were increased throughout the media at 12 PM relative to 12 AM and exhibited 
strong endothelium staining. Npas2 staining was relatively absent in the saphenous vein, while Per1 exhibited 
increased expression at 12 AM relative to 12 PM. Cry1 did not exhibit any temporal difference in expression 
but was expressed throughout the media. Rev-erbα expression was distributed throughout the media and 
did not exhibit a temporal expression pattern while Rora and Epas were increased in the media at 12 PM. 
Casein kinase was not robustly expressed in the saphenous but was increased at 12 PM. We then examined 
saphenous vein expression of the positive limb component Bmal1 and negative limb component Cry and 
examined expression by western blot [Figure 3]. Bmal1 trough occurred at 6 PM, while Cry peaked at 6 PM, 
and Bmal1 peaked at 15:00 (3 PM) while Cry1 was at nadir at 18:00, consistent with the antiphase nature of 
the positive and negative limb components. 

DISCUSSION
The circadian clock is a cell synchronized signaling pathway that serves to control timing. Within the 
cardiovascular system, heart[17,18], vascular[2,19,20], lung[21,22], and even kidney circadian clocks[23,24] are 
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Figure 1. Circadian clock expression in murine cardiovascular tissues. Antibodies to Bmal1 (A), Clock (B), Cry1 (C), Casein kinase (D), 
Npas2 (E), Rora (F), and Per1 (G) were incubated with frozen carotid artery, aorta, femoral artery/vein, heart, and lung isolated at 
indicated times of the day to assess localization expression
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Figure 2. Circadian clock expression in human saphenous vein. Human saphenous veins that remained from coronary artery bypass were 
immediately procured post-operatively, and incubated in an oxygenated 37 °C incubator. At indicated times, sections of the saphenous 
vein were frozen in OCT, then sectioned, and incubated with indicated antibodies to the circadian clock

Figure 3. Bmal1 and Cry expression in the human saphenous vein. Human saphenous vein was incubated at 37 °C, and sections were 
harvested at 3 h intervals from midnight (24:00) to 21:00 (9 PM) for a 21-h time span. At indicated times, saphenous veins were flash 
frozen and subsequently protein lysates isolated for western blotting (top panel) that was densitometrically quantified (bottom panels)
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functional and rhythmic. Because organs are comprised of a heterogeneous population of cells, there are 
likely cell-specific circadian profiles and expression patterns distinct to the various cell types. Indeed it is 
known that at the level of the organ, oscillations are different. Central clock oscillation in the SCN is known 
to oscillate in a different phase than peripheral tissues[25], whereby the SCN is phase advanced to the kidney, 
which is phase advanced to aorta which is then phase advanced relative to liver[26]. The arterial system 
is composed of three layers; there is an adventitial layer (fibroblasts, pericytes, macrophages)[27], smooth 
muscle cell layer (media), and an endothelial cell layer (endothelium). The current study examined clock 
expression in mouse vascular tissue and the human saphenous vein. The approach we elected to use was 
immunohistochemistry to study clock expression. One key advantage of immunohistological techniques is 
the ability to differentiate cellular localization. We in particular were interested in endothelial vs. smooth 
muscle, vs. the adventitia. To some extent, immunohistochemistry can also provide a rough estimate of 
nuclear staining or extranuclear staining, but generally distinguishing between subcellular compartments 
is limited by IHC. In terms of using a fluorescent secondary vs. a chromogenic secondary antibody, both 
are useful, and generally there can be some background fluorescence in tissues with regard to lamina in 
the vasculature, so we chose the chromogenic susbstrate reaction. In mouse, Bmal1 expression revealed 
a very strong expression pattern at midnight in the adventitia, in the common carotid artery and aorta 
and this adventitial staining was decreased at noon. Similarly, casein kinase and Npas2 were also highly 
expressed in the adventitia. Conversely, media and endothelium staining for Bmal1 was stronger at noon, 
suggesting that the vascular cell layers are uniquely controlled, which may reflect specific timing of the 
individual cell-type but may also relate to coordination of paracrine signaling from cell-layer to cell layer. 
In the femoral artery, adventitial staining was most striking for Npas2 and Cry1. Clock the heterodimeric 
partner to Bmal1 was not as strongly expressed, but followed a similar temporal profile to Bmal1 in the 
carotid and aorta in the media. In the heart, all clock components exhibited nominal staining at 12 AM, 
but expression was robustly increased at 12 PM. In lung, the bronchiole epithelial cells were highly positive 
for Rora. In the human saphenous vein, Bmal1 exhibited stronger expression at 12 PM vs. 12 AM, while 
Per1 was in antiphase to Bmal1. Similarly, by western blotting, Bmal1 was antiphase to Cry1. Interestingly, 
we have previously found that endothelial mechanisms such as eNOS and Akt follow or mirror circadian 
clock expression in particular in regions of altered blood flow[28], while others have demonstrated that 
eNOS follows the clock in aging[29]. In the human veins, the clock was also expressed, and although blood 
pressure is lower in the venous system than arterial, there is also evidence of a circadian rhythm in blood 
pressure in the venous system[30]. Another potential significance of the circadian clock in the venous 
system is that it may also relate to disorders such as orthostatic hypotension. Orthostatic hypotension 
has a prominent circadian component, which may relate to autonomic input dysfunction[31] on both the 
arterial and venous system, and interestingly has emerged as characteristic in Parkinson’s disease[32]. 
Thus the circadian system may be exerting different functions in the cells within the arterial system and 
venous system, all which still is largely unknown. Our studies show that circadian clock components 
display differences in expression and localization throughout the cardiovascular system, which may 
confer nuances of circadian clock signaling in a cell-specific manner. The bloodstream is a key conduit 
that relays biomechanical (hypertension) and biochemical information (hypercholesterolemia) from 
environmental change or disturbance (jet lag, shift work, sleep dysfunction) to the vasculature, while there 
may also be direct acting clock dampeners such as aging that act on endothelial cells directly to worsen 
clock function [Figure 4]. These signals may impair function of the clock in ECs to impair other EC’s or to 
impair SMCs, though it is still not clear if EC clocks communicate with SMC clocks and if there is even EC 
to EC cell communication. Understanding oscillations of the clock in the cellular milieu of the vasculature 
will be crucial in delineating how clocks can influence pathology of hypertension and atherosclerosis and 
ultimately permit the development of improved therapeutic approaches that include timing and clocks into 
maximizing efficacy and treatment.
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Abstract
Aortic valve stenosis (AS) represents the most prevalent valvular defect worldwide. It is a progressive disease with a 
long latency interval and a poor prognosis after symptoms present. According to current European Society of Cardiology 
guidelines, transcatheter aortic valve implantation (TAVI) is recommended in all patients with severe symptomatic 
AS and a predicted survival longer than one year, who are not suitable for surgical valve replacement. Despite these 
recommendations, several studies over the past few years suggest extending these indications towards lower risk 
AS populations. Otherwise, current available operative risk scores such as Society of Thoracic Surgeons score and 
EuroSCORE, may offer an incomplete risk assessment; in this setting, the Heart Team plays a crucial role in defining 
the most appropriate therapeutic strategy in patients with AS. In this review, we aim to discuss the current and future 
indications for TAVI, analyzing available literature according to patients’ profile risk (high/mid/low risk) and other 
specific conditions (valve-in-valve, bicuspid valve and pure aortic regurgitation).

Keywords: Aortic valve implantation, aortic stenosis, structural valve intervention, bicuspid valve, valve-in-valve

INTRODUCTION
Aortic valve stenosis (AS) is the most prevalent valvular defect worldwide. It mainly affects elderly patients; 
it is a progressive disease with a long latency phase that, however, has a poor prognosis after symptoms of 
dyspnoea, angina or syncope occur. Despite significant strides in medical therapy for several other cardio-
vascular pathological conditions, little progress has been made in medical therapy for AS. Observational 
studies demonstrated a mortality rate of 75% in patients with AS within 3 years of the symptom onset unless 
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the outflow obstruction is removed by aortic valve intervention[1]. Surgical aortic valve replacement (SAVR) 
has been the gold standard treatment for a long time; however, with ageing and increasing multimorbidity of 
AS population, the need for a less invasive approach was clearly identified in the first European Heart Sur-
vey, where a significant number of patients, about 42%, were not referred or accepted for surgery[2]. The in-
troduction of percutaneous treatment for severe AS with transcatheter aortic valve implantation (TAVI) re-
mains one of the latest and greatest achievements in interventional cardiology. Since Cribier et al.[2] reported 
the first “proof-of-concept” case of TAVI in 2002, more than 200,000 patients have undergone this procedure 
in approximately 65 countries. Starting off as a new approach for high-risk patients, TAVI has nowadays 
proved to be the best strategy in frail patients and is becoming increasingly seen as a very interesting option 
for those with intermediate risk. Recently, increased operator experience and improved device systems have 
led to consider the extension of this therapeutic strategy also to low-risk patients. Thus, in this intriguing 
setting, this review summaries the present and future indications of TAVI.

CURRENT GUIDELINES RECOMMENDATIONS
The current guidelines of the European Society of Cardiology (ESC)/European Association for Cardio-
Thoracic Surgery (EACTS) on valvular heart diseases established that the choice for intervention, SAVR vs. 
TAVI, should be based on a careful evaluation of patients’ procedural risk and technical suitability, thus a 
precise assessment of risks/benefits balance of each modality[3]. Importantly, local expertise and outcomes 
data for both surgical and percutaneous intervention must be carefully evaluated and the Heart Team has to 
play a fundamental role in the final therapeutic decision of AS patients. Thus, the selection of TAVI vs. SAVR 
should involve a multidisciplinary discussion between cardiologists, surgeons, imaging specialists, anesthe-
siologists, and other specialists if necessary[3]. 

In view of this, according to ESC guidelines, TAVI is recommended in all patients with severe symptomatic 
AS and a predicted survival greater than one year who are not eligible for SAVR (Class IB)[3]. Data support-
ing this indication has been presented in many European registries such as the CoreValve Extreme Risk Reg-
istry and from the randomized Placement of AoRTic TraNscathetER valves (PARTNER I B) study[4-7]. How-
ever, in this setting, the definition of “inoperable patient” has been problematic because it comes from score 
systems usually used for surgical population (Society of Thoracic Surgeons - STS or EuroSCORE II), that are 
not able to capture all comorbidities that make a patient an inadequate candidate for conventional surgery. 
Over the last few years, it has become clear that other factors such as frailty and anatomical features (porcelain 
aorta, “hostile chest”, liver disease, substernal location of a mammary graft) needed to be considered. Thus, 
the central element to evaluate whether patients are at high risk for surgery remains clinical judgment: the 
ability to integrate a quantitative assessment based on the traditional surgical risk scores and other impor-
tant clinical features observed in the “real world” AS population but not included within score systems.

The current ESC guidelines also recommend that TAVI should be considered an alternative to SAVR in 
severe AS patients who are at high risk for mortality and complications after conventional surgery, thus 
those with STS or EuroSCORE II ≥ 4% or logistic EuroSCORE I ≥ 10%[3]. Of note, TAVI should be favored 
in elderly patients eligible for transfemoral access as suggested by registries and two important randomized 
controlled trials comparing TAVI vs. SAVR: the PARTNER I A trial, using a balloon-expandable device, 
and the CoreValve High-Risk study with a self-expandable valve[8,9]. Similar recommendations are reported 
by the American Heart Association/American College of Cardiology (AHA/ACC) Guidelines for the man-
agement of patients with valvular heart disease[10]. They recommend a global risk assessment resulting in a 
4-group classification (low, intermediate, high and prohibitive risk) according to STS score value (< 4% in 
low risk, between 4% and 8% in intermediate risk, > 8% in high risk), presence or not of frailty, impairment 
in 1 or more major organ systems (no comorbidity in low risk, 1 organ system in intermediate risk, 2 in high 
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risk) and procedural impediments (absent in low risk and minimal or possible in intermediate and high risk, 
respectively). The fourth group (prohibitive risk) doesn’t consider STS risk score, but pre-operative risk of 
mortality and morbidity at 1 year > 50%, ≥ 3 compromised major organ systems not to be improved postop-
eratively, severe frailty, or severe impediments linked to procedure[10].

According to this classification, TAVI is recommended in patients with prohibitive surgical risk and is con-
sidered a reasonable alternative to conventional surgery in those with high risk. In Table 1, indications for 
TAVI according to the ESC/EACTS and ACC/AHA are reported.
 

HIGH-RISK PATIENTS
Untreated AS has been conventionally considered a terminal condition for patients refusing high-risk sur-
gical valve replacement or those deemed not operable candidates by treating physicians[11]. Surgical aortic 
valve replacement has demonstrated to improve symptoms and long-term prognosis; however, observational 
studies identified subgroups of patients, such as those elderly or with reduced ejection fraction, that are at 
increased surgical risk for procedural complications or death anyway[12]. As regards these patients, a less in-
vasive treatment would be a desirable alternative[8] and, for this reason, over the last decade TAVI has been 
identified as the standard of care for high-surgical risk patients or for those considered inoperable by sur-
geons. TAVI has demonstrated the potential to decrease the morbidity associated with standard SAVR owing 
to the avoidance of a median sternotomy, cardiopulmonary bypass and cardioplegic arrest. Nevertheless, the 
selection process towards TAVI needs thoughtful consideration of risks and benefits of the procedure and a 
comparison of these factors with alternative therapies[13]. The EACTS/ESC Guidelines recommend four main 
steps for patient selection before TAVI procedure: severity of valve stenosis and symptom confirmation, as-
sessment of the technical feasibility, exclusion of contraindications, and accurate clinical examination for 
surgical risk assessment based on validated scores[14].

Also given these guidelines, a EuroSCORE > 20%[15] or a STS > 10%[16] has been used to identify “high-risk” 
patients. It has also been recognized that factors such as frailty, associated with adverse outcomes and actu-
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Table 1. Indications for aortic valve implantation according to the ESC/EACTS and ACC/AHA

ESC/EACTS Guidelines ACC/AHA Guidelines
The choice for intervention must be based on careful individual 
evaluation of technical suitability and evaluating of risks and 
benefits of each modality. In addition, the operators’ expertise 
and outcomes data for the given procedure must be taken into 
account (I C)

TAVR is recommended for symptomatic patients with se-
vere AS and high risk for SAVR, depending on patient spe-
cific procedural risk, values and preferences (I A)

Aortic valve implantation is recommended in patients who are not 
suitable for SAVR as assessed by the Heart
Team (I B)

TAVR is recommended for symptomatic patients with se-
vere AS, extremely high risk for SAVR, and predicted post-
procedure survival greater than 12 months (I A)

In patients who are at increased surgical risk (STS or EuroSCORE II 
≥ 4% or logistic EuroSCORE I ≥ 10% or other risk factors not 
included in these scores (frailty, porcelain aorta, post-radiation chest), 
the choose between surgery or aortic valve implantation should be 
made by the Heart Team in consideration of individual patient 
features, with aortic valve implantation being encouraged in elderly 
patients suitable for transfemoral access (I B)

TAVR is a reasonable alternative to SAVR for symptomatic 
patients with severe AS and intermediate surgical risk, 
depending on patient-specific procedural risk, values and 
preferences (IIa B)

Aortic valve procedures should only be performed in centres with 
Cardiology Unit and Cardiovascular Surgery Unit on site and with 
structured collaboration between the two, including a Heart Team 
(heart valve centres)
(IC)

For severely symptomatic patients with bioprosthetic ste-
nosis or regurgitation at high of prohibitive risk for reopera-
tion, and in whom improvement in hemodynamics is antici-
pated, valve in valve TAVR is feasible (IIa B)

ACC: American College of Cardiology; AHA: American Heart Association; AS: aortic stenosis; EACTS: European Association for Cardio-
Thoracic Surgery; ESC: European Society of Cardiology; STS: Society of Thoracic Surgeons Risk Score; TAVR: transcatheter aortic valve 
replacement



ally not incorporated within current models[17], should be considered. Of note, frailty is related to different 
factors and several scores have been proposed to measure it. Therefore, Anand et al.[18] indicate frailty evalu-
ation like a marker of physiological reserve and concomitantly a prognostic index. An overall assessment 
by score systems also led to identification of patients in whom aortic valve replacement would be futile. 
Nishimura at al. recognized that valve interventions are likely to be futile in patients with a life expectancy 
less than 1 year or a likelihood of “survival with benefit” less than 25% at 2 years (improvement in quality of 
life or life expectancy or improvement in heart failure or angina class)[19].

Several randomized trials reported similar outcome results between TAVI and SAVR in the high-risk popu-
lation and the benefit of a percutaneous strategy in patients not suitable for surgery compared with opti-
mal medical treatment. The PARTNER I was the first large randomized trial conducted using a balloon-
expandable device (Edwards Sapien Valve) to test the effectiveness of TAVI and the publication of its 1-year 
outcomes has really redefined the conventional wisdom[8,20]. Patients were divided into two groups: the first 
one with patients who were considered available for surgery although a high surgical risk (Cohort A, n = 
699, STS risk score > 10% or a predicted risk of death by 30 days after surgery of 15% or higher derived from 
other comorbidities), and the second one (Cohort B, n = 358) with patients who have a real contraindication 
for surgery because of coexisting conditions that would be associated with a predicted probability of 50% or 
more of either death by 30 days after surgery or a serious irreversible condition[21]. In the Cohort A, patients 
undergoing TAVI showed similar 1-year all-cause mortality rate compared with SAVR group (24.2% vs. 
26.8%; P = 0.001 for non-inferiority)[11]. Reported 5-year results were comparable as well, with a mortality rate 
observed in 67.8% of patients receiving TAVI vs. 62.4% of those treated with SAVR (P = 0.76)[22]. The prevalence 
of stroke was 3.8% and 2.1%, respectively (P = 0.2), although for all neurologic events, the difference between 
TAVI and SAVR was significant (P = 0.04), including 4.6% for femoral artery access transcatheter replace-
ment vs. 1.4% for open surgery (P = 0.05). In patients deemed not to be candidates for surgery (Cohort B), 
TAVI was superior to standard therapy with significantly reduced 1-year all-cause mortality (30.7% vs. 50.7%; 
P = 0.001)[11]. Recently 5-year follow-up data for this cohort have been reported; principal findings were a 
mortality rate of 71.8% in the TAVI group compared with 93.6% of patients on medical therapy. Similarly, 
cardiovascular mortality (57.5% vs. 85.9%, HR 0.41, 95% CI: 0.31-0.55, P < 0.0001) and repeat hospitalizations 
(47.6% vs. 87.3%, P < 0.0001) were significantly lower in the TAVI arm at 5 years[23]. The Medtronic CoreValve 
US Pivotal Trial confirmed these results; in this series, the self-expandable Medtronic CoreValve implanta-
tion was associated with a 40% reduction in the primary endpoint (combined of all-cause mortality and 
stroke) at 1-year follow-up in the “extreme risk” arm[9]. Also, several registries reflecting real-life TAVI ex-
perience confirmed the effectiveness and safety of TAVI in elderly patients with AS, considered at high-risk 
and in whom the percutaneous approach appeared to be a reasonable and convincing option. The FRANCE 
2 Registry enrolled all TAVI performed in 34 centers in France and Monaco, without selection bias[5], includ-
ing 3195 procedures; of those, 80.4% were percutaneous and 19.6% were surgical. The overall 30-day mortal-
ity was 9.7% (8.5% in the transfemoral group and 13.9% in the transapical group), a percentage closer to those 
previously reported by other registries[24,25] but higher compared with randomized trials, probably related to 
high-risk profile of enrolled patients[11]. On the other hand, the 1-year survival rate of 76% was comparable 
with randomized data. At the multivariate analysis, logistic EuroSCORE, NYHA functional class III or IV, 
the use of transapical approach and the presence of post-procedural periprosthetic regurgitation grade of 2 
or more have been demonstrated independent predictors of mortality after 1-year from procedure.

Thus, according to these findings and guideline recommendations for the management of surgical high-risk 
patients, it is not surprising that this technique has found widespread use in this subset of patients.

INTERMEDIATE AND LOW RISK PATIENTS
Recently several studies have focused their attention on the large proportion of AS population defined at 

Page 4 of 12                                                 Verolino et al. Vessel Plus 2018;2:17  I  http://dx.doi.org/10.20517/2574-1209.2018.32



intermediate-risk (STS risk score between 4% and 8%) and at low-risk (STS risk score < 4%)[26,27]. Under cur-
rent guidelines, the choice to perform TAVI for that group of patients should be allowed only after a specific 
cases selection by the Heart Team and, importantly, in centers with well-established procedural training. 
Many trials are ongoing to demonstrate real advantage of TAVI in low risk subset but others have already 
been published which show the true benefits for intermediate risk patients.

The PARTNER II was the first large randomized trial that evaluated the outcome of TAVI in intermedi-
ate surgical risk population[28]. In this study Leon et al.[28] randomized about 2000 patients with severe AS 
and STS score between 4% and 8% to TAVI [mean STS- Prediction of Mortality (PROM) 5.8%] or SAVR. At 
24-month follow-up, the composite endpoint of all-cause death or disabling stroke was 19.3% in the TAVI 
group compared with 21.1% in those treated with SAVR (P = 0.25). Of note, a significant interaction between 
TAVI approach and mortality was observed, with transfemoral TAVI showing superiority over SAVR (HR 
0.79; 95% CI: 0.62-1.00; P = 0.05). Larger aortic valve areas, lower rates of acute kidney injury, severe bleed-
ing, and new-onset atrial fibrillation were also reported in TAVI group, whereas, SAVR caused fewer major 
vascular complications and less paravalvular aortic regurgitation[28]. In the Surgical Replacement and Trans-
catheter Aortic Valve Implantation trial (SURTAVI), Reardon et al.[29] confirmed the feasibility of TAVI in 
patients at intermediate risk (mean STS-PROM of 4.4%). They observed an incidence of the same end point 
chosen in the PARTNER II trial (overall death and stroke) of 12.6% in patients receiving TAVI and of 14% 
in those undergoing conventional surgery. A pre-specified analysis of the single components of the primary 
end point has shown a similar rate of all-cause death between the two treatment strategies (11.4% and 11.6%), 
whereas, at 24 months follow-up, a numerically lower rate of disabling stroke was found in the TAVI group 
compared with the surgical group, although the difference was not significant (4.5% vs. 2.6%)[29]. Similar pos-
itive results have been demonstrated also in low-risk AS population. In the Nordic Aortic Valve Intervention 
Trial (NOTION), Thyregod et al.[30] randomized 280 low-risk AS patients to TAVI or SAVR. The primary 
endpoint of death for any causes, myocardial infarction and stroke after 1 year was observed in 13.1% of the 
TAVI group and 16.3% of the SAVR group. The “intention to treat” analysis confirmed these results (11.3% 
vs. 15.7%, respectively in TAVI and SAVR groups). Moreover, the 5-year follow-up of the NOTION trial was 
recently reported at the latest ACC Congress[31]. After five years, there were no differences in the incidence of 
the composite primary end point (39.2% of TAVI patients and 35.8% of SAVR patients). Looking at the end-
points individually, the rate of all-cause mortality was 27.7% for both SAVR and TAVI. In addition, stroke 
incidence was 10.5% in TAVI patients and 8.2% in those receiving SAVR, while 8.7% and 8.6% of patients 
had experienced a myocardial infarction in the TAVI and SAVR groups, respectively. These results were also 
observed for patients with STS score less than 4%[31]. Similar evidence was reported by Wenaweser et al.[32] 
comparing clinical outcomes of patients with intermediate/low-risk and high-risk patients undergoing TAVI. 
Patients with severe AS receiving TAVI showed a mortality rate of 3.9% and 2.4%, respectively for mid and 
low risk groups (P < 0.001); these data are extremely positive and promising, especially in consideration 
of the expected mortality estimates of 6.8% according to STS-PROM score. Finally, in the Italian registry 
Observational Study of Effectiveness of SAVR-TAVI Procedures for Severe Aortic Stenosis Treatment (OB-
SERVANT)[33], enrolling patients surgical and TAVI treated, the 1-year mortality was not different in the two 
groups (13.6% vs. 13.8%; P = 0.936), even if in the first 90 days after aortic procedure, mortality was numeri-
cally greater in patients receiving SAVR compared with TAVI. Furthermore, in this last group, the rate of 
rehospitalization for cardiac symptoms and episodes of acute heart failure was lower (21.9% vs. 23.6% and 
19.0% vs. 19.7%, respectively)[33]. Several trials such as PARTNER 3 and NOTION 2 are ongoing and could 
probably confirm the effectiveness and safety of transcatheter aortic approach compared with surgery also in 
the low-risk subgroup.

However, although results of previously reported studies are very encouraging, nobody can demonstrate a 
statistically relevant result that favours choosing TAVI in every patient, irrespective of risk profile. Moreover, 
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major complications associated with TAVI should be considered such as the need for permanent pacemaker 
(PMK) (25.9% at 30 days in the SURTAVI trial and 18.5% at 1 year in the OBSERVANT trial) and the devel-
opment of paravalvular leaks, with an incidence of about 1% according to the recent literature findings[34]. 
Probably with increased operators’ experience, longer learning curve and newer generation devices, these 
complications could be reduced. However, rehospitalization and mortality rates of patients undergoing PMK 
after TAVI were not higher compared with those who did not develop this complication. Moreover, only a 
small percentage of patients treated with TAVI has undergone a new procedure (valve-in-valve) or shifted 
to open surgery due to the development of large paravalvular leaks[35]. On the other side, two important 
elements arise from all these studies in favor of TAVI: reduced hospitalization time (in days) and lower inci-
dence of new onset atrial fibrillation (AF). Length to stay in hospital is significantly shorter for TAVI patients 
than SAVR: in particular, 4 vs. 10 days was reported by Garcia et al.[36] and 8.9 vs. 12.9 days in the NOTION 
trial[31]. Similar results were observed also in the OBSERVANT registry (8.8 vs. 12.6 days, P < 0.001)[33]. In this 
century where spending review is a real concern, reduction of average length of stay in hospital is an impor-
tant issue; obviously, no less important is an earlier patient’s return to home with an overall positive advan-
tage for public health (healthcare infection, lodging). On other hand, AF is the most frequent rhythm dis-
ease with several aspects that significantly deteriorate patient quality of life and long-term prognosis. Several 
studies showed that SAVR is burdened with a higher incidence of AF compared with TAVI; in the NOTION 
study, about 59.4% of patients developed AF after 1 year from surgery compared with only 21.2% of patients 
undergoing TAVI (P < 0.001)[31]. Leon et al.[28] confirmed these findings in the PARTNER 2 trial reporting an 
incidence of new onset AF of 11.3% and 27.3% in the TAVI and SAVR groups, respectively. In the SURTAVI 
trial, the incidence of AF was higher after SAVR (43% after 30 days) than in the TAVI group[29].

Finally, another important issue that should be considered for TAVI as a routinely procedure especially in 
low-risk population is valvular degeneration. Actually, poor data are available to define the durability of 
prostheses in young patients with life expectancy > 20 years. Otherwise, there is not yet a clear definition 
of “prothesis degeneration”. One of those currently used, according to Valve Academic Research Consor-
tium (VARC 2) definition, is based on specified echocardiographic criteria: mean aortic valve gradient 
≥ 20 mmHg, EOA (effective orifice area) ≤ 0.9-1.1 cm2, DVI (Doppler velocity Index) < 0.35 m/s, and/or mod-
erate or severe prosthetic valve regurgitation[34]. Thus, a specific trial is needed to evaluate long-term out-
comes in a selected population with low-risk profile. Surely TAVI may be considered even as first option in a 
population with intermediate-risk and, where patient agrees, also in a low risk profile.

PATIENTS WITH BICUSPID AORTIC VALVE
Bicuspid aortic valve (BAV) is one of the most common congenital valve abnormalities, occurring in 0.7%-
2% of the general population. BAV is related to a higher valve shear stress, favouring leaflet calcification and 
degeneration and AS and/or aortic regurgitation (AR) development[37]. BAV has been considered for a long 
time as a relative contraindication to TAVI, first of all for the higher expected risk for relevant AR. Further-
more, the unfavorable anatomy of BAV may interfere with the appropriate positioning and expansion of the 
prosthetic valve, theoretically increasing the incidence of procedural complications as well as decreasing the 
efficacy and durability of the prosthetic valve[8,20].

Different studies were conducted to evaluate the relative benefits of TAVI in patients with BAV. Bauer et al.[38], 
within the German TAVI Registry, prospectively enrolled 1424 patients with severe AS undergoing TAVI 
from January 2009 to June 2010. They compared TAVI outcomes in patients with BAV (n = 38, 3%) and those 
with tricuspid aortic valve (TAV) (TAV; n = 1357, 97%). They observed that PMK implantation occurred 
more frequently in patients with TAV (17% vs. 35%, P = 0.02), whereas a greater rate of relevant AR was ob-
served among patients with BAV after the transcatheter procedure (25% vs. 15%, P = 0.05). Of note, despite 
the higher risk for relevant AR among patients with BAV compared with those with TAV, 30-day and 1-year 
mortality rates were similar in both subsets of patients[38]. A systematic review and meta-analysis conducted 
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by Phan et al.[39] analyzed seven studies including a total of 2245 patients (149 with BAV and 2096 with TAV) 
undergoing TAVI. According to their results, no difference was observed in 30-day mortality between BAV 
and TAV groups. Moreover, no difference was found in post-TAVI mean peak gradients, grading of para-
valvular leaks (moderate or severe) (25.7% vs. 19.9% respectively, P = 0.29), PMK implantations rate (18.5% 
vs. 27.9%, P = 0.52), life-threatening bleeding (8.2% vs. 13.9%, P = 0.33) and major bleeding (20% vs. 16.8%, 
P = 0.88). Furthermore, need for conventional open-heart surgery (1.9% for BAV group and 1.2% for TAV 
group, P = 0.18) and occurrence of vascular complications (8.6% and 10.1% respectively, P = 0.32) were also 
comparable between the two groups[39]. Confirming these findings, Sannino et al.[40] investigated the efficacy 
and safety of TAVI in BAV population. From January 2012 to February 2016, 823 consecutive patients with 
severe AS (735 with TAV and 77 with BAV) undergoing TAVI were retrospectively enrolled. Definition of a 
successful procedure was established assessing postprocedural valve function, thus measuring echocardio-
graphic parameters such as mean gradient, peak velocity, effective orifice area and evaluating the presence 
of paravalvular leak at least of moderate degree. Safety was evaluated by 30-day and 1-year mortality for any 
causes, immediate postprocedural mortality and 30-day cardiovascular mortality, procedural success, pace-
maker implantation, and development of procedural complications. No significant differences in in-hospital 
mortality (1.1% in BAV group vs. 0.8% in TAV group), 30-day cardiovascular mortality (3.4% vs. 2.3%), 30-
day all cause mortality (3.4% vs. 3.1%) and 1-year all cause mortality (8.5% vs. 10.5%) were found between the 
two groups[40]. 

In conclusion, according to the current evidence, bicuspid anatomy should not be excluded from TAVI: 
transcatheter valve replacement is deemed a safe and useful procedure both in inpatients with TAV and in 
those with BAV.
 

PATIENTS WITH PURE AORTIC REGURGITATION
Nowadays, TAVI procedure for native AR treatment has a marginal role, mainly as “off-label” application 
in very high-risk patients. TAVI for pure native AR has been shown to be more difficult and associated with 
lower procedural success, safety, and clinical efficacy rates[41]. Possible explanations for this limited success 
are related to the concept that a certain amount of aortic annulus and/ore valve calcification is necessary 
to anchor a balloon- or self-expandable transcatheter valve prosthesis into the annulus[2]. However, limited 
data exist about safety and efficacy of TAVI in this specific subset of patients, mainly reported in several case 
reports and small clinical studies. Yoon et al.[42] enrolled 331 patients with symptomatic, severe pure native 
AR undergoing TAVI across 40 participating centers between September 2007 and February 2017. The aim 
of this study was to compare the outcomes of TAVI with early- and new-generation prosthesis devices in 
symptomatic patients with pure AR. Compared to the early-generation devices, the new ones were associ-
ated with a significantly higher device success rate (81.1% vs. 61.3%, P < 0.001) due to lower rates of second 
valve implantation and post-procedural AR (more than moderate). The cumulative rates of all-cause and 
cardiovascular death at 1-year follow-up were similar and post-procedural AR was independently associ-
ated with worse outcomes[42]. Similar findings were showed by Franzone et al.[43] that confirmed TAVI as 
technically feasible in AR patients, with acceptable early morbidity and mortality rates[43]. Overall, the rates 
of complications and of residual moderate or severe AR were low; the main complication was the need of a 
second valve implantation[43]. Furthermore, in a large international registry, Sawaya et al.[44] described their 
experience with TAVI when used to treat patients with severe AR, both those with native AR and those with 
failing bioprosthetic surgical heart valves (n = 146, 78 with native AR and 68 with failing surgical devices). 
Also in this study, TAVI for pure AR was associated with higher occurrence of device embolization/migra-
tion and significant paravalvular regurgitation especially with old-generation transcatheter heart valves. 
However, new-generation devices significantly improved procedural success and clinical efficacy compared 
to old ones, suggesting that also in patients with failing surgical prostheses, TAVI may represent a valuable 
therapeutic option (85% vs. 54% and 75% vs. 46%, respectively P < 0.05)[44]. However, further studies and new 
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device technology are needed before considering TAVI as a reasonable treatment option for pure AR.

PATIENTS WITH DEGENERATIVE BIOPROSTHETIC SURGICAL VALVES: THE VALVE IN VALVE 

STRATEGY
As previously reported, TAVI is a useful procedure for the treatment of patients with native AS judged to 
have high/intermediate surgical risk[20,45,46]. However, over the last years, another “off-label” use of TAVI is 
also emerging in practice: the so-called “valve in valve” (VIV)[47,48]. Bioprostheses are known to have a lim-
ited durability, degenerating in a period of about 10-20 years[49]. Although reoperation (“redo” surgery”) is 
considered the gold standard treatment for this population, it represents a procedure associated with high 
risk of morbidity and mortality. Maganti et al.[50] observed a poor 5-year survival (67% ± 5%) in a cohort of 
patients aged 75 years or older who underwent redo valve surgery. According to these findings, transcatheter 
aortic VIV implantation has emerged as a viable and less-invasive technique to be used in this setting and to 
obviate the need for reoperation. Despite being a technique still in progress, performed especially in special-
ized centers, a worldwide register is now available (Global Valve-in-Valve Registry)[51], aiming to evaluate 
the effectiveness and clinical results of this technique in a wide cohort of patients. Before the creation of this 
register, previous studies investigating the VIV technique included only a small number of cases and were 
therefore limited in providing conclusive results. Several technical aspects have to be considered in VIV-
TAVI for a failing surgical bioprosthesis such as different radiopaque markers and different implantation 
techniques. Moreover, some complications, also potentially life threatening and dangerous, such as elevated 
postprocedural gradients and ostial coronary obstruction, have been reported anecdotally and sporadically, 
during this type of procedure[52,53]. This registry started in December 2010, with a total of 38 participating 
centers (Europe, North America, Australia etc.). The register contains data and procedural results from the 
mentioned centres that have experience of TAVI with the use of both balloon and self-expandable devices. 
Preliminary results were reported including 202 patients with degenerated bioprosthetic valves (aged 77.7 
± 10.4 years; 52.5% men)[51]. Bioprosthesis mode of failure was stenosis (n = 85; 42%), regurgitation (n = 68; 
34%), or both (n = 49; 24%). Two devices have been implanted: Medtronic CoreValve® (n = 124) and Edwards 
SAPIEN® (n = 78). Procedural success was achieved in 93.1% of patients. Device malposition occurred in 
15.3% of cases whereas ostial coronary obstruction was observed in 3.5% of patients. Post-procedural valve 
maximum and mean gradient were 28.4 ± 14.1 mmHg and 15.9 ± 8.6 mmHg respectively; about 95% of pa-
tients developed ≤ +1 degree AR. All-cause 30-day mortality was 8.4%, whereas, 1-year follow-up showed a 
survival rate of 85.8%.

These preliminary data emerging from the Global Valve-in-Valve Registry allows us to consider the VIV 
strategy a possible alternative to conventional redo surgery in patients with degenerated bioprosthetic valves. 
Device malposition, ostial coronary obstruction, and post-procedural aortic stenosis remain important con-
cerns against the routine application of this procedure. Thus, other studies and longer follow-up are needed 
to confirm its safety and efficacy in clinical practice. 

CONCLUSION
TAVI may be considered as “first choice” and not as last chance in many patients with AS. TAVI has 
emerged as the standard of care in inoperable/high risk patients whereas several randomized trials have 
demonstrated similar results of TAVI compared with SAVR also in the intermediate/low risk subset. More-
over, the feasibility and safety of TAVI has been suggested also in patients with aortic bicuspid valve, pure 
AR and degenerative bioprosthetic surgical valves. Importantly, a careful risk assessment through surgical 
scores (STS, EuroSCORE etc.) is crucial, but other variables need to be considered such as frailty profile and 
specific anatomical elements (hostile chest, porcelain aorta). These factors are relevant for procedural success 
and long-term survival, but not included in the conventional scores possibly leading to underestimated risk 
classification. Surely improved procedural and technical experience, associated with an enhanced healthcare 
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organization, will cause a widespread extension of TAVI indication; on the other hand, prosthesis durability 
remains an important issue and a longer follow-up is needed to confirm the effectiveness of TAVI in differ-
ent settings.
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Abstract
Most of axillo-subclavian artery injuries are due to violence. Iatrogenic injuries to such vessels are relatively rare. We 
hereby present the first report of pigtail catheter insertion for right upper chest wall hematoma drainage resulting in 
penetration of axillary artery and pseudoaneurysm formation. A 39-year-old male victim of motor vehicle accident 
developed right upper chest wall hematoma after initial conservative treatment. Subsequent admission was arranged 
and pigtail catheter drainage was performed under sonography guidance. The procedure caused penetrating injury to 
his right axillary artery with pseudoaneurysm formation. Endovascular repair and stent placement were performed. The 
patient was discharged within 2 weeks without significant sequelae. Non-catheterization procedure caused penetration 
of axillary artery was rarely seen in published reports. Our report described a case of axillary artery penetration resulted 
by pigtail catheter insertion which was never seen. We wish to emphasize on the jeopardy of non-vascular procedure on 
penetrating nearby vessels because of anatomical proximity.

Keywords: Trauma, vascular injury, endovascular surgery

INTRODUCTION
Thoracic cage and shoulder girdle provide a well protection of the proximate major vessels. Therefore, inju-
ries to such vessels which are adjacent to thoracic inlet, including axillo-subclavian artery are fairly rare[1]. 
On the other hand, the well protection of these vessels by local anatomy also posed a challenge for surgeons 
to approach them during open surgery. The rareness of such cases further increases the risk of open opera-
tion of axillo-subclavian vessel repair due to inexperience of even senior cardiovascular surgeons. Stab and 
gunshots are among the majority of mechanism causing injuries to axillo-subclavian artery[2]. Iatrogenic in-
juries are relatively minor in proportion[3]. Overall mortality of patients with axillo-subclavian artery injury 
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who survived initial insult and reached the medical institutes receiving operation range from 5% to 30%[4-6]. 
As a result, a growing trend of endovascular procedure for repairing injuries to axillo-subclavian artery ap-
pears in recent years[3]. We herein present a case of penetrating injury to the right axillary artery resulted 
by pigtail catheter insertion. The patient was successfully treated with endovascular repair and discharged 
within 2 weeks without significant sequelae.
 

CASE REPORT
A 39-year-old male patient, victim of a motor vehicle accident, was admitted to our satellite hospital. Right 
1st and 3rd -8th ribs fracture, minimal pneumothorax and right pleural effusion were diagnosed by chest 
computed tomograms (CT). Right upper chest wall hematoma was found in subsequent out-patient clinic 
follow up with CXR. He was then admitted, and thoracocentesis under sonography guidance was done. 
Grossly, the drainage fluid was bloody, which was suspected to be the result of musculoskeletal hemorrhage. 
Progressive chest pain with expansion of chest wall ecchymosis developed after driange, and therefore a pig-
tail catheter with 12Fr. in diameter was inserted for drainage over right upper chest wall [Figure 1]. None-
theless, the drainage amount was minimal and it was considered as a failure because the amount of pleural 
effusion remained unchanged on chest X-ray. The pigtail catheter was removed within 3 days of placement. 
However, upon removal, the doctors encountered major bleeding, up to 2000 cc. Emergent CT scan was 
done right after the incidence which illustrated contrast extravasation trace from right axillary artery lead-
ing to the tract of the previous inserted pigtail catheter, and the formation of a chest wall pseudoaneurysm 
[Figure 2]. General surgeons tried to approach the bleeder with open surgery but failed. The patient was then 
transferred to our hospital.
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Figure 1. (A) Chest X-ray image reveals a huge hematoma or haemothorax shadow which crosses as many as 4 intercostal spaces. (B) 
The arrow points out the insertion site of the pigtail tube, which is very close to axillary artery

Figure 2. (A) Contrast-enhanced chest CT axial view reveals the penetrated axillary artery (arrow) and a track (arrowhead) tracing to the 
pseudoaneurysm. (B) Coronal view of the same lesion
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Right on transferal, emergent endovascular repair was scheduled, and an extravasation of contrast media 
was detected on right axillary artery intra-operatively. A cover stent (GORE® VIABAHN® Endoprosthesis, 
W.L. Gore and Associates, Inc. Flagstaff, AZ) with 8 mm in diameter and 5 cm in length was implanted 
through right brachial artery to facilitate arterial repair. Postdilatation was done with Rival 8 mm balloon. 
The pseudoanerysm was debrided after the endovascular procedure [Figures 3 and 4]. The patient was dis-
charged uneventfully within 2 weeks. 

DISCUSSION
The complexity of anatomical structure of axillo-subclavian artery poses a potential risk for open surgical 
approach. Not to mention that injuries of axillo-subclavian artery are uncommon, and therefore even sea-
soned surgeons have limited experience on approaching the field under active bleeding condition[4]. Further-
more, the patients who suffer from such injuries might be too critically ill and thus not suitable for highly 
invasive treatment[7]. Under such circumstances, there is a growing trend of endovascular repair in axillo-
subclavian artery injuries[3,7-10]. Among such cases, iatrogenic-related injury accounts for 22.4%. Most of the 
iatrogenic-related penetrating injuries of axillo-subclavian arteries cases are caused by venous catheteriza-
tion[3]. Iatrogenic-related penetrating injuries to axillo-subclavian artery result in complications such as 
pseudoaneurysm, AV fistula and dissection[3,11-13]. 

Our case was rare, and there was no similar report in previous publication. It was a case of penetrating in-
jury to axillary artery by pigtail catheter insertion for chest wall hematoma. Pseudoaneurysm formation was 
revealed with subsequent CT and angiogram evaluation. For injuries to the axillo-subclavian artery, there 
were various kinds of endoprosthesis useful for repair. For the subgroup of penetrating injuries or iatrogenic 
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Figure 3. (A) Angiography shows the pseudoaneurysm formation. (B) The endoprosthesis (GORE® VIABAHN® Endoprosthesis, W.L. 
Gore and Associates, Inc. Flagstaff, AZ)
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injuries to axillo-subclavian artery, there were very few cases repaired by endoprosthesis (GORE® VIA-
BAHN® Endoprosthesis, W.L. Gore and Associates, Inc. Flagstaff, AZ) that we chose for our patient[3,8,14,15]. 

Based on what was mentioned above, we wish to deliver a few messages. First of all, there is a potential risk 
of non-vascular procedure in causing axillary artery penetrating injury. In trauma such as our case, the 
site of hematoma was at upper chest which was very close to axillo-subclavian artery anatomically. When 
approaching the lesion with percutaneous procedures such as pigtail catheter drainage, penetrating injury 
could happen.

Secondly, we also demonstrated the safety and instantaneity of endovascular repair in case of penetrating 
axillo-subclavian artery with ruptured pseudoaneurysm. As mentioned above, the complexity of anatomical 
structure over axillo-subclavian artery makes it difficult to approach the vessels openly. While patients with 
such injuries might be too critically ill, open surgery might not be able to provide timely repair. In compari-
son, endovascular has the potential to provide a safer, quicker and more secure approach to repair of pen-
etrating injuries to axillo-subclavian artery. 
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Abstract
Aim: Renin, a component of the Renin-Angiotensin-Aldosterone System (RAAS), is produced in the juxtaglomerular 

cells of the kidney. It is an important factor for the regulation of blood pressure and electrolyte balance and encoded by 

the REN gene. Recent studies suggest that the RAAS is a regulator of kidney functions. Individuals with REN variants 

have been associated with high blood pressure. We substantiated the hypothesis that genetic variants of REN gene 

have significant association with prevalence of nephropathy and in the development of nephropathy in type 2 diabetes 

mellitus (T2DM). 

Methods: We enrolled to the study 718 consecutive subjects who were registered patients in two individual hospitals in 

Kolkata city, India. They consisted of 246 (34.26%) T2DM patients without nephropathy cases, 168 (23.40%) type 2 

diabetes with nephropathy cases (T2DNH) and 304 (42.34%) healthy controls. Genotypes were assayed with genomic 

DNA for two known variants of the REN gene, i.e., rs16853055 and rs41317140 using sequencing methods. 

Results: Association between the REN gene variants and prevalence of T2DM and T2DNH was tested. A significant 

association of T2DNH and variant rs41317140 was obtained and it was evident that the rs41317140 (C>T) shows a 

significant difference between T2DM and T2DNH (x2 = 4.92; P  = 0.03; OR = 0.6162; 95% CI: 0.4006-0.948). The 

results from the multiple model test that additive model predicted the association at genotype level and shows a 

significant difference between T2DM and T2DNH (OR = 0.6067; P  = 0.03). There was no significant association 

between T2DNH or T2DM and variant rs16853055. 
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Conclusion: Thus, it is concluded that a genetic variant of the REN gene should have a significant impact on the onset of 

type 2 diabetic nephropathy.

Keywords: Single nucleotide polymorphism, type 2 diabetes mellitus, nephropathy, Indian population

INTRODUCTION
Nephropathy is related to damage or disease of the kidney. Diabetic nephropathy is impairment to the 
kidney caused by hyperglycemia. In severe cases the kidney can fail. The kidneys filter waste from blood 
through its capillaries. Diabetes resulting in high blood sugar can destroy these tiny blood vessels (American 
Diabetes Association). Renal failure or kidney disease in diabetes is intervened by various biochemical 
pathways such as renin-angiotensin-aldosterone system (RAAS)[1,2], aldose reductase-polyol[3], di-acyl 
glycerol-protein kinase C[4], advanced glycosylation-end products (AGE)[5,6] and hexosamine pathway[7]. The 
RAAS regulates blood pressure and water balance. Renin is secreted by the kidneys when blood pressure 
is low and it stimulates the production of angiotensin (Ang). Ang causes blood vessels to constrict, which 
results in high blood pressure. Experimental and clinical evidence recommend that the RAAS is a controller 
of kidney functions and is proposed to play an important role in the progression of nephropathy in type 2 
diabetes mellitus[8-10].

Renin is a component of the RAAS and it is a protein containing 406 amino acids together with a pre segment 
carrying 20-23 and a pro segment of 43-47 amino acids[11-14]. In a number of steps, pro-renin is generated in 
the juxtaglomerular cells of the kidney by the elimination of 23 amino acids from C-terminus of prepro-
renin, and is later converted into mature renin by removal of N-terminal fragment of pro-renin[12,14]. Renin, 
an aspartyl protease, is encoded by the REN gene and is mapped to 1q25-q32 by in situ hybridization[15]. It 
spans 12.5 kb in length of DNA and contains 8 introns[16] and encodes 10 exons[17]. It cleaves angiotensinogen 
and it converts it to Ang I after which, Ang I-converting enzyme (ACE) transforms it into Ang II, a potent 
vasoconstrictor. The concentrations of angiotensinogen circulating in the blood is abundant and perhaps 
more than 1000 times in excess of plasma Ang I and Ang II concentrations[18]. Although with exception of 
some species, activity of renin thus is a key factor for the determination of the rate of Ang I formation in the 
plasma from enormous supplies of circulating angiotensinogen[19,20]. Therefore, even small relative changes 
in the rates of Ang I formation perhaps lead to a large absolute difference in the circulating concentrations 
of Ang II. It is well known that renin is synthesized and stored in substantial quantities in the granules 
of juxtaglomerular cells and is released in response to various stimuli[20,21]. Thus, large changes in plasma 
renin levels can rapidly changes the generation of Ang I. Therefore the polymorphism in the promoter 
region of REN gene may be of great significance in the changes Ang I. Ang I is easily converted to Ang II 
because the widespread presence of Ang converting enzyme on endothelial cells of many vascular beds 
including lung[19,20,22]. The resultant increases in plasma Ang II exert powerful actions throughout the body 
through activation of AGTR1 receptors[20,23]. In this context renin is also an important regulator of blood 
pressure and electrolyte balance. Individuals with REN polymorphisms have been associated with high 
blood pressure[24,25], susceptibility to hypertension[26-28] and end-stage renal disease[29].

Keeping the existing body of knowledge in view, the aim of the present study was to investigate the 
distribution of genotype, allele frequency of REN gene polymorphism and its relationship with type 2 
diabetic nephropathy patients in an Eastern Indian population.

METHODS
Subjects
Patients were recruited from registered patients list of two participating medical institutions of Kolkata, 
West Bengal. A standardized protocol was implemented to obtain data from each of the study participants. 
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Ethical committee clearance was obtained from the medical institutions prior to the recruitment of subjects in 
this study. An informed consent was obtained from all the participants prior to their recruitment for the study.

The study included 168 type 2 diabetic patients with nephropathy cases on hemodialysis (T2DNH), 246 
type 2 diabetes patients without nephropathy cases (T2DM) and 304 controls (CON). The identification of 
type 2 diabetic and nephropathy patients was based on physician’s recommendation or registered patient 
for dialysis. A detailed medical history of each patient was recorded. The unrelated controls were randomly 
selected and recruited from local community centers. Participants were born into Bengali families in Kolkata 
and the surrounding area.

Genotyping
Genomic DNA was prepared from fresh whole blood by using the conventional phenol-chloroform extraction 
method followed by ethanol precipitation[30]. In this study, previously published primers 5’GCTGTCTTCTG
GTGGTACTGCC3’(sense) and 5’TGCTGGCCATGAACTGGTTCTAGC3’ (antisense) were used for the PCR 
based detections of single nucleotide polymorphisms (SNPs). PCR amplification was performed in a final volume 
of 10 μL reaction mixture containing 50 ng of genomic DNA, 20 pmol of each primer, 10X Taq PCR buffer, 
25 mM MgCl

2
, 100 mM of each dNTPs and 0.5 U/uL of Red Taq polymerase. PCR amplification was performed 

in a DNA thermo cycler (Bio-Rad). PCR was carried out with an initial denaturing time at 95 °C for 5 min. 
Then the DNA was amplified for 35 cycles with denaturation at 94 °C for 1 min, annealing at 69 °C for 1:30 min 
and extension at 72 °C for 1:30 min and final extension 72 °C for 10 min. The PCR products were checked by 
1% agarose gel electrophoresis with ethidium bromide staining and directly visualized in UV light. Only 
those PCR products that had a single amplification product with no evidence of non-specific amplification 
were used for DNA sequencing. The samples were analyzed on ABI 3730 genetic analyzer with a 48 capillary 
(Applied Biosystems, USA) to generate DNA sequences. Details described in our previous article[31,32].

Statistical analysis
Allele frequencies were calculated for all the SNPs and were tested for Hardy-Weinberg equilibrium (HWE) 
and allelic association with the disease (Chi-Square test/Fisher exact test). Allelic and genotype association 
with the phenotypes was tested under different genetic models for both quantitative and qualitative traits 
by regression analysis and Fisher model test. Allele frequencies were calculated for the SNPs and tested for 
HWE and allelic association with disease (Fisher exact test, logistic regression and Fisher model tests) using 
PLINK software[33]. For comparing the allelic distributions between study groups, the odds ratio (OR) with 
95% confidence interval (CI) were also calculated. A level of P < 0.05 was assumed statistically significant.

Linkage disequilibrium (LD) between all the SNPs and also for associated SNP’s was estimated using 
Haploview 4.2 software[34]. The pair wise LD statistics D’ and r2 was calculated for all markers and also for 
associated SNP’s. The Haploview 4.2 with default program or settings (Gabriel et al.[35], 2002) was used to 
assess the linkage disequilibrium (D’ and r2) between each pair of SNPs.

RESULTS
The present study has focused on the 5’ region with a special attention to rs41317140 (C to T) mutation. 
Through DNA sequencing seven SNPs were identified, out of which five new mutations were observed (data 
are not presented here) and two SNPs have been described previously as rs16853055 and rs41317140[36-39]. 
The SNP rs16853055 is located at 3879 upstream from the start codon consisting of a C to A mutation. The 
rs41317140 (TaqI RFLP) is located at 4063 upstream from the start codon in 5’ region with a substitution 
of C by T mutation. The sequence electropherogram of REN gene presented in Figure 1 for the SNP 
rs16853055indicating C → A mutation in heterozygote CA condition and the SNP rs41317140 depicted in 
Figure 2 is indicated with the red arrow, i.e., in heterozygote condition (CT).

Purkait et al. Vessel Plus 2018;2:19  I  http://dx.doi.org/10.20517/2574-1209.2018.16                                                    Page 3 of 10



The genotype data of the Renin gene SNPs are presented in Table 1. The SNP rs16853055 was found among 
80 (26.32%) control, 66 (26.83%) T2DM and 34 (20.24%) T2DNH patients, whereas the SNP rs41317140 was 
observed among 74 (24.34%) control, 64 (26.6%) T2DM and 34 (20.24%) T2DNH patients while homozygote 
“TT” was found among 2.44% of T2DM patients and 0.66% control.

The results of HWE test are presented in Table 2. From the HWE test it was found that the SNPs rs16853055 
and rs41317140 were in HWE, indicating maintenance of allele frequency for control group of the study 
population. The Fisher exact test for allelic association of rs16853055 and rs41317140 of REN gene is presented 
in Table 3. From the Fisher exact test, no significant differences were evident in the allele frequencies of the 
SNP rs16853055 between different combination of study groups that is case and control subjects. However, the 
rs41317140 (C>T) shows a significant difference between T2DM and T2DNH (x2 = 4.92; P = 0.03; OR = 0.62; 
95% CI: 0.4006-0.948) groups, indicating that a person with the SNP rs41317140 (C>T) will develop resistance 
for T2DM. Logistic regression analysis was performed to confirm the association at different genetic model 
and the results are presented in Table 4 and exhibit that additive model predicted the association at genotype 
level and shows significant difference between T2DM and T2DNH groups (OR = 0.61; P = 0.03).

It is observed that all three models predicted the association but not to a significant extent for the SNP 
rs16853055. To the best of our knowledge still there is no literature with respect to any possible role of this 
polymorphic change with any health problem.
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Figure 1. Sequence electropherogram of Renin gene for the SNP rs16853055

Figure 2. Sequence electropherogram of Renin gene for the SNP rs41317140



DISCUSSION
The development of diabetic nephropathy is multifactorial[40-43] and genetic predisposition has been anticipated 
to be an important factor in the development and progression of the disease. Apart from that, hypertension is 
presumed to be the single most important factor that accelerates the development of diabetic renal disease[25,44,45].

Although the RAAS system has an important function in the controlling blood pressure, maintaining the 
stable equilibrium of Na+ ion and extracellular fluid volume[46,47], more and more evidence also point out an 
influence towards the development of diabetic nephropathy. Particular RAAS gene polymorphisms were 
recognized as risk factors for type 2 diabetes mellitus complications, including hypertension[31], coronary 
heart disease[48], nephropathy[48-50] and retinopathy[51].

Many researchers have established the importance of tissue RAAS in the heart, vasculature, adrenal glands 
and brain as well as in the kidney[52,53]. Though each organ system in the body has components of the RAAS, 
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Table 1. Genotype distribution of RENIN gene variants among the study groups

SNP Genotype Control T2DM T2DNH
n  = 304 % n  = 246 % n  = 168 %

rs16853055 A A 2 0.66 6 2.44 2 1.19
C A 80 26.32 66 26.83 34 20.24
C C 222 73.03 174 70.73 132 78.57

rs41317140 C C 228 75.00 176 71.54 134 79.76
C T 74 24.34 64 26.02 34 20.24
T T 2 0.66 6 2.44 0 0.00

Table 2. Hardy-Weinberg Equilibrium test for rs16853055 (C>A) and rs41317140 (C>T) of RENIN gene among the study groups

SNP Alleles Study groups ObsHET PredHET HWpval MAF

rs16853055 C:A CON 0.263 0.238 0.0969 0.138
T2D 0.242 0.241 1 0.14
T2DM 0.268 0.267 1 0.159
T2DNH 0.202 0.201 1 0.113

rs41317140 C:T CON 0.243 0.224 0.1929 0.128
T2D 0.237 0.23 0.7763 0.133
T2DM 0.26 0.261 1 0.154
T2DNH 0.202 0.182 0.3119 0.101

Alleles: major and minor alleles for this marker; CON: Control group; T2D: over all type 2 diabetes with and without nephropathy group; 
T2DM: type 2 Diabetes without nephropathy group; T2DNH: type 2 diabetes with nephropathy who are on hemodialysis group; ObsHET: 
marker’s observed heterozygosity; PredHET: marker's predicted heterozygosity (2*MAF*(1-MAF)); HWpval: Hardy-Weinberg equilibrium 
P  value; MAF: minor allele frequency

Table 3. Fisher exact test for allelic association of SNPs rs16853055 (C>A) and rs41317140 (C >T) of RENIN gene among the 
study groups

SNP A1 A2 Groups F_A F_U CHISQ P  value OR L95 U95
rs16853055 A C CON vs .T2DM 0.1585 0.1382 0.899 0.34 1.175 0.8415 1.641

CON vs . T2DNH 0.1131 0.1382 1.208 0.27 0.7955 0.5286 1.197
T2DM vs . T2DNH 0.1131 0.1585 3.422 0.06 0.6768 0.4468 1.025

rs41317140 T C CON vs . T2DM 0.1545 0.1283 1.548 0.21 1.241 0.8827 1.746
CON vs . T2DNH 0.1012 0.1283 1.52 0.21 0.765 0.4992 1.172
T2DM vs . T2DNH 0.1012 0.1545 4.92 0.03* 0.6162 0.4006 0.948

SNP: single nucleotide polymorphism; A1: code for allele 1 ( the more rare or “minor” allele based on the entire sample frequencies); A2: 
code for allele 2  ( the more common or “major” allele); CON: Control group; T2D: over all type 2 diabetes with and without nephropathy 
group; T2DM: type 2 Diabetes without nephropathy group ; T2DNH: type 2 diabetes with nephropathy who are on hemodialysis group; F_
A: frequency of minor allele in affected individuals (case); F_U: frequency of minor allele in unaffected individuals (control); CHISQ: Chi-
squared value for allelic association (with 1 df); P : the asymptotic P -value for chi-square test; OR: odds ratio; L95: lower bound of the 95% 
confidence; U95: upper bound of the 95% confidence; *Significant



the kidney is unique, because it contains all the elements of the RAAS with compartmentalization in the 
interstitial networks and tubules as well as intracellular accumulation[54]. In this regard, the adrenal glands 
along with the kidneys are distinctive because of their tissue concentrations of Ang II, which are much higher 
than can be explianed by the concentrations transported by the arterial blood flow[55]. There is considerable 
evidence that the major fraction of Ang II present in renal tissues is greater locally from Ang delivered to the 
kidney as well as from angiotensinogen locally produced by proximal tubule cells[56,57]. Renin secreted by the 
juxtaglomerular apparatus cells and delivered to the renal interstitium and vascular compartment appear to 
be a most powerful controller for producing Ang I from Ang[58,59]. To regulate the production of Ang II, renin 
is most important, because once Ang I is formed, conversion readily occurs as there are abundant amounts 
of Ang converting enzyme[54] in circulation. In this regard the genetic variants of REN gene may have a vital 
role in the regulation of the gene expression as well as the regulation of Ang II production.

Previous findings show that renin gene polymorphism have been associated with diabetic nephropathy[39,60-62], 
increased risk of vascular complications[25,63], plasma renin activity (PRA)[44], susceptibility to hypertension 
in a variety of ethnic groups[24,25,27,64,65], T2DM[66,67], and CRI[68] although often with inconsistent results[69,70]. 
A few studies have reported that the renin rs4131714 (-4063C/T) a promoter variant has no association with 
DN[39,68,71], whereas the present study found a positive association between rs4131714 (-4063C/T) and T2DNH 
(P = 0.02655), which shows high linkage disequilibrium (LD) with rs16853055 (D’ = 0.936; LOD = 82.03; 
r2 = 0.823), [Figure 3]. However, the rs16853055 did not show any significant association with diabetes and 
diabetic nephropathy diseases. Deinum et al.[39] also reported weak association of REN gene (Bgl I RFLP) 
polymorphism in the first intron with diabetic nephropathy along with increased level of plasma renin. The 
first intron is involved in the renin gene transcription regulation[72] and therefore Bgl I RFLP may have some 
contribution in this regard. Likewise the renin rs4131714 (-4063C/T) promoter variant may also have some 
regulatory function in the expression of prorenin or renin which is subject to further study. Though we have 
not measured the level of plasma prorenin or renin which is beyond our scope, but one can illustrate that 
area. In any future study one can also investigate the precise role of rs16853055 (-3879C/A) polymorphism in 
connection with diabetic nephropathy, as it shows high linkage disequilibrium with rs4131714 (-4063C/T).

Genetic sketching of the functional genes helps to explore a particular disease as well as helps to recognize 
the tendency of that disease within a particular population that may eventually be of support to the doctors 
for recommending personalized medicine.

The present study has to be taken under consideration within its limitations; that it was limited to a specific 
ethnic group (Eastern Indian Bengali population). A larger study from different ethnic groups will be needed 
to confirm for any contribution of renin gene polymor-phism to T2DM complications for development of 
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Table 4. Logistic regression analysis of SNPsrs16853055 (C >A) and rs41317140 (C >T) of RENIN gene among the study groups

SNP Study groups Additive model Dominant model Recessive model
OR L95 U95 P  value OR L95 U95 P  value OR L95 U95 P  value

rs16853055 CON vs . T2DM 1.18 0.84 1.67 0.32 1.12 0.77 1.62 0.55 3.77 0.75 18.87 0.11

CON vs . T2DNH 0.78 0.51 1.19 0.25 0.73 0.47 1.15 0.18 1.81 0.25 13.03 0.55

T2DM vs . T2DNH 0.67 0.44 1.02 0.06 0.65 0.41 1.04 0.07 0.48 0.09 2.41 0.37
rs41317140 CON vs . T2DM 1.25 0.88 1.77 0.20 1.19 0.81 1.74 0.36 3.77 0.75 18.87 0.11

CON vs . T2DNH 0.74 0.47 1.16 0.19 0.76 0.48 1.20 0.24 0.00 0.00 inf 0.99

T2DM vs . T2DNH 0.61 0.39 0.94 0.03* 0.63 0.39 1.02 0.05 0.00 0.00 inf 0.99

SNP: single nucleotide polymorphism; A1: code for allele 1 ( the more rare or “minor” allele based on the entire sample frequencies); A2: 
code for allele 2 ( the more common or “major” allele); CON: control group; T2D: over all type 2 diabetes with and without nephropathy 
group; T2DM: type 2 Diabetes without nephropathy group ; T2DNH: type 2 diabetes with nephropathy who are on hemodialysis group; F_
A: frequency of minor allele in affected individuals (case); F_U: frequency of minor allele in unaffected individuals (control); CHISQ: Chi-
squared value for allelic association (with 1 df); P : the asymptotic P -value for chi-square test; OR: odds ratio; L95: lower bound of the 95% 
confidence; U95: upper bound of the 95% confidence; *Significant



renal problem or nephropathy. It is also worth mentioning here that this research work only deals with the 
association study (irrespective of gender) between diabetic nephropathy and the genetic variation of renin 
gene within its promoter sequence.

DECLARATIONS
Acknowledgments
We would like to thank the members of the study populations, patients and control participants for voluntarily 
taking part in this research work and donating their blood samples and cooperation during data collection. 
We would also like to thank to Dr. P Roychodhury, (Endocrinologist; Calcutta Medical college and Hospital), 
Dr. S. Bhattachariya, (Nephrologists; B. P. Poddar Hospital) for their cooperation during Patients selection, 
registration and medical data collection. We wish to express our deep gratitude to the Director, Anthropological 
Survey of India, for his kind permission to initiate the work and also for providing financial support.

Authors’ contributions
Involved in the sequencing experiments, screening for gene mutations, performed the statistical analysis as 
well as participating in the write up of the manuscript: Purkait P
Contributed to preparation of the manuscript: Halder K
Supervised the project: Naidu JM
Supervised the project and compliance with Institutional ethical procedures: Sarkar B
Read and approved the final manuscript: all authors

Availability of data and materials 
Reader can ask or mail to corresponding author for materials.

Financial support and sponsorship
This study was funded by the Anthropological Survey of India, Kolkata (fellowship to Dr. Pulakes Purkait as 
Junior Research Fellowship and Senior Research Fellowship).

Conflicts of interest
All authors declare that there are no conflicts of interest.

Purkait et al. Vessel Plus 2018;2:19  I  http://dx.doi.org/10.20517/2574-1209.2018.16                                                    Page 7 of 10

Figure 3. Linkage disequilibrium plot of Renin genes SNPs
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Abstract
Considering  the plethora of literature  about surgical  revascularization, this review aims to discuss the most recent 
studies about the effects of total arterial coronary artery bypass graft (TACABG) compared with CABG that involves 
venous graft (VCABG) in patients with multivessel coronary artery disease. Patients were sampled from published 
papers that studied various aspects involving TACABG or VCABG. Resulting samples were used to compare the 
complexity and 5 years’ outcomes of TACABG to VCABG in the revascularization of coronary arteries. TACABG 
provides a better prognosis with average all-cause mortality within 5 years of 5.35% as compared to VACABG with 
average of all-cause mortality within 5 years of 9.1%. Furthermore, assumption of deep sternal wound infection from 
TACABG, especially when bilateral internal thoracic arteries were used, is very technique-dependent, as reports have 
been showing that the rate of such infection to occur is less than 1%. TACABG was concluded to wield a better prognosis 
within both short- and long- terms, although more research need to be done to prove its use in left main disease.

Keywords: Total arterial, internal thoracic artery, coronary artery disease, myocardial revascularization, coronary artery 
bypass graft

INTRODUCTION
Coronary heart disease, or coronary artery disease (CAD), commonly caused by atherosclerosis, as men-
tioned by World Health Organization, has markedly lower prevalence within populations with lower life 
expectancy. However, the presence of risk factors contributes greatly towards the prevalence of CAD, and 3.8 
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million men and 3.4 million women died of CAD each year[1]. Therefore, there is urgent need for prevention, 
early recognition, and proper management of CAD in order to reduce mortality while also improving qual-
ity of life.

Percutaneous coronary intervention (PCI) provides a way for emergency intervention of CAD in the setting 
of acute coronary syndromes and provides a less invasive intervention of CAD in stable patients. According 
to an international, open-label, multicenter randomized trial that compared everolimus-eluting stents with 
coronary artery bypass graft (CABG) for the management of patients with left main disease, the 3 years’ rate 
of death from any cause, stroke, or myocardial infarction of PCI was higher than the CABG group at 15.4% 
and 14.7% respectively. However, these differences did not seem to be very significant[2]. 

CABG is part of a routinely done revascularization intervention to manage CAD by using grafted vessels to 
revascularize vessels distal from the blockage. Various grafts can be obtained from different sources, which 
include veins (especially saphenous vein) and arteries (such as radial artery and internal mammary arter-
ies). This article is written to discuss the advantages and disadvantages of using each type of grafts based on 
results provided by existing studies. This article is mainly aimed at comparing total arterial coronary artery 
bypass graft (TACABG) with CABG that involves venous graft (VCABG) in term of benefits for patients who 
suffered from CAD from the surgeon’s perspective. In common clinical practice, left anterior descending is 
grafted with an arterial conduit, generally the left internal thoracic artery; other grafts could be performed 
using arterial of venous conduits, with single grafts, sequential grafts or composite grafts. In TACABG, all 
grafts are arterial and therefore no veins are used for revascularization, while in VCABG at least one graft 
derives from a vein. In brief, differences between arterial and venous grafts will be discussed, in terms of 
harvesting and complications, and then the results of the most significant clinical trials will be summarized.

DIFFERENCES IN HARVESTING BETWEEN VENOUS AND ARTERIAL GRAFTS
Grafts: complexity pre- operatively and peri-operatively
Complexity of each graft can be assessed by comparing the requirements for preparations of procedures, 
time taken to do the surgery, and skills required to perform the surgery. When surgeons decided to choose 
radial artery as a conduit, they need to make sure that the compensating ulnar artery is working properly, 
thus, there is a need to do a modified Allen’s test. This is not the case for saphenous venous graft, which also 
has the advantage of being longer and easier to handle[3]. 

During the operation, the standard procedure, according to a retrospective multicenter study, is for all pa-
tients to undergo median sternotomy for the open-heart surgery. Firstly, when internal thoracic arteries 
(ITAs) (also known as internal mammary arteries, IMAs) are required, they are obtained in a skeletonized 
or semi-skeletonized manner. Secondly, when radial arteries (RAs) are required, they are supposed to be 
done through sharp dissection to provide open atraumatic entry and the arterial extraction would then be 
supplemented by the use of low-power cautery or harmonic scalpel. Lastly, when saphenous vein grafts (SVGs) 
are required, open entry technique in the lower leg is done while avoiding the thigh vein[4,5]. 

While trying to find out the average time taken to do each types of CABG, there was no studies that specifi-
cally show the total time taken for each procedure. However, operative time can be interpreted as the sum of 
perfusion time (Cardio-pulmonary Bypass time) and cross clamp time[6]. This information is available from 
a retrospective study about the effectiveness of total arterial revascularization. In the study, the mean cross-
clamp time for total arterial revascularization and non- total arterial revascularization are 60.6 and 63.8 min 
respectively; and the perfusion times for each groups are 80.2 and 90.7 respectively[4]. Even though patients 
are given prophylaxis antibiotics, it is logical that increased open surgery time is equal to increased risk of 
infection.

Radial artery: between intrinsic limitations and clinical effectiveness
A few papers have summarized the important limitations of radial artery that need to be taken into consid-
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eration while being chosen as a conduit[7,8]. As discussed above, there is a requirement for the adequacy of 
ulnar flow in order to act as a collateral blood supply. This can be assessed by modified Allen’s test and com-
plemented by pulse oximetry and echo-Doppler. Also, calcified radial arteries or those with diameter of less 
than 2 mm are generally excluded from harvesting. There might be sensory abnormalities and motor weak-
ness in the forearm after removal of radial arteries, and there is a requirement for the use of vasodilators as 
radial arteries are infamous for their striking spastic reactions to vasoconstrictors and hypothermia. While 
skeletonization is described to provide a longer graft with larger diameters, less spasms, and better patency 
frequencies, it increases the harvesting time and the risk of severe graft injury[8]. 

However, a recent metanalysis evaluated 534 patients with radial-artery grafts and 502 patients with saphe-
nous-vein grafts, concluding that as compared with the use of saphenous-vein grafts, the use of radial-artery 
grafts for CABG resulted in a lower rate of adverse cardiac events and a higher rate of patency at 5 years of 
follow-up. At follow-up angiography, the use of radial-artery grafts was also associated with a significantly 
lower risk of occlusion (hazard ratio: 0.44); lower incidence of myocardial infarction (hazard ratio: 0.72) and 
a half incidence of repeat revascularization[9]. 

POST-OPERATIVE OUTCOMES
The post-operative outcome of a procedure is crucial in deciding on whether such procedure is worth doing, 
especially in term of benefits and harm for the patients. Several studies have compared the outcome of coro-
nary artery revascularization that will be compared in this article (considering only CABG) and comparing 
the data based on whether CABG done in the study is TACABG or VCABG.

Patency
In general, when comparing ITA and SV when they were acting as conduits, several studies such as a follow-
up Cooperative Studies Trial done by Goldman et al.[10], showed that ITA had better patency as shown by the 
10-year angiogram of the study mentioned. The 10-year patency was 61% for SVG and  85% for ITA. Howev-
er, the number of patients has been declining during the 10 years’ period, so that at 1 week the study cohort 
consisted of 1025 patients but at 10 years follow up the study cohort declined to just 85 patients. However, 
from the study’s graft, it is shown that the percentage of patent grafts has always been higher in ITA as com-
pared to SVG[10]. Another study done in order to determine the post-CABG prognostic factors for athero-
sclerosis progression that further supports the superiority of arterial grafts as the saphenous vein conduit’s 
patency, due to it being prone to develop atherosclerosis, may act as a limiting factor for better prognosis of 
revascularization[11]. 

This is confirmed by a prospective study aiming to find out the patency of right ITA (RITA) as compared to 
other conduit vessels. The study showed that, at 10 years, the patency of RITA is at least 90%; RA is 70%; and 
SVG is 50%[12]. Thus, confirming that arterial conduits are more patent than saphenous venous conduits.

Long-term clinical outcomes
Mortality and serious adverse events are the key points when comparing TACABG with VCABG. However, 
no direct comparison could be made using current clinical data due to the lack of tailored studies, but TA-
CABG and VCABG could be indirectly evaluated with the results of some trials.

According to a non-blinded prospective, randomized, open-label, non-inferiority trial published in 2016, out 
of 592 patients with left main disease, with mean age of 66.2 years, the 5-year Kaplan-Meier outcome esti-
mated for all-cause mortality is 32 patients (9%); major adverse Cardiac and Cerebrovascular Events (MACCE) 
occurred in 80 patients (18%); total revascularization rate is 10%, and stroke incidence was 2%[13]. During this 
study, there seem to be no propensity score analysis done but the 5-year Kaplan-Meier estimates were strati-
fied into groups based on SYNTAX score in order to reduce propensity bias.
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Another randomized trial that aims at comparing single and bilateral ITA conduits has been used to pro-
vide data for the outcome of VCABG. The data taken from this trial will be the outcome for the single ITA 
conduit to reduce the bias provided by using both ITA in term of sternal healing and long-term patency of 
graft. In this trial, there were 1554 patients with average age of 63.5 years that underwent single ITA graft 
plus supplementary venous or arterial conduits. The 5-year outcome found from patients follow up in term 
of MACCE is 198 (12.7%), all-cause mortality was 8.4%, total revascularization rate was 6.6% and stroke 
incidence was 3.2%. As mentioned in the report, even though this trial involved statistical corrections and 
propensity matching, there is still chance of bias in terms of patient and operator selection. In this trial, it 
was mentioned that a post-hoc analysis of the SYNTAX trial compared 5-year outcomes in 456 patients who 
received a second arterial conduit with those in 963 patients who underwent single ITA grafting with ad-
ditional vein grafts, in which propensity score adjustment was done, showing that MACCE were 23.3% in 
arterial group and 21.4% in venous group (P = 0.04). However, the all-cause mortality was 9.1% in the arte-
rial group and 9.5% in the venous group (P = 0.19)[11,14]. From this analysis, single ITA with supplementary 
vein graft has better MACCE outcome as compared to total arterial revascularization. However, the starting 
number of arterial group is half of that venous group, showing a tighter population choice which lead to se-
lection bias, even though propensity score has been done. On the other hand, the venous group done worse 
in term of all-cause mortality, although no differences were found with regards to cardiovascular mortality.

Special population: patients with left main disease 
Left main CAD is the highest-risk lesion subset of ischemic heart disease and has traditionally been an indi-
cation for coronary artery bypass grafting (CABG). Significant (defined as a greater than 50% angiographic 
narrowing) left main disease is found in 4 to 6% of all patients who undergo coronary arteriography, and it 
is associated with multivessel CAD about 70% of the time. While trying to find outcome analysis available 
to show the result of total arterial CABG in left main disease, it has shown to be a challenge as there are not 
much of such data available. The closest data is that from RAPCO study[15]. In this study, radial artery was 
compared to either right ITA or saphenous vein and patency was then compared. The group of patients in 
which the result is being used here, is that of 140 patients with an average age of 60.1 years old with total 
arterial revascularization of their cardiac arteries. The only available results are all cause of mortality (2%) 
and revascularization with PCI (2%). RAPCO study is a prospective, randomized, single-center trial[15]. Even 
though the study was able to provide criteria in order to reduce selection bias due to its prospective nature, 
but by being a single-center trial, it may not necessarily representative of the population in general [Table 1]. 

A retrospective multicenter analysis comparing TACABG to VCABG, has shown that TACABG is associated 
with higher peri-operative as well as long-term survival[4]. In the study, the Kaplan-Meier survival within 5 
years for TACABG group is 91.3% as compared to 90.1% in the VCABG patients (P < 0.01). Although it may 
seem that the survival rates are not significantly different, when compared to those of the 10 years, there 
seems to be a widening gap between the two groups, in which the survival for TACABG is 85.4% while 
VCABG is 81.2% (P < 0.01)[4]. This study should not show a significant selection bias due to propensity score 
matching. Although, its nature of being a retrospective analysis may lead to some unmodifiable selection 
bias.

DISCUSSION 
Evidence from the literature show that arterial conduits have better prognosis as compared to venous con-
duits when used in the revascularization of coronary arteries. However, there are certain aspects of venous 
conduits that are non-inferior than arterial ones.

Firstly, in term of preparation, there is a requirement to check that any of the vessels being used are intact 
and of satisfactory quality to provide the best outcome from undergoing CABG. While it is required to 
check for the patency of ulnar artery when radial artery is being used, there seem to be no requirement to 
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check for saphenous vein collateral circulation. However, it has been shown that checking for saphenous vein 
through the use of Doppler ultrasound improves the prognosis of SVG[16]. 

Secondly, in term of operation time, the total of cross-clamp time and perfusion time is shorter in the TA-
CABG than in VCABG (as has been discussed above), a retrospective study has shown that the operative 
time taken for total arterial revascularization was 30 minutes longer[17]. This is true especially when bilateral 
ITA or RA was used. The paper further added that the additional time taken was due to the extra conduit 
harvest and not to actual grafting procedure[17]. 

Also, BIMA could be performed using two different configurations, in situ versus Y-graft. A recent study 
evaluated whether graft configuration might affect long-term outcomes in 2150 patients using a propensity-
score approach[18]. Late mortality and incidence of MACCES were similar between groups, and therefore the 
clinical outcome of BIMA grafting is independent of surgical configuration. However, Y-grafting increases 
the flexibility of BIMA grafting and should be taken into account when a surgical strategy for myocardial 
revascularization needs to be planned[18]. 

Thirdly, it is important to consider the short term post-operative outcome of a surgical procedure. An ex-
ample of this is the healing of any surgical wounds inflicted during CABG procedure, especially in high risk 
patients (such as those with diabetes mellitus)[19]. One of the main topic of interest is the healing outcome of 
the sternum and chest wall after the collections of ITA, especially if bilateral ITAs were harvested. However, 
through careful harvesting of such grafts while preserving pleural cavities’ integrity, it reduces the post-
operative morbidity as well as lowering hospital cost[19,20]. One of the fear of TACABG is deep sternal wound 
infection (DSWI), especially if bilateral ITA was used. However, reports from various studies have shown 
that there were low rates of DSWI, that is lower than 1%, in TACABG[4,21-24]. The incidence of DSWI may be 
significantly higher after the harvest of both internal thoracic arteries in the elderly, with an odds risk of 1.86 
(P < 0.01)[25]. However, the risk of deep sternal wound infection can be minimized in diabetic patients under-
going CABG by performing ITA harvested in a skeletonized manner with meticulous attention to preserv-
ing sternal blood flow. Pedicled harvest is to be discouraged when utilizing both ITA owing to a significant 

Table 1. 5-year outcome of patients in TACABG and VCABG in patients with left main disease

VCABG TACABG

NOBLE* ART
Single- graft group

TAR
Non-TAR group RAPCO** TAR

TAR group
Average age (years) 66.2 63.5 64.7 60.1 64.4

Number of patients 592 1554 6232 140 6232

MACCE 80 (18%) 198 (12.7%)* N/A N/A N/A

All-cause mortality 32 (9%) 130 (8.4%) 9.9%*** 3 (2%) 8.7%***

Cardiac death 15 (3%) N/A N/A N/A N/A

Vascular death 1 (< 1%) N/A N/A N/A N/A

Non-procedural myocardial infarction 10 (2%) N/A N/A N/A N/A

Revascularisation (total) 47 (10%) 103 (6.6%) N/A N/A N/A

Revascularisation with PCI 45 (10%) N/A N/A 3 (2%) N/A

Revascularisation with CABG 2 (< 1%) N/A N/A N/A N/A

Target lesion revascularisation 36 (8%) N/A N/A N/A N/A

Target LMCA revascularisation 33 (9%) N/A N/A N/A N/A

De novo lesion revascularisation
(new lesion in non-grafted segment)

11 (3%) N/A N/A N/A N/A

Symptomatic graft occlusion or definite stent thrombosis 15 (4%) N/A N/A N/A N/A

Stroke 7 (2%) 49 (3.2%) N/A N/A N/A

*Composite death, myocardial infarction, and stroke; **RAPCO only take RA conduit; ***Derived from Kaplan-Meier survival. CABG: 
coronary artery bypass graft; TACABG: total arterial CABG; VCABG: CABG that involves venous graft; PCI: percutaneous coronary 
intervention; LMCA: left main coronary artery; MACCE: major adverse cardiac and cerebrovascular events; TAR: total-arterial 
revascularization; NOBLE/ART/RAPCO refer to names of clinical trials
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increase in the risk of postoperative DSWI[26,27]. In fact, a recent meta-analysis showed that skeletonized ITA 
appears to reduce the incidence of postoperative SWI in comparison with pedicled ITA after CABG, with 
this effect being modulated by the presence of diabetes[28]. In the sensitivity analysis, the difference in favour 
of skeletonized ITA was also observed in subgroups such as diabetic, bilateral ITA and diabetic with bilateral 
ITA; also, there was a difference in the type of study, since non-randomized studies together demonstrated 
the benefit of skeletonized ITA in comparison with pedicled ITA, but the randomized studies together did 
not show this difference[28]. To summarize, strategies that reduce DSWI target the modifiable risk factors 
that include microbiological factors, appropriate antibiotic prophylaxis, tight glycemic control, while surgical 
strategies reduce DSWI following BIMA harvest include techniques of IMA harvesting with lesser devas-
cularization of sternum using skeletonized, semiskeletonized and modified pedicle harvest are associated 
with greater preservation of sternal blood supply and sternal closure and stability techniques[29]. Antibiotic 
prophylaxis given to patients pre- and post-operatively helps further reduce the chance of wounds infection, 
improving the surgical prognosis. Diabetes acts as a risk factors for the development of atherosclerosis as it 
accelerates the formation of atheroma[30]. Its presence in patients who were undergoing revascularization for 
atherosclerosis also increased the risk of post-operative complications. A retrospective study with propensity 
score matching compared total arterial revascularizations to procedures that involved venous grafts in the 
revascularization of atherosclerosis in diabetic patients[17]. While the rate of perioperative mortality (within 
30-days post-operatively) was similar at 1.2% in total arterial CABG group as compared to 1.4% in the non-
total arterial CABG group, nonetheless the rate of late mortality (mean of 4.9 years) was less among the total 
arterial CABG groups at 10.2% as compared to the non-total arterial CABG group at 12.2%[17]. Thus, adding 
a point towards the advantage of undergoing total arterial CABG. 

Fourthly, the long-term outcome (that is mainly patient’s survival rate) is also an important factor to con-
sider before choosing a procedure. From previous discussion, it has been shown that TACABG provides a 
better prognosis than VCABG. However, the long-term outcome of TACABG only showed the survival rate 
and did not elaborate on the MACCE that would be more relevant to the finding. Then, there was also no 
mentioning of revascularization in this group. However, based on literature and what was known about the 
patency of SVG as compared to arterial grafts, it could be concluded that total arterial grafting would wield a 
better outcome whenever it is possible to be done. A study confirmed that by using only SVG as compared to 
the use of ITA, there was 1.61 times greater risk of death throughout 10 years post-operation[31], thus further 
favoring arterial conduits[32,33].

A window for development into the surgical skills that may be beneficial to patients that are undergoing 
CABG is by doing such procedures through off-pump method. A paper querying about The Society of Tho-
racic Surgeons National Cardiac Database showed that off-pump coronary artery bypass was associated 
with a significant reduction in risk of death, stroke, acute renal failure, mortality or morbidity, and hospital 
stay as compared to on-pump coronary artery bypass[34]. This does not only benefit patients (which would 
be one of the main points in considering on a procedure), but also help cut cost for the healthcare system 
(which makes the other critical point that need to be balanced together with patient’s benefit and long term 
outcome). However, such procedures require experience as surgeons will be required to perform the surgery 
while the heart is still beating and thus avoiding the use of cardiopulmonary bypass pump. This would set 
an example in which a procedure that would be beneficial for both the patients and healthcare system re-
quires significant investment, that is the amount of training need to be done by surgeons.

The challenge of increasing TACABG procedure lies on assuring surgeons that this procedure provides a 
greater benefit for patients and the healthcare system. Although there would be some exceptions for the 
procedure, in which VCABG can be used as an alternative when possible. In term of left main disease, there 
need to be more studies and results published to show the outcome (both long- and short-term) of using 
TACBG in the revascularization of left main disease.
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CONCLUSION
TACABG takes a longer preparation as compared to non-total arterial CABG. However, whenever it is pos-
sible to perform TACABG, the short- and long-term survival were better as compared to VCABG. In addi-
tion, the patency of arterial conduits has been shown to be longer lasting and less prone to damage as com-
pared to venous conduits. While there was a similar 30-day outcome in both TACABG and VCABG groups, 
the long-term mortality rate was higher in the VCABG group as compared to TACABG. Among the arteries 
available to be conduits, internal thoracic arteries by far provides the best outcome, even for those with 
higher risk of complications.
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Abstract
Cerebral cavernous malformations (CCM) are manifested by microvascular lesions characterized by leaky endothelial 

cells with minimal intervening parenchyma predominantly in the central nervous system predisposed to hemorrhagic 

stroke, resulting in focal neurological defects. Till date, three proteins are implicated in this condition: CCM1 (KRIT1), 

CCM2 (MGC4607), and CCM3 (PDCD10). These multi-domain proteins form a protein complex via CCM2 that function 

as a docking site for the CCM signaling complex, which modulates many signaling pathways. Defects in the formation of 

this signaling complex have been shown to affect a wide range of cellular processes including cell-cell contact stability, 

vascular angiogenesis, oxidative damage protection and multiple biogenic events. In this review we provide an update on 

recent advances in structure and function of these CCM proteins, especially focusing on the signaling cascades involved 

in CCM pathogenesis and the resultant CCM cellular phenotypes in the past decade.

Keywords: Cerebral cavernous malformation, cerebral cavernous malformation signaling complex, angiogenesis, 

endothelial cells, cellular function, microvessel lesions, protein structure, function domain, motif

INTRODUCTION
Cerebral cavernous malformations (CCMs) are vessel dilatations within microvascular beds in the brain that 
are predisposed to hemorrhagic stroke. These microvascular malformations are present in 0.5% in the general 
population[1]. These lesions are characterized by densely packed tortuous microvessels outlined with deficient 
interstitial brain parenchyma[2,3], increasing the propensity of these vascular lesions for leakage[4]. These 
microvascular lesions are predominantly found in the central nervous system (CNS) but are also known to 
affect skin and liver. Although it is highly prevalent[1], a vast majority (approximately 70%) are asymptomatic[5]. 

http://crossmark.crossref.org/dialog/?doi=10.20517/2574-1209.2018.34&domain=pdf


Even in patients affected by disease within the same family, there is a wide range of clinical presentations which 
are primarily determined by the number and size of lesions. This suggests that additional genetic modifiers or 
non-genetic factors may exist in the pathogenesis of the disease[6]. As of date, CCM1 (KRIT1) on chromosome 
7q, CCM2 (MGC4607/OSM/Malcavernin) on chromosome 7p, and CCM3 (PDCD10/TFAR15) on chromosome 
3q are genes that are known to cause the familial form of CCM. It is estimated that 1 in 200 people harbor a 
potential mutation in one of three CCM genes and the frequency increases to 1 in 70 in the Hispanic population[7]. 
An epidemiological study showed that 94% of all familial forms and 57% of all sporadic forms of CCM result 
from mutations in one of these three genes[8], raising a possibility that mutations in other genetic loci might 
exist[9,10]. Recently, many polymorphisms were found in patients with the sporadic form of the disease, further 
strengthening the argument that the presence of other genetic risk factors that can contribute to the sporadic 
cases of CCM is possible[11]. However, endeavors to identify novel CCM loci have so far failed. It was proposed 
that the lesions formed in the familial form through a “second hit” mutation while sporadic vascular lesions 
occurred due to somatic mutations in both alleles caused by mutagens, radiation, or other factors. However, the 
familial form has an increased propensity for lesions since only one functional allele is present. Therefore, the 
familial form characteristically develops neurological manifestations earlier with multiple brain lesions, while 
the sporadic form develops late neurological manifestation with solitary brain lesions[12,13]. 

As mentioned earlier, at least one of these three genes (CCM1, 2, 3) is disrupted in most CCM cases in 
humans[14]. The three CCM proteins interact to form a protein complex[15-19] which further interacts with 
other proteins[19-22]. This CCM protein complex, referred to as the CCM signaling complex (CSC)[19], has 
affinity toward a wide range of ligands and such interactions are involved in cell adhesion, migration, and 
apoptosis[15,16,19,23-25]. Current evidence suggests that as core CSC proteins, CCM proteins act as scaffolds 
for many signal molecules and spatiotemporally regulate localization and activity of these proteins, with 
none possessing innate catalytic activity[26]. Homozygous mutations in any of the three CCM proteins are 
nonviable, indicating their essential role in biogenesis as phenotype suppressors[11-13]. We will mainly focus 
on these three core CSC proteins in this review.

CLINICAL PRESENTATION
All forms of human CCM mutations induce lesions in the CNS. These lesions are used to follow the course 
of disease (clinically symptomatic or not) both in the laboratory and in the clinical setting through MRI. A 
CCM variant observed in the skin tissue is known as hyperkeratotic cutaneous capillary venous malformation 
(HCCVM)[27]. Other cutaneous manifestations include café-au-lait spots, cutaneous venous malformation, 
and cavernous hemangiomas[28,29]. Genetic analysis showed that HCCVMs were only found in patients with 
a frameshift mutation resulting in a premature stop codon in exon 1 of CCM1. CCM1 mutations have also 
been associated with hepatic angiomas[30]. As for clinical manifestation, CCM1 and CCM2 familial forms are 
similar while CCM3 familial form has several unique characteristics. CCM1 and CCM2 mutations result in 
spinal cavernous angiomas[28]. Unlike CCM1 and CCM2 mutations which manifest later, CCM3 mutations 
manifest as early as age 20[31]. CCM3 cases have the heaviest disease burden characterized by numerous CNS 
lesions, with an increased risk of bleeding[32,33]. In addition to cutaneous manifestations with premature 
termination codon mutation in exon 1 of CCM1[34], CCM3 mutation cases also present scoliosis[33], mental 
retardation[35], and meningiomas[31]. No other genetic locus for familial forms of CCM has been identified 
yet[36]. However, there are still patients suffering from CCM with normal CCM1, CCM2, and CCM3 genetic 
screen results. Even utilizing next-generation sequencing to screen the whole genome of CCM patients with 
known and unknown mutations, no causative mutation among all three CCM loci was detected for these 
CCM patients[37], further suggesting the existence of a potential new CCM locus.

PROTEIN STRUCTURE
CCM1 is the largest of the three CCM proteins (736 amino acids) and the most common CCM gene mutated[7,38]. 
50% of all familial forms of CCM are due to mutations of CCM1[36,39]. The penetrance of CCM1 mutation 
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is around 88%[40]. A recurrent CCM1 missense mutation (Q455X) is prevalent in the Hispanic population, 
hence it is named common Hispanic mutation[7]. It is present in high frequency in southwestern US[41]. From 
N-terminal to C-terminal, CCM1 protein contains a NUDIX domain, three NPxY/F motifs, Ankyrin repeat 
domain, a FERM domain, nuclear export signal (residues 551-562)[18,25,42] and nuclear localization signals 
(residues 46-51, 569-572)[23,42-44].

CCM1 C-terminal FERM domain
Located at the C-terminus (residues 420-736), the FERM domain contains three subdomains (F1-F3). The F1 
subdomain of the FERM domain folds into an ubiquitin-like fold, while the F2 subdomain folds into an acyl-
CoA binding fold. Several proteins are known binding partners to this region of CCM1[45]. The F3 subdomain 
of FERM domain, a bona fide PH domain, binds to NPXY motifs. There have been several reports on this 
type of interaction in CCM1[19,46-48]. Some reports indicate that the C-terminal FERM domain binds to its 
first NPXY motif intramolecularly, thereby allowing the CCM1 protein to adopt a closed conformation. They 
further suggested that in the open conformation, the CCM1 binds to ICAP1α and localizes it to the cytoplasm 
and to the nucleus. In the closed conformation, the protein’s binding site is inaccessible to ICAP1α and results 
in increased CCM1 binding to microtubules through the NUDIX domain, retaining ICAP1α in the cell 
membrane. In support of this theory, it was further suggested that cellular binding partners of CCM1 to the F1/
F2 subdomain of the FERM domain or NUDIX domain may drive this conformational change in CCM1[47,48]. 
However, new evidence showed that unlike most N-terminal FERM domain-containing proteins, CCM1 
(containing a C-terminal FERM domain) does not seem to follow the auto-inhibition mechanism to undergo 
an intramolecular folding. In fact, both dynamic light scattering (DLS) and native protein gel electrophoresis 
showed an increased tendency of CCM1 to undergo CCM3 - like oligomerization through intermolecular 
binding between F3 subdomain of FERM domain and 3 NPXY motifs among partnering CCM1 proteins over 
intramolecular binding of F3 subdomain of FERM domain - NPXY motifs within CCM1[19]. 

CCM1 ankyrin repeat domain 
The ankyrin repeat domain (ARD) domain (residues 288 and 419) in CCM1 is composed of 4 ankyrin repeats. 
This ARD packs onto the N-terminal side of the F1 subdomain of the FERM domain. Each repeat is identical 
and composed of two α-helices joined by a β-hairpin. The binding site is between the α-helices. These four 
Ankyrin repeats stack vertically into an “L”-shaped fold. The fourth repeat contains a tripeptide insert (G401, 
N402, and N403) in the binding site stabilized by a conversed W404. This tryptophan residue sits in a highly 
conserved hydrophobic pocket. X-ray crystallography showed that the ARD domain is bound tightly to 
the FERM domain. This highly conserved interaction is particularly mediated by the convex surfaces of 
Ankyrin repeats 2 and 3 in ARD domain and the β2 strand and α2 helix in F1 subdomain in the FERM 
domain. This interaction is stabilized by 10-12 hydrogen bonds over 993 A2. The ARD domain was termed as 
the F0 subdomain in the FERM domain due to its proximity to the FERM domain. The presence of another 
domain in such as position has been found in other FERM domain - containing proteins, i.e., Talin and 
Kindlin[49,50]. Many proteins such as RAP1 and HEG1 are able to bind to the FERM domain with little to no 
structural change of the ARD domain required. The ARD in CCM1 is different from other ARD in proteins 
such as DARPins due to its inability to bind to β-tubulin. CCM1 was suggested to be a tubulin binding 
protein, however both structural studies and binding assays show that the ARD domain is not utilized for 
this interaction[51,52]. Till now, there are no known binding partners to the ARD domain in CCM1.

Multiple NPXY motifs in CCM1 protein 
CCM1 also contains 3 NPXY motifs (residues 192-195, NPAY; 231-234, NPLF; 250-253, NPYF) in the central 
portion of the protein which provide important interactions with phosphotyrosine binding (PTB), PH, 
FERM domains, etc. The first motif, which is the only one that can be phosphorylated, has a remarkably 
strong binding affinity to ICAP1α[20,25]. NPXY motifs 2 and 3 can only bind to DAB-like PTB domains, 
including CCM2[18,19]. 
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CCM1 NUDIX domain
The NUDIX domain is found in the N-terminus (residues 1-170) of CCM1 and it contains a stretch of basic 
residues that potentially interacts with microtubules. NUDIX domains are usually found in hydrolases that 
bind to a variety of substrates. The NUDIX fold in CCM1 is a centrally positioned β-sheet with flanking 
α-helices. Traditionally, the NUDIX domain contains a NUDIX box which contains the Gx

5
Ex

7
REUxEExGU 

motif[53]. However, CCM1 doesn’t contain a traditional NUDIX motif, yet the tertiary structure of N-terminus 
of CCM1 still adopts a NUDIX fold. The catalytic residues found in other NUDIX domains are missing in 
the CCM1 NUDIX domain[54]. Therefore, the function of the NUDIX domain in CCM1 may be different 
from other NUDIX domain-containing proteins. Despite the similarities, superimposition of the X-ray 
crystal crystallography of the NUDIX domain with known substrates (81 in total) revealed no potential 
binding partners. Therefore, the function of this domain is still uncertain[54]. However, sequence analysis 
has elucidated the presence of several known sequences such as potential tubulin binding sequence[48] and a 
nuclear localization sequence (NLS)[42] within the NUDIX domain.

CCM2 is the second largest of the CCM proteins, 444 amino acids in length and contains a PTB domain 
at the N-terminus and a harmonin homology (HH) domain at the C-terminus[3]. 20% of all familial forms 
of CCM are due to mutations of CCM2[36,39], however, the penetrance of CCM2 mutation was reported to 
be 100%[40]. CCM2 is found ubiquitously expressed in the endothelial cells (EC) from various organs[55,56]. 
Despite the lack of a recognizable NLS and NES, CCM2 is found in both the nucleus and cytoplasm due to its 
interaction with CCM1[18,23,57]. In the absence of functional CCM1, CCM2 is not localized to the cell junction, 
however, this function is recovered with the addition of wild-type CCM1, implying that binding to CCM1 is 
essential for localization of CCM2 to the cell junction[58].

CCM2 HH domain 
CCM2 functions as the scaffold in the CSC with binding sites for both CCM1 and CCM3[16]. The HH domain 
at the C-terminus (residues 283-375) is comprised of 6 packed α-helices termed H1*, H1, H2, H3, H4, and 
H5 in that order from N-terminus to C-terminus. The H1* is a short α-helix with 3 amino acid residues and 
H4 is a 3

10
 helix that contains 13 residues. This domain is stabilized by several intramolecular interactions 

(i.e., R346 to E314, R354 to E366, and P355 to F356). This C-terminal domain bears structural similarity to 
harmonin protein and therefore termed HH domain. Although there is structural similarity, CCM2 HH 
domain is able to bind to neither Cadherin 23 (a validated binding partner of Harmonin) nor to CCM3. This 
HH domain exists in two conformations, monomeric and dimeric. The dimeric form has an increased affinity 
for dimerization; however, there are no sufficient data to affirm the occurrence of dimeric CCM2 in vivo yet[45].

CCM2 PTB domain 
The N-terminus of the CCM2 contains a DAB-like PTB domain[59]. This domain contains 2 β-sheets 
composed of 7 β-strands, with α-helices capped at both ends. It was shown that this PTB domain binds to 
the NPXY motifs present in CCM1. Yeast two-hybrid assays showed that CCM2 PTB domain was able to 
bind to a CCM1 construct that contained the second and third NPXY motifs but not the first motif[17,18].

CCM3 is the smallest of the 3 CCM proteins with 212 amino acids. CCM3 mutations tend to result in the 
most aggressive form of the disease[8]. 10% of all familial forms of CCM are due to mutations in CCM3 
gene[36,39]. The penetrance of CCM3 mutation is approximately over 60%[40]. In one study that sought for 
promoter variants for the CCM genes, two protective single nucleotide polymorphisms were identified in 
the promoter region of CCM3 (rs9853967 and rs11714980) to be associated with CCMs, while no causative 
variants were identified in the promoter regions of CCM1 or CCM2, among the selected CCM patient cohort. 
These variants could partially explain the range of disease burden seen in CCM[60]. CCM3 is localized to the 
cis-face of the Golgi body[61]. Its interactions with phospholipids, PtdIns[3-5], were believed to facilitate the 
translocation of CCM3 to the plasma membrane[62]. CCM3 is a 2-domain-containing protein where both 
domains are conjoined by a flexible hinge region[63]. The tertiary structure of CCM3 is a V-shaped structure. 
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After some invertebrate analogs of CCM3 were identified and studied, it was found that CCM3 is the most 
evolutionarily conserved of the three CCM proteins[64,65]. However, CCM1 and CCM2 are predominantly 
found in the vertebrates[63,66]. 

CCM3 N-terminal dimerization domain 
CCM3 exists as a homodimer in the cell due to presence of the dimerization domain. It is made up of four 
α-helices: α1, α2, α3, and small α4. These four α-helices interlock with another set of four α-helices from 
a partner CCM3 dimerization domain. This dimerization domain is also used to bind to GCKIII kinases 
forming a heterodimer. The interactions between GCKIII and flexible hinge regions of CCM3 control the 
equilibrium between CCM3 homodimer and CCM3-GCKIII heterodimer[45]. 

CCM3 C-terminal focal adhesion targeting - homology domain
The C-terminus of the CCM3 protein contains a focal adhesion targeting-homology domain (FAT-H) domain. 
This domain is commonly found in some tyrosine kinases such as Pyk2 and FAK. It is also composed of four 
α-helices: α5, α6, α7, and α8. This domain is utilized to bind to large variety proteins including CCM2 and 
phosphotidylinositides[62].

NEWLY IDENTIFIED CELLULAR COMPONENTS OF CSC COMPLEX
CCM1 is highly expressed in EC cells during embryogenesis[67]. It is localized ubiquitously throughout the 
cell including the nucleus[17,20,38,42,68]. 

CCM1 C-terminal FERM domain
CCM1 was shown to bind to a small GTPase Rap1 utilizing its FERM domain through X-ray 
crystallography[43,44] and yeast two-hybrid[69]. This interaction localizes CCM1 to the periphery of the cell to 
facilitate signaling at the cell-cell junctions[48]. In contrary, the release of CCM1 from the plasma membrane 
is due to its interaction with ICAP1α. This complex localizes to the nucleus[17]. Rap1 is a GTPase that has 
many cellular functions such as maintaining cell-cell contacts and integrin-mediated cell adhesion[70]. Rap1 
is activated by GTPase-activating proteins and CCM1 has a large affinity towards this activated form[71]. 
Disruption of RAP1 and CCM1 interaction results in the absence of CCM1 localization to the cell membrane 
particularly the adherens junction[71]. Superimposition of Rap1 and CCM1 showed that no conformational 
change was required for bindings to occur[52]. The FERM domain contains 3 subdomains F1, F2, and F3. 
RAP1 binding site in the FERM domain overlaps F1 and F2 subdomains. HRas is another GTPase that binds 
to the same binding pocket as RAP1. However, in competition assays, RAP1 binds more strongly to CCM1 
over HRas due to specific residues in the F2 subdomain of CCM1. This stronger binding affinity to RAP1 is 
dependent on the interaction of K570 on CCM1 with E45 on RAP1, with respective mutations significantly 
decreasing binding. Further analysis of the X-ray crystallography of CCM1 and RAP1 showed that the 
switch II region in RAP1 doesn’t contribute to any binding affinity. This is a result of the interaction between 
Y419 on CCM1 and F64 on RAP1 which destabilizes the switch II region[43]. Rap1 acts as an inhibitor of 
CCM1 interaction with microtubules[48]. The inhibition mechanism is the binding of Rap1, releasing CCM1 
from the cell membrane and spatially blocking the interaction between CCM1 and microtubules leading to 
an overall increase in stability of the cell junction[72]. Rap1 is found in mice in two forms: Rap1a and Rap1b. 
Individual deletions of either protein have minimal effect on embryogenesis. However, a combined deletion 
is embryo lethal. It results in the perineural vessel dilation and hemorrhage, demonstrating the importance 
of Rap1 in EC cells maturation and angiogenesis. Rap1 deletion was shown to reduce VEGFR2 signaling[73]. 
Unlike CCM1 deletions which result in malformed branchial arches, the formation of patent branchial 
arches can still be seen in Rap1 deletion, suggesting that CCM1 acts along alternate pathways for vessel 
formation[74]. CCM1 FERM domain also binds to HEG1 protein, which further enables CCM1 localization 
at the cell junction. HEG1 is a transmembrane protein that contains an NPxY motif on its cytoplasmic 
tail. The binding pocket of HEG1 in CCM1 does not overlap with RAP1. The binding strength of HEG1 to 
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CCM1 is independent of binding to RAP1. HEG1 interacts with the hydrophobic pocket between F1 and F3 
subdomain. The interaction between HEG1 and CCM1 is trifold: F1 subdomain through polar interactions, 
F3 subdomain through hydrophobic interaction, and α2A helix between F1 and F3 subdomain. Analysis of 
electron density shows that the C-terminal dipeptide on HEG1 of tyrosine-phenylalanine is critical for their 
binding. This binding is not in the category of the classical PH (F3 subdomain) - NPxY motif interaction. In 
fact, the binding pocket is similar to the inositol phosphate binding site in the PH domain[75]. Similar to the 
binding of RAP1, the binding of HEG1 doesn’t illicit any conformational change in the FERM domain[43]. 
The binding of CCM1 with HEG1 and RAP1 is essential for appropriate cardiovascular development, 
and disruption of these interactions was shown to cause the phenotype of CCM[71]. Heg1-null zebrafishes 
manifest with the same cardiovascular phenotype as Ccm1 null mutants[76]. Infusion of CCM1 mutants 
lacking the binding ability to RAP1 and HEG1 into Ccm1 null zebrafish could not reverse the cardiovascular 
phenotype[71,76], indicating the essential role of the interaction. 

Multiple NPXY motifs in CCM1 protein
CCM1 binds to ICAP1α and acts a competitive inhibitor of ICAP1α and β1-integrin interactions[20,68]. 
ICAP1α contains a PTB domain that binds to β1-integrin and modulate β1-integrin mediated cellular 
function[15,23-25,54]. Mutagenesis of the T778 and V790 or N792 and Y795 of the cytoplasmic tails of β1-integrin 
prevents binding to ICAP1α. However, the exact consequence of this interaction is not fully agreed upon. 
The overwhelming theory is that CCM1 acts to sequester ICAP1α resulting in increased levels of β1-integrin 
activation because ICAP1α is a potent repressor of β1-integrins[15,23-25,54]. However, one study suggests that 
CCM1 interaction with ICAP1α stabilizes ICAP1α, therefore increasing β1-integrin activation. This effect 
is profound when low levels of CCM1 results in paradoxically increased β1-integrin activation.However, 
appropriate amount of β1-integrin is necessary for development of vascular sinusoids[77], cell cycle[78,79], and 
bone development[80,81]. ICAP1α PTB domain is a DAB-like PTB domain where the interaction between 
ICAP1α and CCM1 is independent of the phosphorylation status of the NPXY motif. Binding of CCM1 
or β1-integrin to ICAP1α doesn’t result in any structural changes[82]. CCM1 binding to ICAP1α through a 
bidentate interaction with the ICAP1α PTB domain. This interaction is identical to ICAP1α and β1-integrin 
interaction thereby resulting in competitive inhibition[15,23-25]. CCM1 utilizes the first NPXY motif and a RR 
region to bind to ICAP1α PTB domain[83]. The RR region is a novel site that binds to the N-terminus of NPXY 
motif. This N- terminal region adopts an α-helix confirmation that binds to the loop between β1 and β2 and 
well as β5 and β6 and α1 helix of the PTB domain[82]. The interaction between the PTB domain and the RR 
site is mediated by the conserved arginine residues on the CCM1 (R179 and R185), binding to polar side 
chains such as the carbonyl groups of D146, D93, and Q96 on ICAP1α. The interaction of the PTB domain 
and the NPxY motif is mediated by the interaction of N192 and Y195 on CCM1 to the ICAP1α binding site 
of PTB domain, L135, I138, I139, and C184. Mutation in the NPXY binding sites on ICAP1α inhibits binding 
to cytoplasmic tail of β1 integrin. However, mutation in the RR binding sites (D146, D93, and Q96) did not 
affect binding with cytoplasmic tail of β1 integrin. Therefore, unlike CCM1-ICAP1α interaction, the binding 
between ICAP1α and β1-integrin is not a bidentate interaction[54].

CCM1 binds to CCM2 and SNX17 through the utilization of the second and third NPXY motifs[18,19,59,84]. 
Biochemical studies demonstrate that CCM2 utilizes its PTB domain to bind to the third NPXY motif of 
CCM1. Several leucine residues in CCM2 (L113, L115, L155, L198, and L213) are paramount for adequate 
binding to CCM1. Several residues downstreaming to the NPXY motif such as V244 and V248 are also 
important. Even a conservative mutation like V244L was found to significantly decrease binding. An X-ray 
crystallography of CCM2 with the third NPxY motif of CCM1 was determined. However, Co-IP shows that 
both the second and third NPxY motifs are required to bind to CCM1[18]. Additionally, biochemical studies 
do not show an increased affinity with a construct containing both the second and third NPxY motifs over 
just the third NPxY motif[59].
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CCM2 PTB domain
Some PTB domains can bind to phospholipids and it was expected that such an affinity in CCM2 PTB domain 
will transport CCM2 complex to the plasma membrane, however no consensus has been reached in that regard. 
One study stated that CCM2 PTB domain is able to bind to phospholipids[85], while other studies suggested the 
opposite[3,19]. CCM2 PTB domain has been shown to interact with two proteins, TrkA and Smurf1. TrkA is 
present in neurons. The PTB domain of CCM2 binds to the cytoplasmic tail of TrkA[86]. This complex binds with 
CCM3 and STK25 to form a large complex. This may happen through a direct mechanism where CCM2 brings 
CCM3 or an indirect mechanism. However, the formation of this complex leads to apoptosis. This pathway 
is found to be especially important in the field of prognostic and therapeutic aspects of neuroblastoma and 
medulloblastoma[87]. CCM2 PTB domain was also reported to bind to Smurf1 HECT domain. This interaction 
brings Smurf1 to the plasma membrane[88]. This interaction has been related to RhoA degradation.The lack of 
RhoA degradation results in uncurbed activation of Rho-associated coiled coil-forming kinase (ROCK) which 
leads to stress fiber formation[89]. One report stated that CCM2 protein in macrophages is found adjacent to 
newly synthesized actin polymers. This localization of CCM2 is compatible with the predicted function of 
regulating RhoA because RhoA is active in actively synthesizing actin polymers[22].

CCM2 C-terminal HH domain
A four nucleotide duplication of the last exon of CCM2 was introduced to create a mutation disrupting 
the structure of the HH domain at the C-terminus. This mutated form of CCM2 protein was able to bind 
to CCM1 and CCM3, however unable to bind to MEKK3, a Map3 kinase, suggesting that the HH domain 
mediates the interaction between CCM2 and MEKK3[90].

CCM2 KARET domain and LD motif
Some reports showed that CCM2 interacted with CCM3 through a KARET domain at the C-terminus 
of CCM2 (residues 228-444), which overlaps with HH domain[16,17,63,86,87]. However, it was recently shown 
through pull-down assays that the binding pocket was located in the middle of CCM2 (residues 223-238), 
between the N-terminal PTB domain and C-terminal HH domain. This region was determined to contain 
a LD motif, which binds to FAT-H domain on CCM3. The FAT-H domain of CCM3 contains a hydrophobic 
pocket termed HP1 which is the binding site for CCM2. The LD motif adopts a 3.5 turn α-helix parallel 
to α7-helix in CCM3. The interaction is largely made up of hydrophobic residues from CCM2 (T225, I226, 
F228, L229, A232, I233, G236, and A237) binding to hydrophobic residues from CCM3 (I131, I134, A135, 
I138, L142, V168, F174, L178, S171, K132, and K139). These hydrophobic resides are also extremely conserved 
through evolution, indicating their significance[63]. CCM2-CCM3 complex formation reciprocally protects 
the proteins from degradation. Either CCM2 or CCM3 depletions result in concurrent decreases in the 
reciprocal protein. Furthermore, CCM2 and CCM3 mutated cells grew slower than wild-type ones. This 
mutant phenotype can be rescued with the addition of CCM2 or CCM3. Overexpression of CCM2 in CCM3-
depleted cells did not restore cellular proliferation, however overexpression of CCM3 in CCM2-depleted 
cells did, indicating that the CCM3 may have a greater contribution to cell proliferation[91].

CCM2-Like protein
Recently CCM2-Like (Ccm2l) protein was identified in zebrafish. This protein bears large sequence similarity 
to CCM2. It contains a PH domain as opposed to a PTB domain, found in CCM2. Our lab showed that 
PTB domains and PH domains can have overlapping abilities[19]. Despite the similarities, the function of 
Ccm2l and CCM2 are not identical. The N-terminus of CCM1, which contains the NPxY motifs, can bind 
to Ccm2l, potentially through the PH domain. Although, it is still unknown which of the three NPxY 
motifs are used by Ccm2l for binding. Ccm2l, which is selectively expressed in EC[92], sequesters CCM1 
by acting as a competitive inhibitor, however, it is unable to bind to CCM3. The ability to bind to CCM1 
results in the inhibition of CCM2 mediated junctional stability. During embryogenesis, Ccm1 is expressed 
in the notochord while Ccm2 is expressed heavily in tissue anterior to the notochord. Interestingly, Ccm2l is 
found in both regions. Despite these differences, Ccm2l knockout zebrafish exhibits cardiac phenotype, i.e., 

Padarti et al. Vessel Plus 2018;2:21  I  http://dx.doi.org/10.20517/2574-1209.2018.34                                                   Page 7 of 23



cardiomegaly.  This phenotype is seen to a milder extent in Ccm1, Ccm2, and Heg1 null mutants. The effect 
of Ccm2l is more pronounced in the heart than large vessels. In fact, there is partial phenotypic rescue with 
Ccm2 over-induction in Ccm2l-null zebrafish. Therefore, it is concluded that Ccm2l acts in the Heg-Ccm 
pathway[93]. It is still unclear whether CCM2L is involved in the pathogenesis of CCM[26].

CCM3 dimerization
The N-terminus of one CCM3 can bind to another CCM3 in the native state, driven by identical hydrophobic 
residues, L44, A47, I66, and L67[94]. An important set of binding partners of CCM3 are GCKIII kinases 
such as Mst4 and Stk25. These kinases contain an N-terminal catalytic domain and C-terminal regulatory 
domain. The C-terminal regulatory domain of GCKIII can bind to dimerization domain in CCM3. The 
tertiary structure of the C-terminus of GCKIII is similar to the N-terminus of CCM3 and can compete with 
and replace a CCM3 in the CCM3 homodimer. These kinases adopt an independent V-shaped domain as 
well. Each side of the V in the GCKIII protein is made up of several α-helices. Mutations in the hydrophobic 
residues that removed CCM3 dimerization effectively also inhibit GCKIII and CCM3 binding[95]. However, 
CCM3 has higher binding affinity to GCKIII kinases over CCM3 homodimer. There exists a long linker 
peptide in CCM3 between α3 and α4 helix along the CCM3 protein. In the homodimer state, this region folds 
into α-helix and merges with α4 forming an extended helix. This extended helix is stabilized by hydrophobic 
residues found in the antiparallel α1 helix in the partner CCM3 within the homodimer. Hydrophobic residues 
(V72, F76, L80, M83) in the extended α4 helix interact with hydrophobic residues (V25, A24, P21, M20, V18, 
and M17) in α1 helix of partner CCM3. This stabilizing interaction doesn’t occur in the GCKIII-CCM3 
complex, because the corresponding α1 helix in GCKIII doesn’t contain any hydrophobic residues.  In the 
interaction between CCM3-GCKIII, the linker region between α3 and α4 helices in CCM3 is less structured 
and able to adopt a flexible conformation. This allows hydrophobic residues (F76, L80, and M83) in α4 helix 
in CCM3 to fall into a hydrophobic pocket formed by α1 and α3 helix in CCM3 through intra-molecular 
binding. This twisting of the CCM3 causes in the full N-terminal face of CCM3 to interact with the full 
C-terminal face of GCKIII, which doesn’t occur in the homodimer of CCM3 due to the inherent bend in 
the CCM3 tertiary structure[63,96]. Therefore, there is a larger binding area between CCM3 and GCKIII. This 
larger-interface interaction present results in a much higher binding affinity[95].

Knockout models of Stk24 and Stk25 caused cardiovascular disease similar to that observed in CCM3 
knockout models[97]. STK25, a serine/threonine kinase, controls RhoA activation, which is a GTPase. Loss of 
RhoA results in stress fiber formation[98]. It has been well documented that CCM phenotype causes increased 
stress fiber formation; however several reports contradicted this finding[99,100]. Increase RhoA activation 
leads to increased ROCK. ROCK is another serine/threonine kinase that phosphorylates several proteins: 
myosin light chain, MLC phosphatase, and LIM kinase. MLC phosphatase decreases the cross linking of 
myosin and actin, the source of fiber contractility. Phosphorylation by ROCK inhibits MLC phosphatase. 
In contrast, ROCK dependent phosphorylation of LIM kinase results in activation. Active LIM kinase 
catalyzes phosphorylation of cofilin, which inhibits cofilin activity that regulates actin depolymerization. 
Both pathways, LIM kinase and MLC phosphatase, lead to stress fiber formation. ROCK inhibition results 
in regression of stress fiber[26]. Increases in ROCK activity have been recorded in CCM lesions. Interestingly, 
increases in ROCK activity have been seen in histologically normal blood vessels in CCM1 deficient mice, 
suggesting possible involvement of ROCK signaling in the pathogenesis of CCM lesions[101].

CCM3 C-terminal FAT-H domain 
CCM3 contains a FAT-H domain at the C- terminus that is used to bind to CCM2. The surface of the domain 
contains a hydrophobic patch termed hydrophobic patch 1 (HP1), which is found between α7 and α8 helix. 
This is the site for binding various proteins such as CCM2[63], striatins[61], and paxillin[102]. For interaction of 
both stratins and paxillin, CCM3 recognizes LD motifs that adopt helical structures. Compared to CCM2-
CCM3 complex, CCM3-paxillin complex has a smaller surface area, the LD motif is smaller (~ 2 turns), 
and the LD motif helix is less parallel to α7 helix in CCM3[91]. Paxillin is known to bind to FAT-H domains 
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in FAK and Pyk2[63]. Through fluorescence images, it was determined that paxillin and CCM3 were co-
localized to the plasma membrane at the leading edge[102]. The functionality of this binding is still unknown, 
one hypothesis is that the formation of some CCM3-GCKIII complexes is under the control of paxillin 
phosphorylation. Therefore, paxillin may be sequestering CCM3 from activity[103].

CELLULAR SIGNAL TRANSDUCTION
CCM1 plays a role in Notch signaling
Cells with increased CCM1 activity show overexpression of HEY1 and DLL4, two major players in notch 
signaling. Notch signaling increases PI3K/AKT signal pathway and activated AKT leads to suppression 
of ERK1/2 by dephosphorylation. CCM1 deficient cells and CCM lesions show increased phosphorylation 
of ERK1/2[104]. AKT phosphorylation is also important in regulating the expression of SOD2, which is an 
important free radical scavenger in the cell. SOD2 is upregulated with increases in reactive oxygen species 
through AKT phosphorylation. In the absence of CCM1, AKT phosphorylation is decreased[72,105], leading 
to decreased expression of SOD2, and therefore increasing oxidative damage in the cell[106]. CCM1 is also an 
inducer of SOD2 through interaction of ND1. ND1 is an important actin stabilization protein that binds to 
CCM1. This interaction increases the expression of SOD2. Therefore, CCM1 can prevent oxidative damage 
and cell death through complex induction of SOD2[107].

CCM1 involved in KLF4/KLF2 signaling pathways
Both in vivo studies with Ccm1 knockout mice and in vitro studies with CCM1 silencing in human brain 
EC (hCMEC) showed elevation of KLF4 nuclear signal. KLF4 has been reported to play an important role 
in EC in biogenesis of veins and angiogenesis in general. Combined silencing of both KLF4 and CCM1 
significantly decreases the disease mortality (75% reduction of mouse mortality) and modest improvement 
of vascular lesions (reduced vascular density in retina). The prototypical lesions in CCM lack mesenchymal 
intervening tissue, which is due to increased proliferation and dysfunctional migration, both of which are 
mediated with KLF4 inhibition. In this signaling pathway, CCM1 binds and sequesters MEKK3, which in 
turn activates MEK5, which subsequently activates ERK5[108,109]. ERK5 is a known inducer of KLF4 in EC 
cells[110-112]. KLF4 is a transcription factor which activates BMP6 and decreases SMAD1 phosphorylation. It 
has been shown that SMAD is activated in CCM deficient condition and leads to active BMP6 and TGF-β. 
These two downstream proteins mitigate the histological manifestation of CCM, i.e., lack of intervening 
parenchyma[113]. KLF2 is another transcription factor that is induced by a similar signaling cascade[114]. KLF2 
is responsible for the cardiac manifestations and increased angiogenesis seen in CCM[115,116]. KLF4/KLF2 are 
transcription factors that suppress expression of thrombospondin1 (TSP1) which functions as an angiogenic 
inhibitor[117]. Loss of TSP1 was found to exacerbate CCM phenotype in Ccm1 deficient mice. Abnormalities of 
cell-cell junction are found to be the initial manifestation of CCM1. It was found that decreases in Claudin-5 
and ZO-1 levels were the first to be observed before changes in VE-cadherin levels. The perturbed expression 
of these cell junction proteins can be rescued in Ccm1 knockout mice with exogenous TSP1 (3TSR). 3TSR 
was found to decrease both VEGR2 phosphorylation leading to decreased angiogenesis and increased TGF-β 
activation. Furthermore, this treatment decreases the lesion burden in mice. Therefore, there is a possibility 
to utilize KLF4 inhibitors, ERK5 inhibitors, or exogenous TSP1 for potential therapeutic applications in 
CCM in the near future[118].

CCM1 is a key player in integrin signaling
β1-integrin signaling is an important regulator in many cellular functions such as cellular migration and 
adhesion[15,24,25,57]. These functions are especially important for EC cells. ICAP1α is a repressor of β1-integrin 
signaling[46]. Our previous results indicate that CCM1 binds to ICAP1α and modulates ICAP1α and β1-integrin 
interaction. Depletion of CCM1 and ICAP1α synergistically inhibits extracellular signal-regulated kinase/
mitogen-activated protein (ERK/MAP) kinase pathway activation on cell survival[15,23-25,57,72]. We hypothesized 
that CCM1 regulated recruitment of ICAP1α to the cell membrane in proximity to focal adhesions, which 
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may be critical for the maintenance of cellular architecture as well as regulation of β1-integrin-mediated 
signaling[25]. The follow-up studies found that ICAP1α deficiencies result in many osteoblastic defects which 
are the direct results of β1-integrin activation. CCM1 acts as a competitive inhibitor for the interaction of 
ICAP1α and β1 integrin. The lack of inhibition of ICAP1α leads to excessive inhibition of β1-integrin which 
is thought to cause the leaky vasculature found in CCM[54]. CCM1 has been reported to be responsible for 
localization of ICAP1α to the nucleus, through the use of the N-terminus NLS[42]. It was shown that only in 
the presence on intact CCM1- ICAP1α interaction and functional NLS in CCM1 does ICAP1α localize to the 
nucleus[47]. However, ICAP1α also contains a NLS and drives CCM1 localization to the nucleus. In the absence 
of ICAP1α, CCM1 is evenly spread throughout the cell, but in the presence ICAP1α, the CCM1 localizes to 
the nucleus. Alanine walking in NLS1, NLS2, and NES in CCM1 showed that only NLS1 affected CCM1 
localization. NLS2 and NES mutation showed identical CCM1 localization to wild-type CCM1. However, 
functional ICAP1α is able to translocate NLS1 mutated CCM1 into the nucleus. However, the N-terminus of 
CCM1 is unable to translocate ICAP1α with a deficient NLS. The addition of CCM1 to ICAP1α -silenced cells 
results in CCM1 accumulation only in the cytoplasm, suggesting that ICAP1α drives localization of CCM1, 
not the other way around[119].

CCM proteins modulate VEGF signaling
Mutations in CCM1 and CCM3 were found to increase translocation of β-catenin from the cytosol to 
the nucleus. This leads to increased expression of various proteins such as VEGF-A, which can be further 
reversed by the addition of a β catenin transcription inhibitor. The increased level of VEGR-A activates 
VEGFR2, which is shown by increased VEGFR2 phosphorylation. This increases the endothelial cell (EC) 
permeability, leading to vascular leakage. This phenotype can be rescued with the addition of VEGFR2 
inhibitors in both in vitro and in vivo conditions. Interestingly, VEGF inhibition blocked the formation of 
stress fiber formation. Therefore, the stress fiber formation is caused to some extent by VEGF signaling. 
Furthermore, enhanced VEGF signaling results in increased cellular migration. A wound-healing assay 
showed that CCM1 deficient cells had a 25% increase in migration compared to the cultured cells treated 
with VEGF. However, this phenotype can be reversed in the CCM1-null cells with the treatment of VEGF 
inhibitors. VEGFR2 phosphorylation results in downstream phosphorylation of β-catenin and VE-cadherin, 
which results in disruption of interaction with α-catenin[120] and p120 catenin[121] respectively. This results in 
translocation of β-catenin into the nucleus for further downstream effects. However, VEGF inhibitors were 
not sufficient to inhibit the β-catenin and VE-cadherin disassociation seen in CCM1 deficiency, suggesting 
that other mechanisms are involved for the disassociation[122].

CCM2 modulates MAPK signaling
CCM2 leads to downstream activation of p38 MAPK, which is upregulated in osmotic shock. It is still unclear 
for the role of the CCM2 in the p38 MAPK activation pathway. One report stated that CCM2 localizes to the 
cell membrane where it facilitates binding MEKK3 and RAC1 leading to activation of MAPK[17,22]. Another 
report showed that CCM2 is able to bind to F-actin, suggesting that CCM2 forms a complex that links 
RAC1-dependent actin reorganization to p38 MAPK signal pathway[123]. Another report showed that the 
signaling pathway is through phospholipase C (PLC). The complex of CCM2-RAC1 causes a change in PLC 
cascade, leading to MAPK activation[124]. While another report showed that CCM2 affects the JNK and MKK 
signaling leading to an alternative pathway to promote MAPK activation[89].

CCM3 plays a role in Notch signaling
In recent years, several mechanisms for the pathogenesis of CCMs have been proposed such as decreased 
Notch signaling[125], increased VEGF signaling[126], or increased ERK activity in the deficiency of CCM3[127]. 
It has been recently reported that CCM3 affects EC function by regulation of DLL4[128]. Down-regulation 
of CCM3 resulted in decreased expression of DLL4 and Notch4, but no change was observed in Notch1. 
This was shown in both cell lines and brain tissue in CCM patients. In fact, the vascular phenotype found 
in CCM3 mutants can be replicated through mutations in DLL4. Aberrant DLL4/notch signaling results in 
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overexpression of vasodilators during angiogenesis. The phenotype of hyperangiogenesis in CCM3 deficient 
condition can be rescued by overexpression of DLL4. Abnormal Notch signaling leads to many downstream 
effects. Notch signaling is also reported to be involved in the regulation of expression of VEGF receptors, 
to modulate vascular bed architecture[129] and angiogenesis[39,130]. In fact, CCM3 deficient cells increase 
the expression levels of VEGF which affects cell survival through ERK1/2 activity[131]. ERK1/2 kinase was 
reported to be upregulated in CCM3 deficient lesions, which can be reversed when DLL4 function is rescued 
through induction of recombinant DLL4. Therefore, CCM3-mediated notch signaling also affects ERK1/2 
and VEGF functions leading to abnormalities in EC cells. The finding that CCM3 deficient phenotype can 
be rescued through DLL4 overexpression creates a promising venue for future pharmacotherapy[126].

TLR4 signaling in CCM pathogenesis
It was found that induction of gram negative bacterial abscesses in Ccm1 and Ccm2 deficient mice significantly 
increased the phenotypic severity of CCM lesions. The effect was increased in mice with hematogenous 
infections of gram-negative bacteria. In fact, exposure to just lipopolysaccharide (LPS) was sufficient for 
significant lesion formation in the mice. It is well known that LPS response is mediated by TLR4 pathway[132] 
and that MEKK3 deficiency terminates the signal[133]. MEKK3-KLF2/4 pathway has already been implicated 
in CCM lesion formation[90], which is further validated by decreased expression of KLF2/KLF4 with an 
LPS injection, suggesting the existence of TLR4-MEKK3-KLF2/4 pathway. Furthermore, heterozygous TLR4 
mutants had a significantly decreased CCM lesion formation and homozygous mutants had a complete 
resolution of CCM lesions. This suggests that TLR4 signaling drives CCM lesions development. In fact, 
genetic polymorphisms in TLR4 (rs10759930) and CD14 (rs778587) (a TLR4 co-receptor) that result in 
increased expression of respective proteins do result in increased CCM lesions. These findings were further 
supported by lack of CCM lesion formation in mice that were surgically removed as fetuses and grown in 
sterile conditions. Therefore, exogenous stimulation of TLR4 may be involved in CCM lesion formation. Two 
additional experiments were also performed to prove post-natal suppression of lesion can be achieved: (1) 
TLR4 antagonists can decrease lesion severity in mice through decreased TLR4 signaling; (2) the course of 
antibiotics also decreases lesion severity. These antibiotics altered the nature of the microbiome in the mice 
for decreased TLR4 stimulation. This report provides a new avenue for potential CCM pharmacotherapy[134]. 

CELLULAR FUNCTIONS AND BIOGENESIS
Angiogenesis 
CCM lesions are hallmarked by abnormally increased EC proliferation. There are many proposed mechanisms 
for angiogenesis implicated in CCM. ICAP1α is involved in NOTCH signaling. Therefore, loss of CCM1 or 
ICAP1α results in increased angiogenesis[104]. CCM3 is also reported to be involved in NOTCH signaling 
resulting in increased angiogenesis[126]. CCM proteins also modulate MAP kinase activity which in turn 
modulates angiogenesis[89]. It is also reported that CCM3 increases VEGF receptor concentrations, thereby 
resulting in increased EC proliferation[135]. However, there is still controversy of the mechanistic pathways 
for control of angiogenesis by the CCM proteins[23,136].

Microvascular integrity
CCM lesions are not only hallmarked by the presence of abnormal EC proliferation and migration but 
also increase the leakage predisposing the lesions to hemorrhage. There are several explanations for this 
phenomenon. ANKS1B is a novel PTB domain containing protein that binds to the third NPXY motif in 
CCM1. No change of EC cell proliferation, migration or sprouting was observed in ANKS1B-deficient EC, 
suggesting that ANKS1B-deficiency did not affect the CCM1 activity or Notch signaling. However, these EC 
cells had decreased transendothelial resistance (TER), which cannot be rescued by ROCK inhibitors. This 
observation indicates that ANKS1B regulated EC cell adhesion without involving RhoA signaling. Further, 
increased TER was achieved by overexpression of ANKS1B in CCM1 depletion, indicating that CCM1 is not 
involved in ANKS1B signaling either[137]. Another explanation is that the increased vascular permeability 
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is due to stress fiber formation in CCM lesions. CCM proteins are responsible for inhibiting Rho kinase. 
However, unopposed activation of Rho kinase results in increased phosphorylation of myosin light chain, 
which was also seen in CCM lesions[58]. Another theory is the dysfunction of RAP1 and CCM1. CCM1 
acts as a scaffold for RAP1 and is important for cell junction protein β-catenin and VE-Cadherin, thereby 
stabilizing the cell membrane. VE-Cadherin is a part of the adherens junction[138]. Therefore, dysfunction 
of VE-Cadherin affects cell contacts. β-catenin is a nuclear factor. Dysfunction of CCM proteins results in 
increased translocation of β-catenin in the nucleus that lead to EC proliferation[139]. 

The vascular permeability seen in Ccm1 knockout mice can be rescued by SOD2 and catalase infusions with 
antibody-mediated targeting to the endothelium. TNF-α was able to induce vascular permeability in the 
arterioles in these rescued mice. However, TNF-α is unable to induce vascular permeability in Ccm1 null 
mice. It was also shown that in the absence of CCM1, TNF-α was unable to generate ROS. This suggests 
that TNF-α function involves CCM1. Yet, CCM lesions have shown to have elevated ROS. This is a result 
of increased activity of NADPH oxidases (NOX). Both in vitro and in vivo CCM lesions showed significant 
up-regulation of NOX4. NOX4 is not only a source of ROS, but also an enhancer for downstream activation 
of NF-κB. This can be rescued by treatment of NOX4 inhibitors. Furthermore, broad spectrum NF-κB 
inhibitor (i.e., N-(E)-p-coumaroyl-3-hydroxyanthranilic acid, YAv1) inhibits NF-κB activation due to NOX4 
or TNF-α, which can rescue the defective endothelial barrier seen in CCM[140]. These inhibitors could 
potentially be utilized for CCM pharmacotherapy in the future.

CCM1 protects cells from oxidative damage
All three CCM proteins follow a knudsonian pattern of inheritance. Therefore, a second mutation is 
necessary for development of lesions and reactive oxidative species are a source of DNA mutations. Initially, 
Ccm mouse models were made with Ccm1 and Ccm2 heterozygous mutant mice. However, these mice 
never showed any CCM lesion phenotype, so another mutation, Msh2, was developed into these mice. Msh2 
is a DNA damage-repair protein that decreases DNA mutations. Only mice with heterozygous Ccm1 and 
homozygous Msh2 deletion showed considerable vascular CCM lesions[101]. Ccm1 is a regulator of FoxO1, 
through an unknown mechanism. This transcription factor induces the transcription of Sod2 and Sirt1, two 
important anti-oxidants in the cell[106]. It was also shown that CCM1 can regulate Rho GTPase, by interacting 
with ND1-L in the presence of oxidative stress[107]. Another potential pathway modulated by CCM1 to limit 
oxidative stress is JNK/c-Jun signaling. In CCM1-null cells, there is an overexpression of C-Jun which can be 
reversed by reintroduction of CCM1. Therefore, CCM1 protects the cells from downstream oxidative stress 
of C-Jun redox pathways[141]. The cells lacking CCM1 also have increased activity of COX-2, a mediator of 
inflammatory pathways in the cells[142]. This is consistent with the in vivo data that Ccm1 knockout mice had 
hyper-exaggerated response to inflammatory agents[143]. Therefore, it can be concluded that inflammation 
and oxidative stress are involved in CCM lesion formation[144]. CCM1 provides protection against oxidative 
stress in the cell by utilizing anti-inflammatory and anti-oxidant pathways[106]. 

CCM is associated with increased ROS that mediate cellular damage. The cell usually responds through 
up-regulation of anti-oxidant enzymes. CCM1 depletion induced lesions show increased levels of Nrf2 
transcription factor and Glo1 enzyme, both having important anti-oxidant functions in the cell. This results 
in a paradoxical increase in cell death due to protective mechanisms. However, chronically activated anti-
oxidant mechanisms result in impairment of regular redox reactions in the cell. Many other vascular diseases 
have overactivation of Nrf2[145,146]. It was shown that chronic Nrf2 activation as seen in CCM is paradoxically 
associated with increased ROS production. This, in accordance with other studies, shows that the anti-
oxidative effects of Nrf2 are only seen at certain concentration levels[147]. Loss of function (LOF) of CCM1 
results in increased JNK signaling, which has been shown to lead to increased Nrf2 activity[148,149]. JNK 
inhibitors resulted in decreased Nrf2 activation and restored ability of autophagy. Impaired autophagy is 
seen in CCM lesions and rescue of this phenotype suggest that it is mediated by JNK signal pathway. Similar 
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to Nrf2, supraphysiological concentrations of Glo1 result in increased sensitivity to oxidative stressors[150,151]. 
These cells also have decreased levels of heat shock protein (HSP), Hsp70 and Hsp27, which have a protective 
role in the cell by increasing cellular capacity to handle stressors. The sequential effects by Glo1 compound 
to increase sensitivity to stressors and decrease tolerance, result in greater propensity towards intrinsic cell 
death in CCM1 deficient condition[152].

Appropriate valvulogenesis is predicated on CCM1-CCM2 complex
The fluid stress on the EC cells is paramount for appropriate differentiation of the heart. It is shown that 
abnormalities in blood flow through alteration of KLF2a/b activity affect heg1. Heg1 is localized to areas of 
myocardium with increase fluid forces in zebrafish[153]. It was found the increased Heg1 expression stabilized 
Ccm1 in these cells. Therefore, overexpression of Heg1 resulted in increased Ccm1 leading to decreased 
Klf2a activity. This decreased Klf2a activity desensitizes the cells to the fluid forces resulting in appropriate 
valvulogenesis. In the absence of Ccm1, the endocardial cushions do not develop into functional valves. 
Induced expression of Ccm1 to endocardial cushions in Ccm1 deficient zebrafish resulted in development 
of valves. These cells were shown to increase Notch signaling and decrease Klf2a activity with the targeted 
expression of Ccm1. Similar valvular defects were also seen with the inhibition of Notch activity[154]. 
Therefore, CCM proteins are involved in appropriate valve development[155].

CCM2 and CCM3 function coordinately in gonadogenesis
Ccm2 and Ccm3 gene expressions are upregulated in adult mouse testis and ovaries, correlating with 
CCM2 and CCM3 protein expression, suggesting the involvement of Ccm2 and Ccm3 in the regulation of 
gonadogenesis. The expression pattern of CCM2 changes through embryogenesis. In the prenatal testis stage, 
CCM2 is mainly expressed in the interstitial cells of Leydig with little expression in gonocytes. Throughout 
gonad maturation, CCM2 begins to be expressed in spermatocytes, followed by the expression of CCM3. 
In ovaries, CCM2 is found in the oocyte nucleus at birth. Overtime this expression is decreased while the 
expression of CCM2 is increased in adult granulosa cells. The CCM2 in granulosa cells is expressed solely 
in the cytoplasm based on the spatiotemporally differential expression patterns of CCM2 and CCM3 in 
the testis and ovaries; it is plausible that CCM2 and CCM3 proteins may have different physiological roles 
during testicular and ovarian development[156]. Homozygous Ccm3 mutants in a C. elegans model rendered 
them sterile. These Ccm3 mutant worms had multinucleated germ cells that showed hypoproliferation, 
which may be caused by altered expression of Rab-11. Ccm3 promotes endocytic recycling by interacting 
with Rab-11. Defective endocytic recycling could result in decreased expression of Glp-1, a mediator of 
Notch signaling, and Rme-2, a mediator of protein endocytosis. Ccm3 deficient germ cells have defective 
late-stages of cytokinesis leading to multinucleate giant cells. Polarity of C. elegans is modulated by non-
muscle myosin[157], while non-muscle myosin distribution is regulated by Ccm3. Ccm3-null embryos have 
aberrant expression of Par-6 and Par-2, both of which are polarity proteins. Therefore, it can be concluded 
that embryonic polarity is mediated by Ccm3[158].

CCM2 plays a role in the cardiac phenotype seen in CCM
As we described before, CCM2 binds to MEKK3 through the HH domain, leading to increased expression in 
KLF2, KLF4, ADAMTS4, and ADAMTS5[115]. These expression changes can be detected in the earliest stage 
of CCM lesions. The increased KLF4 and KLF2 were not only found in CCM lesions but also blood vessels in 
the cerebellum in Ccm1 knockout mice. These increased expressions were also reported in both sporadic and 
familial forms of human CCMs. Also, their early presence suggests that KLF4/KLF2 may be involved in the 
formation of lesions. MEKK3 is a MAP3 kinase that controls KLF2/KLF4 activity which is especially critical 
in cardiogenesis. Ccm1 null mutant mouse model is embryonic lethal, but Map3k3 haploinsufficiency is able 
to rescue this lethality. To determine the temporality of the Rho activation vs. MEKK3 activation, CCM1 
depleted EC cells treated with hydroxyfasudil (a Rho inhibitor) was unable to normalize the levels of KLF4/
KLF2 while normalized KLF4/KLF2 levels in CCM1 null cells resulted in normal level of Rho activation, 
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suggesting that the KLF4/KLF2 signaling is upstream of the Rho activation in CCM lesions[90]. Increased 
KLF4/KLF2 expression can lead to increased ADAMTS that functions to cleave proteoglycan matrix such 
as versican. Therefore, the up-regulation of ADAMTS can lead to disruption of intervening parenchyma 
around the blood vessel resulting in the formation of a cavernoma[12,13].

CCM3 is a regulator of cell apoptosis
CCM3 has been linked to both apoptosis and cell survival pathways. Initially, CCM3 was discovered as a 
protein for granulocyte apoptosis. One proposed mechanism is that CCM3 binds with VEGFR2 resulting 
in increased stabilization of the receptor. Decreased CCM3 results in increased degradation of VEGFR2 
leading to decreased VEGF stimulation[135]. Furthermore, CCM3 is implicated in translocation of MST4 to 
the periphery of the cell where it activates ERM proteins. These ERM proteins are anti-oxidative and thereby 
prolong cell survival[159]. 

CCM3 plays a role in exocytosis
CCM3 is known to interact with STK24 and UNC13D, a known vesicle fusion regulator, in neutrophils. 
STK24 is an inhibitor of neutrophil vesicle exocytosis. STK24 deficient neutrophils release larger amounts 
of enzymes through exocytosis. STK24 localizes to neutrophil granules. There are two pools of granules 
in neutrophils: readily available and reserved. STK24 is associated with increased release of the reserved 
pool. UNC13D is a protein that binds to vesicles to promote their exocytosis. STK24 inhibits UNC13D[160,161]. 
CCM3 has a dual effect on neutrophil exocytosis. CCM3 binds to STK24 and stabilizes it to increase 
neutrophil exocytosis. However, CCM3 also increases the binding of UNC13D to liposomes through a 
calcium mediated mechanism, which is only seen in high intracellular concentrations. This inactivates excess 
UNC13D, resulting in decreased exocytosis. Simply stated, CCM3 is important for maintaining equilibrium 
of neutrophil exocytosis. Loss of CCM3 increases exocytosis of granules in neutrophils. This has been shown 
in renal ischemia-reperfusion injury model where reperfusion resulted in increased damage, suggesting that 
CCM3 deficiency results in an increased oxidative damage due to neutrophil exocytosis[162].

CCM3 controls EC proliferation. Weibel-Palade bodies are granules in EC cells that contain angiopoietin-2 
(ANGPT2)[163,164]. ANGPT2 binds to a tyrosine kinase receptor, TIE-2, and regulates the formation of EC 
cell-cell junction in angiogenesis. Ccm3 knockout mice were shown to have increased Angpt2 expression. 
Furthermore, TIE-2 showed more phosphorylation in areas such as cerebellum and retina, areas classically 
known to form CCM lesions. As explained previously, CCM3 is a mediator of exocytosis in neutrophils 
through UNC13B. It was seen to mediate exocytosis in EC as well. EC cells were shown to have increased 
exocytosis of granules which can be rescued by the suppression of UNK13B. ANGPT2 transcription or 
translation was not affected by CCM3 silencing, suggesting that this is not regulated at the transcriptional 
level. This is consistent with the theory that CCM3 blocks of exocytosis of ANGPT2. A decreased CCM lesion 
burden was observed in Ccm3 knockout mice with the introduction of ANGPT2 antibodies, reaffirming 
the involvement of TIE2 signaling in the CCM lesion formation. This finding provides another venue for 
potential pharmacotherapy[90].

CCM3 might have multiple cellular functions through its partners
CCM3 interacts with STK25 or MST4 to form the STRIPAK complex[165] which localizes to the cis-face 
of the Golgi complex[61]. At this location, it plays a role in appropriate positioning of the Golgi. GCKIII 
kinases are activated by homodimerization and resulting in its autophosphorylation, but activation is 
tightly regulated by CCM3[95]. Dysfunction of CCM3 results in the malposition of Golgi complex and 
centrosome[166]. Migration is essential for proper placement of EC cells during angiogenesis. Increased 
expression of CCM3 causes over migration of EC cell[162]. Therefore, dysfunction of this process could be 
involved in the formation of CCM lesions. 
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CCM3 stabilizes intracellular bridges
Certain cells such as germ cells have cytoplasmic connections that regulate cell-cell communication and 
coordination. Anillin proteins such as ANI-1 and ANI-2 regulate the length of these projections. ANI-1 is 
known to decrease bridge length, while its antagonist, ANI-2, increases bridge length[167]. It was found that GCK-1 
that is regulated by CCM3 binds to ANI-1. Therefore, deficiencies in CCM3 and GCK-1 result in a decrease 
in intracellular bridge size. This results in multiple histological defects in the gonads such as reduced distal 
arm length, rachis diameter, and brood size. Fluorescence imaging studies showed that CCM3 localizes to the 
bridges. Co-deletions of CCM3/GCK-1 and ANI-1 resulted in increased bridge number, suggesting a similar 
pathway between GCK-1/CCM3 and ANI-1. Non-muscle myosin II (NMMII) is responsible for constriction of 
bridges. However, unopposed activation of NMMII causes hyperconstriction and results in destabilization of 
bridges[168]. CCM3/GCK1 deletion resulted in increased localization of NMMII to the intracellular bridges and 
ANI-1 binds to NMMII. Therefore, it was postulated that intracellular bridges is regulated by CCM3-GCKI- 
ANI-1- NMMII signaling cascade. Yet, co-deletion of these genes did not affect bridge size. Therefore, it is likely 
that GCK1/CCM3 affects intracellular bridges through other signaling pathways. 

CCM lesions have defective autophagy
CCM3, along with CCM1 and CCM2, are involved in many signaling pathways that result in increased 
production of ROS: Sirt1/FoxO1, JNK/c-JUN, β-catenin, and TGF-β pathways[146,169-171]. This oxidative stress 
will damage organelles in the cell. However, inadequate autophagy mechanisms hinder cell recovery ability 
leading to progression of disease. CCM lesions show defect in autophagy through increased activity of 
mTOR. Inhibitors of mTOR were shown to reverse the defect in autophagy suggesting that mTOR is involved 
in the process, which provides another set of pharmacotherapeutic agents in CCM.

CCM lesions have differentially expressed miRNA
The composition of micro RNAs (miRNAs) in CCM lesions was analyzed through an mRNA expression screen. 
These results were supported by RT-qPCR. Compared to normal controls, it was found that 10 miRNAs were 
upregulated and 42 miRNAs was downregulated in CCM lesions. A more stringent analysis showed 5 miRNAs 
that were very significantly downregulated. Using bioinformatics, potential binding mRNAs to these 5 miRNAs 
were identified. One of the miRNAs had a potential 981 binding partners. Several proteins already implicated 
in CCM lesions were found to be targets of these miRNAs including MLLT4, VEGFA, MAPK1, RAC1, RHOA, 
FOXO1, ENG, SMURF1, and HEYL[17,83,99,106,126,139]. It was concluded that three miRNAs (let-7b-5p, miR-361-5p, 
and miR-370-3p) can potentially be involved in the pathogenesis of CCM[172].

CCM3 was frequently implicated in tumorigenesis
CCM3 was initially identified as a tumor-associated apoptotic protein[21]. Several cases of meningiomas 
have been reported in patients with dysfunctional CCM3, suggesting that CCM3 could potentially act as 
a tumor suppressor[31,173,174]. One report stated that CCM3 deficient EC cells can continuously proliferate 
in cell cultures. In fibroblasts, CCM3 deficient cells can grow several more generations before entering 
senescence, comparing to wild-type cells. This suggests that the depletion of CCM3 delays cell senescence. 
Gene enrichment analysis showed a decreased production of cytokines in CCM3 deficient EC cells. Cytokine 
production was not inducible with TNF-α in these cells. It was found that these cells have a defect in C/EBPβ 
activity. C/EBPβ expression was upregulated in CCM3 deficient cells, which delays the progression of cells 
into senescence. Therefore, the lack of C/EBPβ activity is the likely driven factor in delaying the cells into 
senescence. Gene enrichment analysis showed decreased expression level of lysosome gene set. Senescent 
cells have increased autophagy for unutilized organelles and CCM3 deficient cells do not show increased 
activity of autophagy. Growth of CCM3 depleted cells in minimum nutrient media showed impairment of 
autophagy. Therefore, CCM3 deficiency increases C/EBPβ activity that, in turn, impairs cell senescence, 
resulting in declined cellular autophagy[175]. More research is needed to elucidate the underlined relationship 
between CCM3-mediated senescence and meningiomas. 
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CCM3 mRNA 3’UTR was found to be able to bind to Mir-103, a microRNA that was found to be associated 
with prostate cancer. This microRNA was found to be down-regulated in prostate cancer. Furthermore, 
in vivo studies showed that up-regulation of Mir-103 restored cells to senescence. The in vitro studies of cell 
culture showed that Mir-103 plays an important role for G1/S cellular checkpoint. When Mir-103 binds to 
CCM3 mRNA, it targets the CCM3 transcript for degradation. The decreased expression of CCM3 in the 
cell leads to increased apoptosis. Further, overexpression Mir-103 in normal cells resulted in increased 
apoptosis. Likewise, down-regulation of CCM3 observed in a prostate cancer cell line resulted in increased 
apoptosis[176], suggesting that CCM3 may play a role as oncogene or tumor suppressor (depending on cell 
signaling), in the tumorigenesis.

In summary, CCM proteins form a signaling complex (CSC) that have been demonstrated to play major 
roles in the regulation of multiple cell structures and signaling mechanisms involved in fundamental 
physiological and biogenic functions, as well as in cell responses to various environmental stressors. We 
have detailed these recent findings in the review, with a diagrammatic summary of major functions of CSC 
in three categories: interactome, signalome, and vasculome [Figure 1].
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Figure 1. The cellular roles of the CSC complex. The schematic diagram summarizes the known CSC interaction protein partners 
(interactome), defined CSC-modulated signaling pathways (signalome), and distinct molecular and cellular functions of CSC complex 
(vasculome) with our current understanding of CSC cellular functions. CCM: cerebral cavernous malformations; CSC: CCM signaling 
complex; EC: endothelial cells 
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Abstract
Hypertension remains a leading risk factor of cardiovascular (CV) events and disease in the general population. The 
prevalence of hypertension is present in developed and developing countries and according to various assessments may 
fluctuate between 30% to 90% with considerable regional differences. Hypertension influences CV risk and mortality 
rate through target organ damages that affect vasculature particularly endothelium. Endothelial dysfunction is an 
independent risk factor of CV complications. Recent studies have shown that a decreased number and altered function 
of circulating endothelial progenitor cells (EPCs) may be a powerful marker of endothelial dysfunction with possible 
predictive value. The aim of this review is to update the current evidence of the role of endothelial progenitor cell 
dysfunction in impaired vascular reparation and CV risk in hypertension. The review discusses the interrelation between 
EPC dysfunction and traditional CV risk factors, such as hypertension, dyslipidemia, obesity, prediabetes/diabetes 
mellitus. It has been speculated that EPC dysfunction could appear prior to hypertension and represents an appropriate 
hypertensive phenotype with exaggerated CV risk. However, the predictive value of EPC dysfunction in hypertensive 
patients is not established and requires to be investigated in large clinical controlled trials.

Keywords: Hypertension, endothelial dysfunction, endothelial progenitor cells, vascular reparation, biomarkers

INTRODUCTION
Hypertension is now recognized as an established powerful risk factor for cardiovascular disease (CVD) that 
is a primary cause of mortality and disability worldwide[1]. The prevalence of hypertension relates closely 
to age, sex, urban/rural location, lowered income in certain countries, affordability of insurance, type of 
nutrition, and comorbidities, such as diabetes mellitus, obesity, and chronic kidney disease[2,3]. The prevalence 
of the disease in developing and developed countries varies and fluctuates from 30% to 90% confirming 
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considerable regional differences in the prevalence of hypertension[4,5]. Moreover, there is evidence that up 
to 90% of all hypertensive patients have uncontrolled blood pressure (BP) determined as > 140 mmHg and > 
90 mmHg for office systolic and diastolic BP respectively[5,6]. Recent observational and clinical studies have 
shown that target organ damages were more frequently detected in uncontrolled hypertensive individuals 
and resistant hypertensive patients than those who had fully controlled hypertension[5,7]. Nevertheless, it 
was found that the endothelial dysfunction may be a result of direct vasculature damage due to the effect 
of cardiovascular (CV) risk factors and the natural evolution of hypertension[7,8]. Additionally, endothelial 
dysfunction is strongly associated with not only a very high CV risk profile, but a higher rate of CV events 
in hypertensive individuals[8]. Although endothelial dysfunction emerges as a primary cause of essential 
hypertension and its evolution understanding the whole components involving in the pathophysiology 
of regulation of vascular structure and function become of great importance for the prediction of target 
organ damage and risk stratification[9]. The investigation of clinical significance of the role of endothelial 
dysfunction in developing and progression of essential hypertension could open novel perspectives for 
targeting the treatment of hypertension.

The pathophysiological mechanisms of endothelial dysfunction development involve several factors 
contributing to various causes of loss of normal vascular function and structure. The experimental models 
of essential hypertension have confirmed that genetic/epigenetic factors interacting with traditional 
(smoking, dyslipidemia, insulin resistance, diabetes mellitus) and specific (hyperuricemia, vitamin D 
deficiency, elevated homocysteine levels, inflammation, oxidative stress, hypercoagulation) CV risk factors 
and surrounding environment may regulate vascular reparation through synthetiz ing and release of various 
spectra of vasoactive substances including nitric oxide (NO), involving cell mechanisms and attenuation of 
synthesis of pro-inflammatory cytokines, chemokines, and reactive oxygen species (ROS)[10-14]. Consequently, 
vascular resident cells and circulatig progenitor cells with different origin and phenotypes (mononuclear 
and endothelial progenitor cells) may play a pivotal role in vascular repair, improving vascular integrity and 
function[15]. Finally, the imbalance between vasculature damage and vascular reparation capability could be 
considered as an independent factor contributing to endothelial function and vasculature structure that are 
central players in vascular tone regulation and target organ damage prevention[16-19]. The aim of this review 
is to update the current evidence of the role of endothelial progenitor cell dysfunction in impaired vascular 
reparation and CV risk in hypertension.

DEFINITION OF ENDOTHELIAL PROGENITOR CELLS
The pioneer work provided by Asahara et al.[20] (1997) first reported about existing populations of circulating 
cells with impressive angiogenic capacities. Using animal models of ischemia the authors found sites of 
active angiogenesis with incorporation into its putative progenitor endothelial cells or angioblasts, which 
were further isolated from peripheral blood of animals and humans by magnetic bead selection on the basis 
of cell surface antigen expression[20,21]. In vitro these cells expanded and committed to form an endothelial 
lineage in colonies in culture, and in vivo after transplantation these cells have been incorporated into 
cores of active neovascularization demonstrating an ability to attenuate angiogenesis and vascular function 
through differentiation into mature microvascular endothelial cells[22,23]. It has been postulated that these 
cells called endothelial progenitor cells (EPCs) may origin from bone marrow stem cells and human 
umbilical cord blood and that they may mobilize and migrate from bone marrow, differentiate into mature 
endothelial cells and probably smooth muscle cells of vessels, as well as synthase and release a wide range of 
active molecules and growth factors [vascular endothelial growth factor (VEGF), fibroblast growth factor, 
granulocyte-macrophage colony-stimulating factor] that modulate vasculogenesis and improve vascular 
integrity[24,25].

DETERMINATION OF IMMUNE PHENOTYPES AND FUNCTIONALITIES OF EPCS
Early attempts to verify the population of EPCs were based on determination of molecular characteristics 
especially when flow cytometry technique was being implemented. To improve the understanding in im-
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mune phenotypes of EPCs, a consensus on common strong endothelial markers was initiated, which are 
expressed on the surface of these precursors. The cells may express cell markers of endothelial cells and their 
precursors, such as CD31, CD144, KDR (CD309, VEGF receptor-2), and CD133, but in absence of CD45[26,27]. 
The CD45(-) cells, which are detected and isolated based on single or combined expression of CD34, CD133 
and CD309, were referred to as EPCs[26]. Three antigens, i.e., CD133, CD34, and CD309, are constitutively 
determined on the surfaces of EPCs, while after differentiation EPCs lose CD133 antigen and begin to be 
positively present on CD31, vascular endothelial cadherin, endothelial NO synthase (eNOS) and von Wil-
lebrand factor. However, EPCs expressed sufficient distinction in self-renewal ability that was determined 
using colony-forming method[28]. It has been speculated that a specific property may allow a more precise 
definition of EPCs, because the majority of antigens used as molecular markers were commonly shared with 
the various cells from hematopoietic lineage[29]. Indeed, some fractions of EPCs with high proliferating ca-
pacity could contain non-hematopoietic population of CD45(-), CD31(+) cells with additional presentation 
CD117(+). Taken together, the combination of CD45(-), CD31(+), CD 133(+), CD34(+) and CD309(+) or von 
Willebrand factor (+) probably allows for getting reliable purification of progenitor endothelial subsets from 
mononuclear cells with presentation of endothelial markers. 

Depending on the ability to appear in fibronectin coated dish all EPCs were divided into early outgrowth 
(5-7 days after fibronectin plating) or late outgrowth endothelial cells (7-10 days after fibronectin plating). 
Interestingly, the late outgrowth precursors originated from peripheral blood mononuclea cells and ex vivo 
demonstrated immune phenotypes (CD31+, CD146+, CD105+, and CD309+) and functional properties suitable 
as mature endothelial cells. Indeed,two distinguished populations of late outgrowth progenitor cells based 
on differential expression of the cell surface marker CD34 have been identified. The population of EPCs with 
co-expression of CD34 antigen additionally to CD31(+), CD146(+), CD105(+), and CD309(+) exhibited higher 
proliferative capability to CD34(-) EPCs. Therefore, CD34(+) EPCs had reproduced tubes and colony shaping 
in the single-cell colony-formation investigation as well as they responded to angiogenic growth factors[28]. 
In contrast, CD34(-) cells had limited capability to reproduce colonies or even had none of these properties 
in vitro. There is evidence that the absence of CD34(+) EPCs in the colony leads to cultures collapsing 
within one or two passage and confirming a strong hierarchy in self-renewal of EPCs, which may be an 
extremely important functional feature of precursors[28]. Thus, late outgrowth precursors may differentiate 
into functionally mature endothelial cells and progenitor-like angiogenesis-promoting cells (CD34+ EPCs)[29]. In 
fact, the colonies are shaped by heterogeneous populations of EPCs that express different markers suitable 
for endothelial and monocyte lineage. Finally, CD34(+) EPCs mediate marginally to angiogenesis and 
neovascularization by differentiation, although they are potent triggers and powerful regulators of pro-
inflammatory response and remodeling of vascular wall[29,30]. Other candidates for cell surface molecule 
markers and genes’ signatures to a functional determination based surely on self-renewal hierarchy of 
EPCs are actively investigated. Thus, there are several populations of endothelial progenitors with different 
proliferative activity and angiopoetic capabilities that can represent markers of endothelial reparation/injury 
and endothelial dysfunction.

THE MECHANISMS OF ANGIOPOETIC ACTIVITY OF EPCS
Previous preclinical and clinical studies have shown that several factors, such as VEGF, stromal cell-
derived factor-1 (SDF-1) may enhance differentiation, proliferation, adhesion, and incorporation into 
endothelial cell monolayers of EPCs through VEGF/eNOS-related and chemokine SDF-1 Akt-related 
pathways[31-33]. Moreover, there is evidence that the blockade of VEGF or eNOS prevented all VEGF-induced 
and SDF-1alpha-induced effects toward EPCs including ischemia-induced proliferation, vasculogenesis 
and angiogenesis[33,34]. In this context, the transfer of genes (cdkn1c and il33) that are coding p57 and an 
endothelial cell cycle inhibitor may regulate self-renewal capacity of EPCs. Recent studies confirmed that 
increased expression of these target genes of Notch signaling play a pivotal role in regulation of cell cycling 
with EPCs and stem cells[35,36]. Thus, EPCs contribute their angiopoetic effect through direct differentiation 
into mature endothelial cells and probably into cells with other phenotypes like smooth muscle cells[37]. 
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Additionally, there are data that confirmed that circulating EPCs originated from bone-marrow stem cells 
and peripheral mononuclear cells may directly contact to the injury sites of endothelium and influence 
them to induce local proliferation of residence cells, as well as promote auto- and paracrine effects. Indeed, 
acting as circulating EPCs enables to exhibit auto- and paracrine influences of hematopoietic cells including 
mononuclear cells, as well as local residence cells with high proliferative capacity[37-39]. In this way, EPCs 
release micro vesicles with regulatory proteins, peptides, micro-RNAs, growth factors (VEGF), and 
hormones (aldosterone) and secrete a wide spectrum of active molecules (E-selectin, P-selectin) directly 
into the circulation[40,41]. Both secretome and proteome of EPCs were recognized as central players in the 
reparation of the endothelial layer and restoring of vascular function[42]. Indeed, EPCs turn over mature 
endothelial cells and immediately become a target for inf lammatory cytokines, factors of coagulation, 
hormones (catecholamines, aldosterone, angiotensin-II, endothelin-1), active molecules that have the 
ability to induce apoptosis. Apoptotic endothelial cells switch over to the secretion of micro vesicles 
to nanoparticles, which contain chromatin. Apoptotic-related nanoparticles are produced by mature 
endothelial cells and directly lead to injury of the endothelium and mediate inflammation and coagulation, 
but activated mature endothelial cells realize micro vesicles with angiopoetic properties that enhance 
vascular reparation and attenuate endothelial function[42,43]. Thus, EPCs with angiopoetic phenotypes may 
interact with vasculature in direct and indirect ways depending on the pre-existing ability of EPCs to 
proliferation, differentiation and survival as well as the spectrum of co-regulatory factors, which mainly alter 
maturation and commitment of stem cells/progenitor precursors and impair EPC mobilization.

THE EPCS DYSFUNCTION: RELATION TO CARDIOVASCULAR RISK FACTORS
EPC dysfunction was described as a phenomenon strongly associated with decreased number and/or 
weak function of circulating precursors[42]. Deficiency of circulating number of EPCs and weak function 
of them are found in senescence, atherosclerosis, stable coronary artery disease, myocardial infarction/
acute coronary syndrome, heart failure, atrial fibrillation/flutter, chronic kidney disease, morbid obesity, 
diabetes mellitus, hyperthyroidism, insulin resistance[15,19]. Recent clinical studies have shown that EPCs 
strongly related to metabolic comorbidities (hyperuricemia, dyslipidemia, hyperglycemia) and appeared to 
resultin epigenetic modification of these cells[43-46]. Although simple count of circulating number of EPCs is 
not superior to the assay of colony-shaping ability of EPCs in the context of association with CV mortality 
rate, the number of circulating EPC has shown to be negatively correlated with CV risk factors and vascular 
function and to predict CV disease/events independently of both conventional and non-traditional CV 
risk factors[47-49]. Moreover, the loss of the ability to release micro vesicles from EPCs can be a mechanism 
of worsening of glomerular function due to microvascular inflammation and endothelial dysfunction in 
chronic kidney disease[50]. 

There is a suggestion that EPC dysfunction may appear prior to CVD without close association with CV 
risk factors, although conflicting data were obtained by numerous investigators. It has been found that the 
metabolic memory phenomenon in diabetics and pre-diabetics could be a result of EPC dysfunction[44]. 
Variability of glycated hemoglobin levels at early stages of diabetes mellitus development and insulin 
resistance are well established factors contributing to lowered numbers and poor function of circulating 
EPCs[19,40,51]. In contrast, there are studies that reported unchanged or increased numbers of circulating EPCs 
in diabetics, in patients with increased serum uric acid and in individuals with hypertriglyceridemia in 
comparison with healthy age-matched volunteers[52-54]. Previous studies reported that in healthy individuals 
the gender had  no essential effect on the number of EPCs and that there was no effect on the number of 
EPCs factors such as: smoking, physical activity and alcohol consumption[55]. Kulwas et al.[56] reported that 
an increased number of circulating EPCs was found in patients with diabetic foot syndrome (DFS), but in 
diabetics without foot complications and healthy volunteers, the circulating number of EPCs was similar. In 
contrast, subjects with DFS, even with healed ulceration, had fewer EPCs and more CD45-CD29(+)CD90(+) 
mesenchymal stem cells when compared with the T2DM without DFS[57]. However, numerous metabolic 
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risk factors and diseases including diabetes mellitus themselves did not affect bone-marrow mobilization 
of precursors, but they altered the EPC profile and decreased the circulating number of late outgrowth 
EPCs with high proliferative capability that sufficiently worsend the reparative ability of vasculature[54]. 
On the other hand, local tissue ischemia is thought to be the strongest inductor of EPC mobilization, 
angiogenesis and reparation, but data mentioned above did not confirm that several conditions, such as 
DFS, obligatory accompany intensive angiogenesis are associated with increased circulating number of 
angiogenic EPCs and high concentration of VEGF and fibroblast growth factor. Additionally, it has been 
found that decreased soluble receptors for VEGF due to inactivation of VEGF, may correspond to decrease 
in the number of EPCs in the circulation[56-58]. Although EPCs are crucial to vasculogenesis and angiogenesis 
during ischemic neovascularization the controversial findings regarding both number and function of EPCs 
in peripheral blood require to be explained in details. Probably, EPCs are under tight control of several 
epigenetic mechanisms, i.e., DNA methylation, DNA phosphorylation, micro-RNA-related translation, etc., 
which mediate a modification of EPC function, decrease the number of EPCs and suppress their survival. 
Moreover, it has been postulated that the worsening of EPCs function is attributed to the time period during 
which EPCs have been in contact with CV risk factors and epigenetic stimuli[59]. As a result, the ability of 
the vasculature to repair itself is dramatically lowered. All these facts explain that even newly differentiated 
mature endothelial cells from precursors did not completely restore vascular integrity and function. Finally, 
endothelial dysfunction tends to persist and damage target organs leading to increased CV risk.

The next controversies affect the fact of unpredictable changes of number of EPCs in the peripheral blood 
in acute situations, such as acute heart failure (AHF) or acute coronary syndrome (ACS), or cardiac/
vascular surgery procedures[60,61]. Some investigators reported that the number of circulating EPCs in 
AHF or ACS/myocardial infarction was increased, but on the other hand there were reports of a lowered 
or an unchanged number of EPCs in humans within hours or days after manifestation of the events[62-66]. 
Also, the number of urgently recruited bone-marrow precursors can be limited due to previous expenditures for 
tissue reparations, which occurred prior to CV events, i.e., traumas and infections. On the other hand, ischemia/
hypoxia, several spectra of pro-inflammatory cytokines [tumor necrosis factor-alpha, interleukin (IL)-2, IL-4, 
IL-6, C-reactive protein], chemokines (E selectin), active molecules (intercellular adhesion molecule-1), 
matrix metalloproteinases (MMPs) and ROS that accompany atherothrombotic states, AHF, and release 
due progression of them are established factors for mobilization, proliferation and differentiation of EPC[66-69]. 
These factors impair hypoxia inducible factor-1 alpha (HIF)/p-Akt/p-eNOS/MMP-9 signaling system 
in stem cells and circulating precursors that lead to delayed and reduced EPC mobilization from bone-
marrow and probably from peripheral tissues[70,71]. The final result for changes of the number of circulating 
of EPCs depends on a balance between the ability of stimuli to immediately mobilize precursors from bone-
marrow/tissues and the pool of putative precursor cells[72-74]. Interestingly, improved functions of EPCs in 
hypertensive patients can be attained with the implementation of renin-angiotensin system blockers, such 
as angiotensin-converting enzyme inhibitors, angiotensin-II receptor blockers, direct renin inhibitors, and 
probably mineralocorticoid antagonists acting via intracellular signaling mechanisms related to SDF-1/CXC 
chemokine receptor four (CXCR4) and Janus kinase-2/CXCR4 axis[75-78]. Thus, EPC dysfunction is a novel 
pathophysiological mechanism underlying defective neovascularization and vascular/tissues reparation in 
CVD.

THE DIAGNOSTIC AND PROGNOSTIC VALUES OF EPCS IN HYPERTENSION
Endothelial dysfunction is expressed by an increase of the endothelin-1 level and decreased bioavailability 
of nitric oxide associated with altered pro-coagulative, pro-inflammatory, and pro-vasoconstrictive pheno-
types, and it is an early event in CVD that frequently precedes CV complications[79]. It has been reported 
that EPC colony number was significantly and inversely correlated with systolic and diastolic BP in subjects 
with hypertension[78]. A lowered number of EPCs in circulation was found at an early stage and represents 
a reliable predictor of endothelial dysfunction as well as a marker of target organ damages[80-82]. Indeed, 
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decreased EPC levels may contribute to the pathophysiology of albuminuria or proteinuria in hypertensive 
patients with nephropathy. In patients with essential hypertension with ECG evidence of left ventricular 
hypertrophy (LVH), the circulating levels of EPCs were lowered to those who did not have LVH[81]. In hyper-
tensive individuals with end-stage renal disease, EPC number and function were significantly reduced and 
inversely associated with CV risk[82]. Moreover, the levels of EPCs in the peripheral blood of women with 
pregnancy-induced hypertension were significantly lower compared with those of control pregnant women 
with normal BP level[83]. Numerous investigators reported that a lowered number of EPC and an altered EPC 
function related strongly not only with brachial BP levels, but the increased central aortic systolic pressure, 
aortic augmentation index, and pulse wave velocity as a marker of arterial stiffness. It altered brachial artery 
flow-mediated dilatation as a marker of endothelial dysfunction and left ventricular (LV) twisting[77,84-87]. 
Additionally, patients with newly diagnosed essential hypertension had increased proportions of various 
CD34(+) populations of EPCs and CD34(+)VEGFR2(+) c-Kit(+) EPCs[88]. Moreover, CD34(+) EPCs seem to be 
influenced by angiotensin II and KLOTHO encoding gene polymorphism[88,89]. It has been suggested that the 
increased proportions of CD34+ EPCs in the circulation may be a compensatory mechanism for increased 
endothelial damage and microvasculature inflammation in hypertension[88]. 

However, the predictive role of EPC dysfunction in hypertensive individuals remains controversial. 
Although there is a relation between both lowered level of circulating EPCs and weak EPC function in vitro 
and an increased CV risk, there is not quite enough evidence regarding independent prognostication of EPC 
dysfunction in the hypertensive population[90]. In contrast, in patients with established CAD, myocardial 
infarction, heart failure, cardiomyopathies, the EPC dysfunction was determined to be a predictor of fatal 
clinical outcomes[91,92]. In fact, EPC dysfunction associates with CV risk and frequently associates with a 
number of CV risk factors including hypertension, dyslipidemia, abdominal obesity, prediabetes/diabetes 
mellitus. Whether EPC dysfunction appears prior to hypertension or it shapes the hypertensive phenotype 
without corresponding to other CV risk factors is not fully clear[93]. In this context, the independent 
predictive value of EPC dysfunction in hypertensive patients requires to be investigated in details in large 
clinical controlled trials.

CONCLUSION
The altered endothelial function in hypertensive patients is strongly associated with a decreased number 
and a reduced function of EPCs and may be determined even at a pre-hypertensive stage of the evolution of 
the disease. There is much evidence that EPCs play a pivotal role in maintaining the vascular integrity and 
reparation preventing alteration of the endothelium and manifestation of endothelial dysfunction. The EPCs 
dysfunction is established independent of CV risk factors in the general population and in patients with 
known CV disease. In this context, a number of circulating EPCs can be recognized as potential diagnostic 
and prognostic biomarkers in hypertensive individuals, while there is not quite enough evidence from large 
clinical trials.
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Abstract
Transcatheter aortic valve implantation (TAVI) has become in the last years a primary therapeutic tool in order to treat 
percutaneously severe aortic stenosis in frail patients with multiple comorbidity and a high surgical risk. In almost all 
cases, the complexity of patients who are candidates for TAVI is also reflected in challenging access sites. This vascular 
issue addresses the invasive play of constantly evolving devices and resulting complications have a considerable impact 
on patient morbidity and mortality. For this reason, the study and the choice of the different access site require the 
attention and experience of the operators to reach the most reliable and feasible vascular approach for a real procedural 
success.

Keywords: Transcatheter aortic valve implantation, vascular access site, access complications

INTRODUCTION
The transcatheter implantation of the aortic valve is confirmed as a rapidly expanding treatment for severe 
aortic stenosis in patients with a great risk in terms of mortality to undergo cardiac surgery[1]. At the begin-
ning of this experience, a considerable size of sheaths and catheters required a real surgical access for the 
device insertion, later with the advancement of the technique, the percutaneous approach became more and 
more common because of its less invasive characteristics[2]. However, these procedures are burdened by a 
significant risk of vascular complications that represent an element of criticality in transcatheter aortic valve 
implantation (TAVI) performance and are related with adverse events and mortality[3]. In fact, these patients 
are predisposed to high procedural and bleeding risk due to challenging interventions, such as vascular ac-
cess damage for larger devices but also vessels morbidities and patient frailty[3]. The TAVI through femoral 



access is recognized as the least invasive and consequently it makes best use of the sheaths currently avail-
able. Other access options include transapical access, transaxillary, transcarotid access or a direct aortic 
approach. These have specific advantages and disadvantages and are used in those cases where there is no 
fitting anatomy to ensure safer trans-femoral access (TF)[4]. In order to achieve procedural success and avoid 
foreseeable complications, careful planning of the TAVI access site and route is essential. This is achieved 
through the pre-procedural study of the vessels involved in terms of both caliber and severity of tortuos-
ity and calcification. Therefore, an appropriate high-quality computed tomography (CT) scan with contrast 
injection is required while arteriography and intravascular ultrasound (IVUS) furnish additional data[5]. 
In this review we describe the different vascular access characteristics as well as the most relevant vascular 
complications.

TF ACCESS
Current experts’ consensus strongly supports the use of femoral artery as preferred access site for TAVI[6,7]. 
In consideration of the feasibility of using both a surgical and percutaneous approach through the femoral 
artery, besides the chosen option, the operator’s attention must be paid to preserve the vessel from possible 
damage in its use[6,7]. Although, reducing the size of the sheath with the new generation of devices, a small 
proportion of patients still exhibits unfavourable iliofemoral arteries that compel them to adopt different 
approaches[4]. The techniques of choice for vessel closure, including percutaneous puncture and prelimi-
nary suture, are performed under loco-regional anaesthesia and require open surgical access up to 20% of 
cases[6,7]. These conversions from percutaneous insertions into open or hybrid repairs apply vascular surgery 
closure techniques or percutaneous closure devices that reproduce them[6,7]. 

TF access using a surgical cutdown 
Since the sheaths of the first devices show large sizes of about 22-French (Fr) to 24-Fr, early TAVI experi-
ences required surgical access to isolate the artery and access it[7]. Surgical approach with tissue cutting and 
artery exposure is the first step in such a planned procedure and it allows to examine the vessel by checking 
the quality of the wall identifying optimal puncture site and at the same time potential vascular injuries can 
easily be controlled and repaired during one procedure. Alternatively, the procedure is performed by percu-
taneous puncture and the artery is treated surgically only to provide for closure of the vessel[8,9]. Reported 
predictors of vascular complications in TF TAVI include moderate to severe iliofemoral calcified vessels as 
well as low femoral artery sheath to artery ratio and in this situation performing a surgical approach is pref-
erable[8,9]. Moreover, there are cases that deserve particular indications to come along surgically as an exces-
sive depth of the vessel, as in individuals suffering from obesity, the presence of grafts or femoral stents or 
an anatomy that requires a higher puncture than the standard as in the case of high femoral bifurcation[8,9]. 
However, the surgical approach is associated with wound complications such as lymphoceles, paraesthesia, 
and potential wound infection which may delay early patient mobilization, a crucial component of the recov-
ery process for elderly patients who are prime candidates for this procedure[10,11]. Even if the use of surgery 
becomes unsustainable due to the the incompetence to accomplish a safe femoral access, it is recommended 
to consider other possible different accesses in order to avoid predictable complications, arising from the 
hostility of the route, that inevitably impact on morbidity and mortality of the patient[8,9]. 

Percutaneous TF Access 
The incidence of major vascular complications have decreased significantly from 15.3% in the TF cohort of 
the Placement of AoRTic TraNscathetER Valve Trial (PARTNER) trial utilizing 22 Fr and 24 Fr introducer 
sheaths to 4.2% in the Transcatheter Valve Therapy (TVT) Registry. Among them, life-threatening scenario 
are the thoracic aortic dissection, access-related vascular injury leading to death or significant blood trans-
fusions, distal embolization from a vascular source requiring surgery or resulting in irreversible end-organ 
damage[12]. Thanks to reduced sheath size as well as the improvements in delivery systems and patient selec-
tion based on vascular assessment through the CT angiography, TAVI procedure can be done completely 

Page 2 of 10                                                     Sticchi et al. Vessel Plus 2018;2:23  I  http://dx.doi.org/10.20517/2574-1209.2018.47



percutaneously in most of the situations[5]. The puncture for this access must be achieved on the common 
femoral artery tract bounded by the inferior epigastric artery and the femoral bifurcation, this is pivotal for 
functioning of the potential suture-mediated closure devices. The most recent and widespread sheaths have a 
size between 14 Fr and 20 Fr and they require femoral arteries of at least 6-6.5 mm of diameter and deposits 
of calcium and curves of mild-moderate but not severe degrees. After gaining access, the procedure con-
tinues by sliding the device upwards through the entire aorta until the valve plane is reached as previously 
programmed. Once the position is verified intraoperatively, the deployment of the valve, that is crimped in-
side the catheter, takes place either by inflating a balloon inside it or by slipping out of the catheter with the 
self-expanding valve structure[13]. To optimize this placement, the ventricle is stimulated at a frequency of 
180-200 bpm to lower the cardiac motion. After positioning the valve, the device is carefully pulled out, the 
anticoagulant is reversed and the entry breach is closed. In patients with severe atherosclerotic disease char-
acterized by multiple critical stenoses, large calcium plaques and forbidding angles, the use of femoral access 
is unnecessarily risky and harmful, and we can affirm the same for aneurysmal pathology. In these cases, 
it is important to study solutions using other possible ways to accomplish the TAVI[8]. The advantages of 
achieving the implantation in a totally percutaneous way include the use of local anaesthesia with the awake 
and collaborating patient as well as a rapid mobilization of the patient and a reduction in hospitalization 
time[14,15]. Closing tools and techniques seem to have favourable outcomes and have been increasingly used; 
however due to the large caliber of the sheaths, vigilant closure is necessary to be effective[14,15]. After remov-
ing the sheath, the suture threads with the guidance of additional devices such as ProGlide or ProStar as a 
“pre-closure” technique are definitely bound. In details, with the ProGlide system the femoral artery is punc-
tured and dilated with a standard arterial sheath. Then, the ProGlide device is advanced over the guidewire, 
and the first suture is deployed slightly angulated at the 10 o’clock position. Guidewire access is maintained, 
and a second ProGlide device is inserted and deployed at the 2 o’clock position[16]. Instead, the ProStar de-
vice is advanced over the guidewire until the dedicated marker lumen shows blood marking, indicating that 
the sutures and needles are within the vessel lumen. The needles are pulled back while maintaining the posi-
tion and entry angle of the ProStar device. The device is retracted, and the guidewire is reinserted through 
its gate. Then the device is removed, and a dilator is inserted[17]. At this point, similarly for both the systems, 
a regular J wire can be exchanged for a stiffer wire, and the large sheath is advanced under fluoroscopy. Af-
ter conclusion of the procedure the introducer sheath is removed, the guidewire is left in position and then 
slowly withdrawn until haemostasis is achieved since it represents the possibility to access to the artery in 
the event of bleeding due to the lack of effectiveness of the closure[16,17]. If successful, the suture knot is well 
tight and consolidated. Both the ProStar and ProGlide devices require experience and a check angiography 
is usually performed by contralateral access and it verifies the absence of injuries in the iliac and femoral 
vascular structures. The closure of all percutaneous endovascular access is related to a lower incidence of late 
groin complications and a diminished procedural time[14,15].

Percutaneous vs.  surgical cut-down in TF TAVI
Earlier studies concerning percutaneous endovascular repair of aortic aneurysm indicated comparable 
feasibility and safety of the complete percutaneous femoral approach compared to surgical cut-down and 
repair[18]. More recently, several studies have reported complete percutaneous access and closure using the 
cross-over technique on the access for device deployment in TF TAVI. They suggest comparable expediency 
and security of this novel technique as a potential alternative to the surgical approach on arterial access of 
TF TAVI[19]. Compared to the surgical approach, the complete percutaneous approach using pre-closure 
technique for arterial access/closure of large caliber sheaths (22 Fr or 24 Fr) for TAVI is suitable with accept-
able safety and potential clinical benefit including reduction in wound infection, lowering bleeding compli-
cation, and reduced hospital stay while maintaining similar major vascular event rate[19]. Nevertheless, the 
incidence of access site vascular events is still higher in the complete percutaneous group even though this 
did not appear to affect in-hospital mortality or length of hospital stay if it is recognized in timely manner 
and appropriately managed[19,20]. 
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TRANSAPICAL ACCESS
The transapical access must be performed under general anaesthesia and preferably in a hybrid operating 
room in order to have the surgical and transcatheter equipment ready for use and to the best of the possi-
bilities[21]. Briefly, a small left anterior mini-thoracotomy is performed in the fifth-sixth intercostal space to 
expose the apex of the left ventricle after opening the pericardium. In order to visualize and fix the operating 
window, the pericardium is anchored with several points to the skin. Polypropylene sutures forming a purse 
concentrically, usually in the number of two, are positioned catching wide portions of cardiac apex tissue. 
So, via the above-mentioned threads, the operator introduces the sheath into the left ventricle[22]. After trans-
catheter placement of the valve, the sheath is retracted and the sutures are tightened during rapid ventricular 
pacing to maintain low pressure in the final repair time. Transapical access approach is a “surgical” proce-
dure without impairing of the thoracic cage and has the theoretical advantages of stroke prevention avoid-
ing to cross the aortic arch with the device during the delivery[21,22]. Contrary to the direct aortic approach, 
transapical approach can be used only with the SAPIEN valve that can be assembled backwards[23]. This ac-
cess is advantageous especially in patients in whom the pre-procedure evaluation shows characteristics that 
determine a high risk of stroke and embolism as in the case of extensive calcifications, porcelain aorta and 
thrombus finding in the aortic arch[22].

DIRECT AORTIC ACCESS
Direct transaortic access is one of the possibilities of a transcatheter implantation using a surgical access and 
it is either performed by a J-shaped mini-sternotomy or a right thoracotomy. The purpose of the operating 
window is to visualize an initial portion of the ascending aorta for the introduction of the valve delivery 
device. Depending on the anatomical position of the aorta, one of the two windows is suggested. The right 
thoracotomy is recommended in cases where the aorta runs in the right hemithorax and superficially near 
the rib cage, while the mini-sternotomy is chosen in those cases in which the vessel is in a central and deep 
position[24]. Once the window is realized, a suture bag is obtained on the designated aorta section for the 
final closure and, in the center of the managed area, the access to the vessel is first performed with a needle 
puncture and then with the device. The insertion of the device into the aorta must take into account the type 
of valve that is implanted, for example for Medtronic CoreValve a distance of at least 6-7 cm from the valve 
plane is necessary in order to ensure the complete deployment of the skeleton from the sheath. Using this 
wire as a rail, the device slides up to the aortic valve. In this approach, the position of the valve prosthesis is 
promoted by the shortness of the path between the access and the valve and by the absence of stress on the 
device as it happens in the femoral access for the passage in the aortic arch. Favourably, these conditions al-
low a short learning curve by the operator[25,26]. 

After the valve implantation, the device is withdrawn while the previously prepared suture threads are tight-
ened to close the vessel wall, the technique is comparable to decannulation after cardiopulmonary bypass. 
Finally, the chest wall is restored as usually occurs in cardio-thoracic surgery. The hemisternotomy allows 
to protect the pleura and to visualize and handle a large portion of aorta in which to select the access point. 
In case of patients with coronary bypass graft, it is advisable to use the thoracotomy to avoid its course[25,26]. 
Finally, the direct aortic approach is suitable if the patient has a horizontal valvular plane or a particularly 
straight ascending aorta[25,26]. 

TRANSUBCLAVIAN
The approach through the subclavian artery takes advantage of a light sedation and local anaesthetic. In or-
der to adequately display the artery, an incision is made between the deltopectoral groove and the pectoralis 
major. This technique is less invasive than a real surgical support and, at the same time, it overcomes a pos-
sible impairment of the peripheral accesses[27]. The brachial plexus, one of the most important nerve bundles 
of our body, is located above the subclavian artery and for this reason it is fundamental to protect it from 
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complications such as artery dissection or pseudoaneurysm[28]. The artery can be highlighted by a band if it 
is accomplished through a surgical isolation and, as seen in other accesses, a suture purse is created with a 
5-0 polypropylene thread on the front side of the vessel, both for safety and for the final closure. Consider-
ing a vessel without calcific disease, a minimum of 6 mm is required for the introduction of a 18Fr sheath 
while in the case of the presence of a patent’s left internal mammary artery graft, the diameter must be at 
least 7.5 mm to maintain a sustainable downstream flow[27,28]. The artery is pierced with a standard needle 
which is inserted in the center of the prepared sutured area, on that insertion point a soft 0.035 wire with a 
J-tip is introduced and a 6 Fr sheath is inserted on it. A catheter slides over the wire in the ascending aorta, 
then the soft wire is replaced with a super-stiff Amplatz wire. So, in order to get the 18 Fr sheath through the 
subclavian artery in the proximal ascending aorta, a series of increasing size of dilators, from 10 Fr, 12 Fr, 
14 Fr up to 18 Fr, follow each other at the insertion point[27,28]. The succeeding steps for the valve deployment 
adhere to the standard protocol of the procedure. After the sheath is removed, the purse-string suture is tied 
under direct visualization that would determine if additional sutures are needed. Continuous advances of 
this technique have recently leaded to publications of fully percutaneous procedures without surgical cut-
down[27,28]. However, these improvements are not yet able to displace surgical exposure as the routine prac-
tice[29]. Performing a transubclavian approach may be particularly challenging if the aortic plane forms an 
angle greater than 30 degrees with the horizontal plane. This complexity derives from the curving that the 
device must perform and from the consequent tension on it, increasing the difficulty in the proper deploy-
ment of the prosthesis[28,29].

Furthermore, the occlusion of the vessel by the sheath or any damage to neighbouring vascular structures 
may result in dangerous ischemia, especially when it involves the flow of an internal mammary artery graft 
with possible myocardial infarction in the most severe conditions[28,29].

TRANSCAROTID
Among the possible strategies, an approach with a direct and short road to reach the planned position at the 
aortic valve plane is always recommended. This can also be achieved with the carotid access as well as with 
the transaortic and transapical approach[30]. A short path also allows a better support and greater precision in 
valve distribution than the femoral approach[30]. The patient is evaluated preliminarily to define the possibil-
ity of performing the procedure with the necessary occlusion of one carotid and therefore the maintenance 
of an adequate cerebral flow through the Willis circle from the contralateral carotid[31]. This is assessed by 
placing a shunt in the vessel to measure passive anterograde pressure in the common carotid artery, then 
the procedure is performed using a small cut as access under local anaesthesia[31]. The first series with this 
approach, through the proximal left common carotid artery, is reported by Modine et al.[32] and it counts 12 
consecutive cases performed under general anaesthesia. The study does not report peri-procedural events, 
vascular complications or bleedings, the only adverse event recorded is an embolic transient ischemic attack 
starting from the contralateral carotid access[32]. Later, a study publishes a series of cases under local anaes-
thesia using both balloon expandable and self-expandable valve. Even if the study does not report access site 
complications, major adverse cardiac event or stroke, two patients died, one during valvuloplasty and one for 
multiple organ failure. Finally, three patients developed a third-degree atrioventricular block resulting in a 
definitive pacemaker implantation[30]. Therefore, we can conclude that this type of approach requires further 
studies and technical evolutions in order to be able to enter currently as an access option, considering also 
the possible aesthetic issue that could derive from it.

TRANSCAVAL
Another recently developed approach is the transcaval-aortic access which can be a useful alternative in 
cases of severe peripheral artery disease. The access puncture is performed at the femoral vein site, reaching 
the abdominal aorta and creating an artificial cava-aorta fistula. The characteristics of the venous wall allow 
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an easy insertion of the oversized TAVI sheath. Furthermore, retroperitoneal anatomical structures guaran-
tee a low risk of bleeding that may be due primarily to the arterio-venous shunt, which is repaired with an 
occluder device at the end of the procedure[33]. 

The main challenge of this approach is the making of the cava-aorta connection through the intersection of 
the two vessel walls at the abdominal level. This can require multiple attempts by less experienced operators 
to achieve the entry in aorta, the use of haemostatic techniques, transfusions and the treating of leaks due to 
ineffective repairs. However, the learning curve appears to be short and procedural times are similar to those 
of femoral access[34]. 

Considering the importance of the vascular roadmap to reach the aortic annulus for the valve implantation, 
the evaluation of the pre-procedure CT study becomes fundamental for the assessment of the calcifications, 
the diameters and the tortuosity of the vessels. Specifically, the crossing of the cava-aorta requires careful 
evaluation of the calcification and of secondary branches in order to allow a successful closure of the iatro-
genic fistula with an occluder device. Porcelain aorta, previous abdominal endograft and other abnormalities 
of the aortic wall, represent a contraindication to this access, like an iliac severe tortuosity for the femoral 
access[35]. 

So, this approach is a valid option only in patients with a precise vascular anatomy and the for its hidden 
tricks it should be performed by skilled operators in experienced centers. Finally, it needs further studies, 
especially about the safety of the method[36].

COMPARISON AMONG ACCESS SITE
The safety and performance of the TF approach, that have been achieved thanks to the extensive TAVI expe-
rience, are the main model of comparison for other access options. The TF approach is to be considered the 
only completely percutaneous access with the use of the femoral crossover technique and vascular closure 
devices. Alternative routes are subject to the inability to perform the procedure through the femoral access 
and they are identified as independent predictors of overall and cardiovascular mortality at 5 years in the 
real-world population[37].

TA and transubclavian access are the most used routes in presence of contraindications to the femoral ap-
proach and they both show high rates of procedural success. The only difference between them and the TF, 
although it is not statistically significant, is represented by a greater incidence of potentially fatal bleeding for 
the trans-apical approach[38]. 

Studies reveal a reduction in vascular complication rate using transapical and trans-subclavian access com-
pared to a fully percutaneous femoral access. While this is easily understood for the transapical access due to 
its inherent features, data for the trans-subclavian are difficult to explain[39].

A comparison between TF versus transubclavian access produces no considerable differences in 30 days 
mortality, stroke and new pacemaker implantation. Similarly to the transubclavian access, the trans-axillary 
compared to the TF approach shows no relevant differences in 30 days mortality but it needs general anaes-
thesia more frequently and leads to a greater tendency of vascular complications[40]. 

On the other hand, the trans-apical approach is a more invasive procedure and involves a higher rate of sur-
gical conversion, longer hospitalization, a higher rate of renal failure and higher mortality rates than the TF 
route[41]. Furthermore, no statistically significant differences are reported in stroke incidence and new pace-
maker implantation using the trans-apical compare to the femoral access[39-41]. 
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VASCULAR ACCESS SITE COMPLICATIONS
The most used access for TAVI is the femoral one, which represents 70% of the procedures[42].

The most common complications performing TAVI are the dissection and rupture of the vessels that repre-
sent the vascular route of the valve device, so the vessels of the hip, pelvis, the aorta at the abdominal level 
and the aortic arch. Moreover, complications on the puncture site such as hematoma and pseudoaneurysm 
are recurrent[42]. The importance of complications derives from their proven impact on mortality and hos-
pitalization which disposes to further complications[43,44]. From the standardization of the Valve Academic 
Research Consortium (VARC) definitions, the assessment of complications frequency is more accurate. The 
incidence of major vascular complications is ranged between 10% and 20% while minor vascular complica-
tions are around 10.2%[44]. 

Since the valve is squeezed into the catheter for the deployment, the greater the diameter of the valve, the 
greater will be the diameter of the catheter and, therefore, the greater the complications for the trauma of 
the passage of the device inside vessels[45]. In particular, a ratio between the diameter of the sheath and that 
of the femoral artery above 1.05 is considered risky, as well as unskilled operator, center with limited experi-
ence, severe calcifications and a sheath size greater than 19 Fr[44-46]. 

In fact, in a large European multicentric registry, the prevalent use of the 18 Fr device brings to a consider-
able decrease of vascular complications, with a 2.9% for the trans-femoral access[47]. The study shows no 
difference in vascular complications between the two main devices Medtronic Core Valve versus Edwards 
SAPIEN XT valves with a rate of 2.8% and 3.3% respectively (P = 0.66)[47]. We are dealing with a further re-
duction of complications with the introduction of the new 14 Fr systems.

ACCESS AND BLEEDING
The formation of hematomas and the presence of bleeding at the TAVI access site are common complica-
tions, estimated between 11% and 18% of patients[48]. As previously stated, complications and therefore also 
haemorrhage and hematoma of the access site result in longer hospitalization for their management or for 
the treatment of further complications such as infections[47-49]. 

Following the reduction of the diameter of the devices and the improvement of the technique and experi-
ence of the operators and centers, there was a decrease in bleeding rates. A prompt management of bleedings 
and hematomas is essential, the less severe cases can be solved with adequate compression, possibly under 
ultrasound guidance. Hematomas of larger size, due to diagnosed late or creating compression of the sur-
rounding tissue, must be treated surgically[50]. Finally, in case of adequately early diagnosis and after failure 
of a compressive first treatment, endovascular techniques are used through a contralateral femoral access. 
These consist in prolonged inflation of a balloon at the level of the hole of vessel wall and in case of failure of 
this approach, angioplasty is performed with the placement of a covered stent[51]. 

CONCLUSION
The indications for TAVI are expanding and the always more skilled operators must guarantee the best ap-
proach in terms of safety and procedural success. On the other hand, the devices make important progress 
on technical aspects, becoming smaller, with easy delivery, accurate positioning and thus realizing the valve 
implantation in a more feasible and effective way.

Access site is one of the main topic to assure the TAVI safety and in order to choose the best approach for 
every patient and plan successful strategy of implantation, the preprocedural CT angiography study results 
are fundamental. Especially in patients with difficult access, the evaluation of risk factors and the experience 
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in endovascular techniques allow the operators to predict, face promptly and overcome vascular access com-
plications. 

Whatever the access and the chosen strategy, a discerning management of the access site in structural proce-
dures, such as TAVI, allows to protect the patient from a high morbidity and mortality.
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Abstract
Aim: Immunosuppression has evolved since the first successful orthotopic heart transplant 50 years ago. Currently, 
calcineurin inhibitors lie at the focal point of the immunosuppressive regimen. However, these drugs exhibit a variety 
of side effects, including hyperglycaemia. This in turn compounds the risk of cardiovascular disease. There is conflict 
around which calcineurin inhibitor, tacrolimus or ciclosporin, is more likely to induce diabetes.

Methods: A retrospective analysis of data from 52 patients who had received a heart transplantation at the Scottish 
heart transplant unit between January 2011 and August 2017. All patients received a combination immunosuppressive 
regimen consisting of mycophenolate mofetil, corticosteroids and either tacrolimus or ciclosporin.  Fasting glucose levels 
were compared every 3 months after transplantation for a year. HbA1c was collected and compared at one interval 
during follow-up postoperatively. Statistical analysis was achieved using Students t-test for continuous variables and 
Chi-squared test for categorical variables.

Results: The drug regimens remained unchanged in the two cohorts over the study period. The fasting glucose of 
tacrolimus treated patients was higher over the 12-month period compared to ciclosporin treated patients (7.3 ± 1 vs . 
5.9 ± 0.5, P  = 0.017). The results were significantly higher in the tacrolimus group at 9 months (P  = 0.013). In contrast 
to these findings, HbA1c of the tacrolimus group was lower than the ciclosporin group, although there was no significant 
difference (38 ± 11.4 vs . 43 ± 1.3, P  = 0.104).

Conclusion: This study suggests a relationship between tacrolimus and rising fasting glucose among heart transplant 
population. However, a longer follow-up and control of confounding variables is required to denote the long-term impact 
of immunosuppression related diabetes in heart transplant patients.

Keywords: Immunosuppression, heart transplantation, tacrolimus, ciclosporin, diabetes
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INTRODUCTION
Over the past 50 years, heart transplantation has evolved to become an acceptable treatment for end-stage 
heart failure. Immunosuppression has been pivotal to the success of this procedure. Many drugs have been 
involved in post-transplant immunosuppressive regimens. However, current guidelines recommend the use 
of calcineurin inhibitors, tacrolimus and ciclosporin. Due to the potency of these drugs, patients are prone 
to a variety of side effects including diabetes. Preventing post-transplant diabetes mellitus (PTDM) is an 
important element of successful immunosuppression in cardiac transplantation, as uncontrolled diabetes 
is associated with cardiovascular morbidity and mortality. This can be detrimental to heart transplant 
recipients as they are already at risk of cardiac allograft vasculopathy (CAV).

The aim of this paper is to retrospectively analyse the possibility of developing diabetes mellitus in heart 
transplant patients who have been treated with either a ciclosporin or tacrolimus-based regimen. This will 
be done by focusing on fasting glucose and HbA1c levels in 52 patients up to a year after transplantation.

History of heart transplantation
In 1967, Barnard[1] performed the first successful human-to-human heart transplant in Cape Town, South 
Africa. The techniques used during this operation were created by Dr. Norman Shumway several years 
earlier and are still used in modern times[1]. Although a breakthrough in science at the time, the patient 
died of Pseudomonas pneumonia on the 18th day postoperatively[1]. This highlighted concerns surrounding 
immunosuppressive regimen, an issue which would remain prevalent for subsequent years.

A year on from Barnard[1]’s success, more than 100 cardiac transplants were performed at transplant centres 
around the world. But due to the high risk of complications, the procedure soon declined with only 9 taking 
place in 1971. During this time, one-year survival was 30%[2]. A key advancement in rejection monitoring 
was the introduction of endomyocardial biopsy[3] and the classification of histological rejection[4]. This 
allowed clinicians to combine clinical and histological findings to make the diagnosis of rejection more 
accurate. Worldwide interest in heart transplantation was revived in the 1980s after an immunological 
milestone, the introduction of ciclosporin A.

Between April 2016 and March 2017, 197 heart transplants were performed in the UK[5] with one-year 
survival over 80%[6]. This is a testament to the progress made since the 1970’s. Nevertheless, there are still 
serious challenges facing the field, limiting the success of heart transplantation. Such barriers include 
CAV, a type of chronic rejection that results in hardened arteries. This can compromise long term survival 
of the cardiac allograft and ultimately lead to cardiac arrest. Another major barrier is created by chronic 
immunosuppression, which can result in drug induced complications including diabetes mellitus[7].

Overview of rejection immunology
Complex mechanisms of immunity pose a significant barrier to successful transplantation. In cardiac 
transplantation, the response to alloantigens is mediated by host T-cells. Peptide antigens are presented 
to T-cell receptors in the context of major histocompatibility complex, by antigen-presenting cells[8]. This 
binding leads to an increase in cytoplasmic calcium ions, which in turn activates the protein phosphatase, 
calcineurin. When activated, calcineurin dephosphorylates nuclear factor of activated T-cells (NFAT)[9]. 
Following this, NFAT triggers the upregulation IL-2 expression, leading to T-cell stimulation.

The adaptive response is efficiently suppressed by conventional drugs. But, when unsuccessful, alloimmune 
response can lead to destruction of the allograft (rejection). Rejection is categorised into three major types: 
hyperacute, acute and chronic. Due to effective screening (HLA and ABO blood-group cross-matching) 
on transplant recipients, hyperacute rejection is rare[10]. Although acute and chronic rejection are more 
common, the mechanisms involved are incompletely understood. There is, however, a variety of immune-
system components involved, including the T-cell response mentioned above[11]. 
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Despite the combination drug regimen targeting different stages of the immune response, illustrated in 
Figure 1, patients are still at risk of rejection. From 2010, 24% of heart transplant recipients have experienced 
rejection[12]. This suggests there is room for more pharmacological discovery in this area.

Immunosuppression regimens in transplantation

Immunosuppression aims to dampen the immune response in order to sufficiently permit engraftment of 
the transplant, while simultaneously being suitably specific such that other protective immune responses 
remain intact. This requires a complementary combination of medication that optimise immunosuppression 
while decreasing toxicity. To create this balance in regimen, drugs are provided at different doses and time-
points so their effects are maximised.

Immunosuppressive treatment consists of induction and maintenance regimens. Induction therapy is 
intense and occurs before, during and after transplantation in aim to markedly reduce rejection in early 
postoperative period. Rabbit derived lympholytic agent, anti-thymocyte globulin (rATG) is a standard 
induction drug given postoperatively. Immediate postoperative rATG therapy allows CNIs to be introduced 
later. CNIs are nephrotoxic, so this action avoids exacerbation of renal dysfunction. Batches of rATG vary in 
potency, thus in order to assess the effectiveness, patients T cells should be monitored with flow cytometry[13].

Maintenance therapy consists of a combination of drugs including: an antiproliferative, a calcineurin 
inhibitor (CNI) and steroids. Although maintenance regimens are continually evolving, corticosteroids have 
remained at the core since the first heart transplantation. However, due to their significant side effects, the 
duration and dosage of corticosteroids has decreased with time[14]. To combat this issue, combination therapy 
has moved towards targeting steps in T-cell activation, permitting lower doses for each individual drug. 

Antiproliferative agents, Mycophenolate Mofetil (MMF) and Azathioprine, operate alongside other drugs 
to target the proliferation of T- and B-cells, resulting in diminished cytotoxic T-cell response[15,16]. MMF 
is recommended over due to its decreased incidence of rejection and CAV[17,18]. mTor inhibitors, such as 
Sirolimus, also target T-cell proliferation and are an effective alternative for CNI in patients with CNI 
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Figure 1. Four drug groups that make up the foundation of maintenance immunosuppression in heart transplantation



induced nephrotoxicity[19].

Ciclosporin
The discovery of ciclosporin in the early 1970s revolutionised the field of transplantation. Initially developed 
as an anti-fungal, the potent immunosuppressive properties of ciclosporin were first recognised in 1986 (Borel, 
1986). Ciclosporin was approved for use in kidney transplantation in 1979. This dramatically improved 
the mortality of transplant patients and provided sufficient evidence to permit approval for use in heart 
transplantation in 1980. Five years after introducing the drug to cardiac transplant recipients, Shumway’s 
group reported a 1-year survival rate of 83%[20]. In 1994, the original oil-based drug was replaced by a new 
micro-emulsion formulation (Neoral, Novartis). This provided greater bioavailability and more predictable 
pharmacokinetics, enhancing the role of ciclosporin in immunosuppression[21]. The use of ciclosporin in 
transplantation has led to a steady increase in survival, with worldwide 1-year survival now approaching 
90%[22].

The calcineurin inhibitor, ciclosporin inhibits T-cell proliferation by blocking its activation. When entering 
lymphocytes, ciclosporin binds to cyclophilin, a type of immunophilin. This ciclosporin-cyclophilin complex 
binds to and inhibits the action of calcineurin. As a result, the IL-2 transcription cascade is halted. This 
ultimately blocks T-cell activation, preventing allograft rejection process.

Tacrolimus
Tacrolimus, a macrolide antibiotic, was found to possess potent immunosuppressive qualities in 1984. The 
compound was first approved for use in transplantation in Japan, 1993[23]. Due to its decreased incidence 
of rejection when combined with MMF, tacrolimus has surpassed ciclosporin to become the cornerstone 
of immunosuppressant therapy today[24]. Over 70% of patients worldwide are on a tacrolimus and MMF 
combination therapy, further highlighting the superiority of tacrolimus[12]. 

Tacrolimus exhibits similar immunosuppressive activity to that of ciclosporin. However, tacrolimus inhibits 
calcineurin through binding to a different immunophilin, FK506 binding protein (FKBP12). Tacrolimus is 
also effective as a rescue rejection therapy[25].

Although CNIs play a critical role in the preservation of allograft function, these drugs cause a variety of 
side effects, including hyperglycaemia. This in turn can result in significant morbidity and reduced quality 
of life[26].

Post-transplant diabetes mellitus
Diabetes is a metabolic disorder characterised by chronic hyperglycaemia, resulting from defects in insulin 
secretion, insulin action, or both[27]. There are several diagnostic tests for diabetes shown in Table 1, each 
test is used alongside any symptoms a patient is experiencing[28]. Although it has been proposed that PTDM 
could be a distinct entity, the natural history of diabetes after transplantation resembles type 2 diabetes[29]. 
Since the onset of both PTDM and type 2 diabetes can be insidious and patients may be asymptomatic for 
years before symptoms present. Accordingly, PTDM management follows the conventional approach used 
for patients with type 2 diabetes[30]. PTDM is not always permanent and may stabilise within weeks or 
months[31].

PTDM is a major problem among this population of patients as impaired glucose metabolism can contribute 
to increased risk of cardiovascular disease, subsequently reducing mortality in these patients.

CNI induced diabetes
The exact mechanism by which CNIs induce diabetes is unknown. One mechanism that has gained 
popularity involves calcineurin expression in pancreatic insulin-secreting b-cells. Here, calcineurin 
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undergoes a similar action to its role in T-cell activation. In pancreatic b-cells, the activation of calcineurin 
leads to the dephosphorisation and translocation of a different family of NFAT transcription factors. 
Following this, NFAT induces the expression of genes critical for multiple factors that control growth and 
hallmark b-cell functions, including insulin production and expression[19]. Therefore, calcineurin inhibition 
impairs b-cell proliferation and decreases b-cell mass resulting in reduced insulin expression. This ultimately 
leads to diabetes. 

In heart transplantation, diabetes is a well-recognised complication. More than 22% of heart transplant 
patients develop diabetes 1 year after transplantation[12]. Immunosuppressive agents contribute to this 
morbidity. Nevertheless, evidence surrounding which CNI is more likely to negatively affect glucose 
metabolism is contradictory. It is understood that both tacrolimus and ciclosporin are equivalent in inducing 
diabetes but it is suggested that, in clinical practice, tacrolimus has greater diabetogenic potential[32].

METHODS
Study population
A retrospective cohort study of 52 patients who underwent a first-time heart transplant at the Golden Jubilee 
National Hospital (Glasgow, Scotland) between January 2011 and August 2017. In January 2014, tacrolimus 
was made the primary CNI at the unit. As a result, 33 patients were on a tacrolimus-based maintenance 
regimen postoperatively. A comparable cohort of 19 patients on a ciclosporin-based maintenance regimen 
were selected. Prior to the investigation, one of the patients in the study population was diagnosed with 
diabetes. That patient was on a ciclosporin based regimen and included in the study. Patients who received 
changes in their drug regimens and patients who died were excluded. All patients were over the age of 18. 

Post-transplant Management
Each patient received immunosuppression according to the unit’s protocol. Immediate post-operative 
induction therapy consisted of rATG. This was given for up to 4 days after transplantation, until the 
patients kidney function is sufficient. Thereafter, patients received a combination regimen of CNI, MMF 
and a steroid. Patients remain on a CNI and MMF for their lifetime but steroids are removed 6 months 
after transplantation. Drug level monitoring was performed during routine follow-up visits at regular time 
intervals. Target CNI levels depend on time after transplantation, as illustrated in Table 2. These levels were 
collected and analysed in a laboratory at the Queen Elizabeth University Hospital, Glasgow, using tandem 
mass spectrometry.

Data collection and outcomes measured 
Data was collected from the transplant unit’s database. Clinical notes provided all the information necessary 
for analysis, including demographic information. Glucose metabolism was studied via fasting glucose levels 

Table 1. Diagnostic criteria for diabetes and pre-diabetes (WHO, 2006)
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Type of diagnostic test Normal Pre-diabetes Diabetes

Fasting glucose (mmol/L) < 5.5 5.5-7.0 > 7.0
Oral glucose tolerance test (mmol/L) < 7.8 7.8-11.1 > 11.1
HbA1c (mmol/L) < 42 42-47 > 47

Table 2. Target CNI levels of heart transplant patients in the Golden Jubilee National Hospital, Glasgow

Time after transplantation Tacrolimus (mg/L) target 
therapeutic range Time after transplantation Ciclosporin (mg/L) target 

therapeutic range

0-3 months 10-15 0-4 weeks 240-300
3-6 months 8-12 1-6 months 160-200
6-12 months 7-10 6-12 months 130-160
> 12 months 5-7 > 12 months 64-96



and HbA1c. Fasting glucose levels were collected from five points in time; 1, 3, 6, 9 and 12 months post-
operatively. HbA1c was collected at one follow-up visit. The time points were chosen according to the post-
operative follow-up protocol used by the unit, this was consistent between patients. 

Statistical analysis 
Data was extracted, collated and stored on a Microsoft Excel 2017 spreadsheet. This data was then imported 
into Prism 7.0c software application for statistical analysis. Independent t-test was used to analyse any differ-
ences in continuous data and the Chi-squared test was used for categorical data. The level of significance was 
set at P-value < 0.05.

RESULTS
Patient demographics
Patient characteristics are listed in Table 3. The study groups were not matched, but all had appropriate 
clinical records and information that was accessible, allowing comparisons to be made. There was no 
statistical significant difference in the patient baseline characteristics, including age, gender and pre-
transplant diagnosis. Of the 52 patients enrolled, 5 had a diagnosis of diabetes, 4 of which were on a 
tacrolimus-based regimen and diagnosed after transplantation.

Laboratory Blood Glucose measurements
As mentioned previously, fasting glucose of the study population was collected at five different points of time 
postoperatively. This data was collated into a mean fasting glucose for each time-period, the results of which 
are presented in Table 4. At one month postoperatively, there was no statistical difference in fasting glucose 
between the two cohorts. Here, fasting glucose for the TAC cohort was 6.4 ± 1.7 mmol/L and 5.5 ± 1.3 mmol/L 
for the CyA cohort (P = 0.064). A fasting glucose of 6.4 mmol/L suggests TAC patients were pre-diabetic at 1 
month [Table 1]. 

In the first six months, there was a rise in fasting glucose among the TAC cohort, with levels peaking at the 
6-month follow-up. The fasting glucose of the TAC group at this stage was 8.8 mmol/L. This greatly exceeds 
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All (n  = 52) Tacrolimus & MMF (n  = 33) Ciclosporin & MMF (n  = 19) P -value

Age 50 ± 13 49 ± 12 51 ± 14 0.561
Male:female 37:15 24:9 13:6 0.741
Body Mass Index (kg/m2) 26.8 ± 4.6 25.4 ± 4.5 26.8 ± 4.8 0.103
Preoperative Diabetics 5 4 (12) 1 (5) 0.641
Creatinine 115.7 ± 40.3 119 ± 46.2 109.9 ± 27.3 0.440
Pre-transplant diagnosis
DCM
HCM
IHD
Other

32
4
9
7

18 (55)
3 (9)
6 (18)
6 (18)

14 (74)
1 (5)
3 (16)
1 (5) 0.479

Table 3. Selected demographic and baseline characteristics of the two patient groups

Table 4. Fasting glucose levels of the two cohorts over time

Fasting glucose (mmol/L) Tacrolimus & MMF (n  = 33) (mean ± SD) Ciclosporin & MMF (n  = 19) (Mean ± SD) P -value

BASELINE 5.9 ± 1.3 5.4 ± 0.9 0.726
  1 month 6.4 ± 1.7 5.5 ± 1.3 0.064
  3 months 7.8 ± 6.3 6.1 ± 1.6 0.275
  6 months 8.8 ± 7.5 5.9 ± 1.3 0.102
  9 months 6.9 ± 2.0 5.4 ± 1.4 0.013
  12 months 6.7 ± 3.7 6.5 ± 1.9 0.836



the diagnostic range for diabetes. The 6-month point also marks the largest difference between the two 
cohorts across the 12-month period, 8.8 ± 7.5 mmol/L vs. 5.9 ± 1.3 mmol/L (P = 0.102), this is highlighted in 
Figure 2.

During the first year after transplantation, drug dosage is monitored and adjusted cautiously according to the 
transplant unit’s target levels, incidence of transplant rejection and any side effects which may present, such 
as hyperglycaemia. Patients experiencing hyperglycaemia are followed up and managed according to the 
unit’s protocol. This includes reducing drug target levels for CNIs and providing appropriate management 
for the unbalanced glucose metabolism. 

Moreover, after 6-months fasting glucose declines across the population; this is especially seen in the TAC 
group. The difference in mean between the two cohorts shows significance at 9 months postoperatively, with 
the TAC cohort showing higher values. The mean fasting glucose was 6.9 ± 2.0 mmol/L in the TAC group 
and 5.4 ± 1.4 mmol/L in the CyA group (P = 0.013). 

One year after transplantation, mean fasting glucose of TAC cohort continued to decline. However, levels 
are still considered pre-diabetic and values are above the CyA group, 6.7 ± 3.7 mmol/L vs. 6.5 ± 1.9 mmol/L 
(P = 0.836). Nevertheless, the 12-month follow-up marks the highest mean fasting glucose levels for the CyA 
cohort. Consequently, CyA could possess a diabetogenic potential 12 months after transplantation. 

Overall, the mean fasting glucose over the 12-month period indicated significance. TAC treated patients had 
a higher mean fasting glucose, 7.3 ± 1.0 mmol/L, compared to the CyA cohort, 5.9 ± 0.5 mmol/L (P = 0.017). 

In contrast to the fasting glucose results, mean HbA1c of the TAC group was lower than the CyA group, as 
shown in Figure 3. These results however, did not reach statistical significance (P = 0.104). The mean HbA1c 
was collated from information at one interval for patients on both regimens. According to the diagnostic 
criteria [Table 1], CyA treated patients are pre-diabetic whilst TAC treated patients are not at risk of diabetes.
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Figure 2. Fasting blood glucose of heart transplant patients on tacrolimus or ciclosporin maintenance immunosuppression over time 
postoperatively (mean ± SD). At 9 months P  = 0.013



DISCUSSION
Principle findings
This study confirmed the risk of post-transplant diabetes is worse in heart transplant patients treated with 
tacrolimus-based maintenance immunosuppression compared with those treated with ciclosporin, when 
using mean fasting glucose as an indicator. The difference was significant at 9 months post-operatively. This 
timing fits with changes in the unit’s drug regimen, especially the removal of corticosteroids which also 
contribute to altered glucose metabolism. In both cohorts, fasting glucose normalises at 12 months, further 
emphasising the role of corticosteroids in the results produced. 

The mean HbA1c was greater in the ciclosporin treated cohort. At the beginning of the study, the two 
cohorts were comparable, with many relevant contributors to post-transplant diabetes considered- including 
age, sex, weight, creatinine, pretransplant diagnosis and diagnosis of diabetes. 

Context of research
Much evidence involving the effectiveness of both tacrolimus and ciclosporin is based on data from kidney 
and liver transplantation. For that reason, Reichart et al.[33] (2001) conducted a large European multicentre 
study to investigate the effectiveness of both CNIs in heart transplant recipients. With a study population 
of 82 patients across 5 centres, they found that when combined with azathioprine and corticosteroids, 
tacrolimus was just as effective as ciclosporin. While this three-year follow up confirmed tacrolimus a 
viable alternative for ciclosporin in heart transplantation, Reichart and colleagues also observed a higher 
proportion of patients treated with tacrolimus requiring insulin for PTDM, a consequence that would affect 
the morbidity and mortality of patients in years to come[33].

Another multicentre study published a few months later Taylor et al.[34] (1999) compared tacrolimus and 
ciclosporin to find both equally safe and effective maintenance immunosuppression in heart transplantation. 
They did observe a higher rate of hypertension and hyperlipidaemia in patients receiving tacrolimus. This 
was a significant finding as both hypertension and hyperlipidaemia negatively impact renal function. There 
was also no difference in the incidence of diabetes or hyperglycaemia between the two groups. This, at the 
time, differed from liver and kidney trials where diabetes was significantly more common in tacrolimus 
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Figure 3. HbA1c of heart transplant patients on tacrolimus or ciclosporin at one time interval (mean ± SD)

HbA1c of patients on tacrolimus or ciclosporin

38 ± 11.38
42 ± 1.26



treated patients. The results of this study confirmed the advantages of tacrolimus over ciclosporin.

Early studies used a combination of azathioprine and corticosteroids with either tacrolimus or ciclosporin. 
Nevertheless, since its use in the first heart transplant operation, treatment with azathioprine has been 
replaced in clinical practice by MMF due to its increased toxicity. An early investigation into the substitution 
of MMF for azathioprine found that in 650 heart transplant patients, MMF was more effective in reducing 
mortality and rejection and was associated with decreased toxicity[18]. In the 2000’s, Kobashigawa and 
colleagues further investigated this area. They found that a combination of tacrolimus and MMF offered 
more advantages than ciclosporin and MMF in cardiac transplant patients, including fewer rejections and 
an improved side effect profile. Post-transplant diabetic rates were greater among the tacrolimus and MMF 
treated group, although this difference was not statistically significant[35]. The PTDM results Kobashigawa 
produced reflect similarity with the current study. 

In the studies mentioned above, all patients are followed for a short time interval. Trials comparing triple 
immunosuppressive strategies involving tacrolimus or ciclosporin with MMF and steroids over a long term 
are rarely published. Guethoff et al.[36] (2013) used prospective randomised trial to follow-up heart transplant 
patients over 10 years. Long term analysis found a lower incidence of rejection in the tacrolimus group, but 
there was no difference between groups in long-term survival[36].

Clinical trials have been principle to the success of heart transplantation. Despite the vast number of trials, 
there is no single validated immunosuppression regimen. Nevertheless, protocols used worldwide in 2017 are 
strongly influenced by the results of SYMPHONY study which demonstrated that a low dose of tacrolimus, 
MMF and corticosteroids had the best allograft outcomes[37].

Since the superior rejection profile of tacrolimus has been established, research has been directed towards 
the side effects produced by the two CNIs and the consequences of this. However, there is limited data 
surrounding the onset of diabetes after tacrolimus or ciclosporin treatment in cardiac transplant patients. 
A large European multicentre trial published by Grimm et al.[38] (2006) revealed the incidence of PTDM 
in heart transplantation was significantly higher in the tacrolimus group. Accordingly, more tacrolimus 
patients required insulin therapy[38].

Grimm et al.[38]’s results highlighting the diabetogenic potential of tacrolimus, it should be noted that 
published studies in this area have often failed to reach significance to due low patient numbers. A study by 
Teebken et al.[39] (2002) reflects this, as out of 32 heart transplant recipients, 4 patients treated with tacrolimus 
developed PTDM compared with 1 patient treated with ciclosporin. The small sample size makes these 
results difficult to statistically analyse and compare.
 
Corticosteroids are also associated with a greater risk of developing diabetes after heart transplantation. 
Heart transplant recipients developing diabetes were found to be receiving higher mean doses of 
prednisolone compared to those without the condition[40]. Consequently, an increased number of studies 
are considering the effect of corticosteroid-sparing and corticosteroid-free regimens on the development 
of PTDM. Baran et al.[41] (2002) have shown that tapering of and weaning patients from corticosteroid 
treatment considerably lowered the incidence of diabetes.

Impact of PTDM on heart transplantation
PTDM has been a recognised complication of transplantation for several years, despite this, the importance 
of the condition has been underestimated. In the general population, it is putative that diabetes increases risk 
of cardiovascular disease (CVD). Nonetheless, the complications associated with diabetes were not thought 
to be a concern for patients who had undergone heart transplantation. Initial studies into the effect of PTDM 
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on transplant patients focused on kidney transplantation. Lindholm et al.[42] (1995) demonstrated that PTDM 
increased the risk of CVD in transplant recipients. The relationship between PTDM and CVD is a concern 
in heart transplant patients, as these patients are already at risk of CAV. As previously mentioned, CAV is an 
accelerated form of coronary artery disease, it is also a major cause of death in patients surviving over a year 
after heart transplantation[43].

A study by Kato et al.[44] (2004) looked at the relationship between glucose intolerance and CVD in 151 
heart transplant recipients. The researchers used HbA1c as an indicator of glucose metabolism and found 
that increased HbA1c levels were associated with occurrence of CVD and could play a pivotal role in 
its pathogenesis[44]. A limitation of this study and many others in this area is the lack of information 
surrounding the outcome of CVD in this population of patients. While it is important for clinicians 
to recognise the link between PTDM and CVD, the management and consequences of this need to be 
addressed.

Individuals with prediabetes are also at risk of CVD. Elevated fasting glucose among this group results 
from both impaired insulin action and secretion[45]. A meta-analysis comprising 1,611,399 individuals 
conducted by Huang et al.[46] (2016) found that prediabetes was associated with increased risk of composite 
cardiovascular events which all lead to mortality. They also observed increased risk occurring when fasting 
glucose was as low as 5.6 mmol/L.

In this study, it has been shown that patients on tacrolimus were prediabetic throughout the duration of the 
trial, with levels considerably higher than 5.6 mmol/L. It is therefore essential to not only focus on a blood 
test for diagnosis of diabetes but also any symptoms a patient may be experiencing. However, the study 
published by Huang et al.[46] consisted of data that was not specific to the transplant field. It is therefore 
difficult to generalise Huang’s results to the current study’s population of patients. There is scope for research 
in this area as data regarding the cardiovascular implications of prediabetes in heart transplant patients is 
lacking. 

Limitations of the study
Retrospective studies are prone to limitations which can affect the reliability of any results and conclusions 
produced. This study is prone to selection bias as data used was collected from patient files, as a result there 
was no participation selection. 

The data for this study was collected from patient files where information was transplant specific. Therefore, 
data that could influence the risk of diabetes was not measured, such as family history of diabetes and 
ethnicity. Ideally, HbA1c would be collected at different time points after transplantation. However, there 
was only one measurement available for both cohorts and so it is difficult to compare the results of the mean 
fasting glucose and HbA1c.

The use of a steroid in immunosuppressive maintenance therapy is a significant confounding factor in 
this study. As mentioned previously, a common side effect of steroid use is hyperglycaemia. Patients were 
followed up for a 12-month period, so fluctuating fasting glucose levels seen may be a result of steroid use. 
As steroids are removed from the regimen at 6 months, following up patients for a longer period could 
eliminate this cofounding variable.

As well as a short follow up, this was a single centre study consisting of 52 patients. These factors can create 
lack of external validity as results are difficult to generalise. Nonetheless, because the study was carried out 
in one unit, all patients received similar care, similar selection for surgery, drug regimens and follow-up. 
These factors give validity to the findings of this study.
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Due to the nature of this study, follow-up times were not exactly on time for each patient, but for this study, 
flexibility of two weeks was allowed in data collection. All information was readily available and there were 
no technical difficulties faced during this study.

Implications
Understanding the risk of hyperglycaemia with different maintenance immunosuppressant regimens 
is very important as chronic hyperglycaemia can negatively affect a patient’s quality of life and can 
result in high morbidity and mortality. A major modifiable risk factor for the development of PTDM is 
immunosuppression, but risk versus benefit analysis is needed to balance the risk of developing PTDM 
versus rejection. This study does not support the view of switching patients from tacrolimus to ciclosporin. 
Rejection episodes and survival data collection were not included in the study; therefore, this study cannot 
comment on the superiority of one drug over the other.

Instead, implications lie in informing clinicians about the possibility of developing diabetes after tacrolimus 
use and the complications of this on patients. Therefore, greater attention should be paid to recognising 
diabetes through different glycaemic parameters. As a result of the findings of this study, the heart transplant 
unit at the Golden Jubilee National Hospital has introduced regular HbA1c testing in all heart transplant 
patients. A HbA1c diagnosis of diabetes is already endorsed in the general population and should be used to 
recognise PTDM, especially due to its ability to predict diabetic complications.

Hyperglycaemia is extremely common in the early postoperative period. It can also occur because of critical 
conditions such as infections or as a consequence of rejection therapy. In this study, there is no data on 
patient glucose metabolism before transplantation. This would be helpful when making a formal diagnosis of 
PTDM, as the patient’s pre-transplant glucose function can be compared to after transplantation when they 
are stable on their maintenance immunosuppression, have stable cardiac allograft function and no acute 
infections.

Further studies should consider collaborating and combining data that links fasting glucose and HbA1c with 
end points, including microvascular complications, cardiovascular events, patient and graft survival. There 
is also a need to facilitate clinical trials into the prevention of PTDM, one way by which this can be done is 
to identify patients at risk. A limitation of this study, as mentioned previously, is the lack of data. Patient risk 
factors for PTDM are well established and encompass general information such as family history of diabetes. 
There is a room for possibly preventing PTDM and its complications when such factors are collected.

The future of pharmacological management in transplant recipients is beyond calcineurin inhibitors. Based 
on this research and personal recommendation, more advanced immunological methods could reduce side-
effects produced currently. This could also help reach the ultimate goal of organ transplantation, which 
is the development of safe and effective regimens that manipulate host immune system into accepting 
transplanting organs in absence of immunosuppressive management or ‘tolerance’. This would prevent 
the morbidity of chronic immunosuppression including CVD. Nevertheless, CNIs have dominated 
transplantation for decades through targeting T-cells, a key player in rejection. Research surrounding the 
function and clinical effects of both tacrolimus and ciclosporin will be valuable for the manipulation of 
immune cells in the future.

In conclusion, both tacrolimus and ciclosporin continue to remain at the backbone of pharmacological 
management in heart transplant patients. Even though tacrolimus is a newer agent with a greater ability to 
prevent allograft rejection, patients are at increased risk of diabetes. Pharmacological development in this 
area is required as the gap between the need for cardiac transplantations worldwide and the development of 
effective immunosuppressant regimens is growing.  A heart transplantation can transform a patient’s life, 
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but this significant procedure can be jeopardised by co-morbidities associated with its management. As a 
result, a new heart may fail for the same reasons the original heart failed. 
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Abstract
Into the scientific community, consensus about the emerging concept of “the fetal origin of adult diseases” is growing. 
It sustains that the parental (of the two parents) adversities, and the related external influences, during the intra-utero/
perinatal life of each eutherian mammal organism, human included, can permanently set the structure and functionality 
of specific body systems (i.e., immune, endocrine, nervous and cardiovascular systems), predisposing them to early 
ageing and disease during adulthood. The pulmonary circulation system also appears to be one of its targets. Established 
evidence supports the strong association between developmental programming and pulmonary arterial remodeling and 
dysfunction. Here, a revised overview of this topic is reported, by stressing the efforts and advances in identifying the 
molecular and cellular mechanisms and pathways involved.

Keywords: Developmental programming, pulmonary circulation system, adult pulmonary arterial remodeling and 
dysfunction

INTRODUCTION
Lung represents an essential organ for human life, having an exclusive circulation system for functions 
and volume. Specifically, it has two circulations: the pulmonary and bronchial circulations[1]. Moreover, 
pulmonary arteries (PAs) and veins have two different functions: the gas replacement and oxygenation 
of blood, respectively[1]. In addition, pulmonary circulation has the distinctive feature of being able to 
accommodate the entire cardiac output, by preserving a high blood flow, but maintaining the intravascular 
arterial pressure at a reduced value. Another feature, which distinguishes the lung circulation system as 
unique, is the structure of arterial wall[1]. Accordingly, PAs have walls, which appear thinner than those 
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of systemic arteries, because of a reduced vascular smooth muscle component and a relative absence 
of adventitial components[1]. However, the lung circulation system has some factors able to control the 
pulmonary blood flow, like the systemic vascular system. They firstly include vascular structure, gravity, and 
mechanical effects of breathing[1]. Furthermore, neural and humoral factors are also involved.

Another feature of PAs is the susceptibility of pulmonary vascular tone for hypoxia[1]. Temporary hypoxia 
provokes pulmonary vasoconstriction, but, if persistent, it contributes to the onset of vascular remodeling 
and dysfunction, which results in the development of pulmonary hypertension (PH)[2]. PH is defined by 
abnormally high pulmonary artery pressure, which can occur in numerous diseases and clinical situations. 
The hypoxemia represents one of the five major causes of PH. Accordingly, the 2015 ECS/ERS guidelines in 
the treatment and diagnosis of PH have assembled the different forms of PH related to diverse causes in five 
major groups[3]. Consistent with the recent guidelines, genetic and environmental factors represent other 
crucial factors of PH susceptibility. For example, pathogen infections [i.e., human immunodeficiency virus 
(HIV) infection] and the related inflammatory responses constitute the common causes of their onset, by 
altering the normal pulmonary endothelium barrier and causing edema[4,5]. Other inflammatory conditions 
not related to pathogens are also involved. For examples, autoimmune disorders, with a female predomi-
nance, are significantly associated with the onset of PH[5]. Regarding genetic factors, several research groups, 
from diverse European and US countries, have recently summarized all the established and emerging molec-
ular defects related or not to familial pulmonary arterial hypertension (PAH) forms, which include not only 
mutations in the bone morphogenetic protein receptor type II (BMPR2) gene, defects of the transforming 
growth factor beta pathway, but also defects in activin A receptor type II-like 1 (ACVRL1), endoglin (ENG), 
and members of the SMAD family[6].

Recently, Gao et al.[7] have emphasized that an impairment of the normal development of pulmonary 
vasculature is involved in the pathogenesis of different paediatric pulmonary pathologies, PH included. 
In addition, they have particularly suggested that the principal target of this process is the endothelium. 
Accordingly, they have speculated that the identification of mechanisms and pathways, preserving both 
endothelial maturation and function, might improve the development of the entire lung. Furthermore, they 
also hypothesized that these mechanisms and pathways have long-term favourable effects in diverse forms 
of neonatal PH related not only to preterm birth and onset of lung diseases, but also to congenital heart 
diseases[7].

Consistent with these last findings, it appears reasonable that PH may also be the result of the developmental 
programming (DP) of adult diseases, as emphasized by fetal origin of adult diseases theory postulated by 
Barker[8]. PH in neonates (PHN) has been demonstrated to be the result of several adverse events during 
intra-utero/perinatal life, including high-altitude living, maternal malnutrition, placental insufficiency related 
to environmental factors or diseases such as preeclampsia, infections (i.e., staphylococcus infection), drugs, 
alcohol, etc.[3]. Currently, the knowledge of the related mechanisms and pathways involved is imperative, 
because of the increased morbidity and mortality related to this PH group and the rise of prevalence in 
the new-borns, linked to the increase in unfavourable environmental factors in our populations. Their 
identification might facilitate the development of effective therapies or measures. Here, established literature 
evidence will be described and discussed.

THE RELATIONSHIP BETWEEN DP AND PH: FOCUS ON EPIGENETIC FACTORS
There is, in literature, a well-established evidence of DP in eutherian mammals, humans included. DP is the 
result of evolution’s machinery, which determines, on the late, the utero and placentation development for 
guaranteeing an optimal intrauterine life[9].

Accordingly, protection and nutritional support are the utero and placenta’s functions. On the other late, 
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this implies that foetal development happens by adapting to the micro-environment and maternal (or 
better paternal) endogenous and exogenous stressors. Consequently, both development and fate of tissues, 
organs, and systems of an offspring can result in an altered or greater susceptibility to onset of ageing and 
pathologies[9]. The process of genomic imprinting is the principal driver of these alterations, and it consists 
of an uncommon epigenetic process[9]. It provides effects on new-borns, principally through maternal DNA 
methylation imprints. Today, other epigenetic mechanisms (i.e., histone modifications, antisense noncoding 
RNA (ncRNA)-mediated silencing, long-range chromatin interactions, and expression of microRNA), have 
been suggested to mediate genomic imprinting[9]. However, their actions remain unclear, even if it firstly 
supposes their capacity of modulating the expression of a wide range of imprinted genes restricted to specific 
foetal tissues, particularly the placenta, hypothalamus, and endothelium[9]. Contemporarily, the developing 
placenta and hypothalamus influence the expression of the foetal genome, which results in the release of 
hormones able to impact the functions of both foetal and maternal hypothalamus. This control consents 
the foetal hypothalamus to regulate the development of organs and systems of the foetus, such as the 
pulmonary circulation[9]. Maternal insults or stressors, including maternal nutritional changes, hormones 
(i.e., cortisol), other lifestyle stressors (e.g., obesity, smoking, drugs, alcohol), and the clinical status can 
alter maternal imprinting. This results in the onset of pathological conditions during pregnancy, including 
intrauterine growth restriction (IUGR) and preeclampsia[9]. On the other hand, IUGR and preeclampsia have 
been demonstrated to be significantly associated with the development of several pathologies in neonates, 
such as PHN[9]. IUGR neonates show prematurity and related immediate medical problems, and a notable 
susceptibility for hypertension, PH, cardiovascular diseases, diabetes, and neurodegenerative diseases in 
adult age, likely through the effects of foetal programming.

The principal target of foetal programming: the endothelium
Endothelial dysfunction is the pathological condition associated with the onset of many pathologies related 
not only to the cardiovascular system, but also to the cardio-pulmonary circuit, as well as to developmental 
of disease in other tissues, principally correlated to the ageing process. This close relationship derives from 
the function of endothelium itself, which is the essential element of stroma of all tissues. Our and other 
groups emphasise this concept as being of great importance in understanding the complex pathophysiology 
of diseases, such as those of the cardiovascular and pulmonary systems[10-13].

Endothelium has been demonstrated to be the major target of fetal programming. Its alterations and 
dysfunction primordially seem to originate from adverse parental and foetal environment conditions. 
Accordingly, recent experimental data have demonstrated that the levels of vascular endothelial growth 
factor (VEGF), its receptors and transcription factors, useful for the correct maturation and differentiation 
of foetal endothelium, are modulated by several adverse conditions, such as chronic hypoxia, maternal food 
restriction, altered levels of glucocorticoids, and microRNA[14]. Other findings report that chronic hypoxia 
and altered maternal clinical conditions can impact the maturation and differentiation of endothelium 
and the vasculature of all the tissue districts, ranging from foeto-placental arteries, carotid arteries, 
myocardium, to cerebrovascular systems, renal, liver, and PAs[15-17]. Another study also demonstrates that 
the IUGR condition in rats affects the function of both endothelium cells and their progenitors. Specifically, 
IUGR appears to induce vasodilatation, by modulating the expression and function of some molecules and 
pathways, such as acetylcholine and nitric oxide (NO) pathways, respectively[18]. Metabolic alterations related 
to IUGR condition have been also demonstrated to contribute to an altered development of endothelium and 
its dysfunction[19]. Musa et al.[20], have recently reviewed the results from about 230 studies, on the key role of 
maternal and intrauterine conditions on endothelium structural and function of offspring, by reporting all 
the related alterations mechanisms and pathways involved.

PHN AND FOETAL PROGRAMMING: FOCUS ON MECHANISMS AND PATHWAYS INVOLVED
One of five PH groups, established by 2015 ECS/ERS 2015 guidelines[3], consists of PH diseases related to an 
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altered development of pulmonary microvasculature, including PHN, which affects newborns. Offspring 
with PHN have aberrantly reactive or overly muscular vessels and show acute and chronic states of PHN, 
characterized by difficulty to adapt to breathing during the birth transition and early postnatal period. PHN 
is associated with a high morbidity and mortality[3]. The etiology’s factors of PHN are diverse, ranging from 
high-altitude living, maternal malnutrition, placental insufficiency due to environmental factors or diseases, 
such as preeclampsia, to other pregnancy complications, such as infections (i.e., staphylococcus infection) or 
drugs[3]. The number of newborns affected by PHN might increase, given the rise in adverse environmental 
factors or other causes in our Western society. Consequently, the investigations for identifying mechanisms 
and pathways are imperative. Of note are the experimental investigations on animal models, given the 
inadequate availability of patient tissues and inability to perform mechanistic studies in humans. Several 
animal PH’s models have been developed for performing studies into the functional and structural changes, 
which occur during the development of pulmonary circulation and PH[21-34]. Unfortunately, to date not 
a single preclinical model perfectly replicates human PH. Nonetheless, the models used provide the 
opportunity to characterize the development and progression of PH, to perform mechanistic studies, and to 
evaluate potential therapeutic treatments. In addition, the developed models could also permit to identify 
the mechanisms and pathways involved, which appear to be dependent on the type and grade of stress to 
which the fetus is subjected. They are illustrated in Table 1.

The multitude of models reported in literature is described in detail in the next paragraph, as well as the 
mechanisms and pathways identified and reported in Table 1.

The relevant models for PHN
Some relevant models for PHN have been developed and studied. Of note are the results obtained by the 
utero ligation of the ductus arteriosus and chronic perinatal hypoxia in sheep fetuses and newborns[22]. 
They have demonstrated that the mechanisms associated with PH are dependent on the type and grade of 
stress to which the fetus is subjected[22]. Specifically, similarities were observed between the ligation and 
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Mechanisms and pathways  Models 

Functional reductions in soluble guanylyl cyclase (sGC) function and cyclic guanosine 
monophosphate (cGMP)-dependent vasorelaxation

Utero ligation of the ductus 
arteriosus and chronic perinatal 
hypoxia in sheep fetuses and 
newborns 

Increased phosphodiesterase type 5 (PDE5) and enhanced Endothelin-1 (ET-1) contraction;
Significant decrease of levels of endothelial nitric oxide synthase (eNOS)
Significant reduction in calcium activated potassium channels (BKCa)
Increase of these last molecules in chronic hypoxia
Important pulmonary arterial pressure (PPA) Antenatal and/or postnatal hypoxic 

exposure in miceAltered relaxation and augmented contractility of pulmonary arteries (PAs)
Hyperplasia of pulmonary arterial smooth muscle cells (PASMCs) and improved actin 
polymerization, and adventitial fibroblast proliferation.
Rare group of the microvasculature and augmented smooth muscle actin expression in 
distal PAs, changes that are associated with down-regulation of the bone morphogenetic 
proteins (BMP) signaling pathway in affected lungs

Short-term hyperoxia in mice: 
a model of bronchopulmonary 
dysplasia (BPD)

Persistent alterations in lung structure.
Vascular defects, predisposing the lung to PH later in life, while in neonates it induces an 
adaptive mechanism, which occurs in the right ventricular (RV) increasing the tolerance

Neonatal hyperoxia 

Oxidative stress: high levels of reactive oxygen species (ROS) related to hyperoxia, 
mechanical ventilation, hypoxia, and inflammation

High altitude and assisted 
reproductive technologies (ART)

Epigenetic alterations
Systemic vascular dysfunction in the progeny from both animals and humans. This seems 
to be associated with an increase of ROS in placenta, which induce epigenetic alterations, 
such as lung DNA methylation epigenetic mechanisms, such as an altered DNA 
methylation and gene expressions of conserved pathways, such as Notch pathway

Maternal undernutrition

End-products of endothelial-derived nitric oxide (NO) heme-oxidation, nitrate and nitrite 
produce exogenous NO, which mediates an increased vasoactive signaling activity during 
hypoxia and stress

Alteration in maternal microbiome

Table 1. Mechanisms and pathways identified using apposite PHN models



hypoxia models, in functional reductions in soluble guanylyl cyclase (sGC) function, cyclic guanosine 
monophosphate (cGMP)-dependent vasorelaxation, increased phosphodiesterase type 5 (PDE5) and enhanced 
Endothelin-1 (ET-1) contraction. In contrast, significant differences were found in the cellular processes 
between the two models: a significant decrease in the levels of endothelial nitric oxide synthase (eNOS) and 
calcium activated potassium channels (BKCa) in ligation models; an increase of these molecules in chronic 
hypoxia[22]. Other models for PHN are the exposure-based models, including short-term neonatal hyperoxia, 
fetal and/or post-natal hypoxia and a two-hit model of prenatal hypoxia followed by postnatal hyperoxia. 
Among these, the antenatal and/or postnatal hypoxic exposure in mice are significantly associated with the 
onset of an important pulmonary arterial pressure (PPA), altered relaxation and augmented contractility of 
PAs, hyperplasia of pulmonary arterial smooth muscle cells (PASMCs) and improved actin polymerization, 
and adventitial fibroblast proliferation[23-25]. Short-term hyperoxia in mice, which is used as typical model of 
bronchopulmonary dysplasia (BPD), impacts the microvasculature and shows an augmented smooth muscle 
actin expression in distal PAs. These changes are also associated with the down-regulation of the bone 
morphogenetic proteins (BMP) signaling pathway in affected lungs[26]. Relevant are the recent findings on 
short-term neonatal exposure to hyperoxia. This condition is characterized to induce not directly PH, but it 
may predispose adults to PH[27], because of persistent alterations in lung structure. On the contrary, neonatal 
hyperoxia has been demonstrated to be advantageous for right ventricular (RV) hypertrophy. This has led 
to the hypothesis that this exposure shows two different effects: it can cause vascular defects, predisposing 
the lung to PH later in life, while in neonates it induces an adaptive mechanism, which occurs in the RV, 
increasing the tolerance[27]. Other models are the high altitude[28] and assisted reproductive technologies 
(ART)[29], that have represented the models typically used by the Sartori group. They have consented to 
evidence the role of oxidative stress and/or epigenetic alterations during foetal programming and the 
altered onset of pulmonary circulation[30,31]. Consistent with these efforts and advances, reactive oxygen 
species (ROS) seem to have an important role in the pathogenesis of neonatal pulmonary vascular diseases, 
such as PHN. High levels of ROS may be produced in conditions of hyperoxia, mechanical ventilation, 
hypoxia, and inflammation. These data may be of crucial relevance in individuals born premature, who 
show a high risk of the long-term complications of pulmonary vascular diseases, thereby contributing to 
the increase of incidence of adult cardiovascular disease[32]. Maternal undernutrition[31] during pregnancy 
has been used as another model for identifying the fundamental mechanisms, which occur in the altered 
development of pulmonary circulation and the onset of PHN[31]. This condition provokes systemic vascular 
dysfunction in the progeny from both animals and humans. Precisely, in rats, restrictive diet during 
pregnancy (RDP) raises oxidative stress in the placenta. ROS induce epigenetic alterations and can cross the 
placental barrier. An altered lung DNA methylation has been detected and is correlated with pulmonary 
vascular dysfunction. This datum has been confirmed using the treatment with histone deacetylase 
inhibitors butyrate and trichostatin A in RDP newborns[31]. These results suggest that the condition of 
undernutrition during gestation can contribute to an altered development of the cardiopulmonary system 
and the consequent onset of vascular dysfunction in the new generation through the actions of epigenetic 
mechanisms, such as an altered DNA methylation and gene expressions of conserved pathways, such as 
Notch pathway[31]. Accordingly, another investigation has evidenced the key importance of Notch pathway 
in the developmental alterations of cardiopulmonary circuit and the onset of PHN[33]. Recent evidence also 
underlines a key role of maternal microbiome in the onset of cardiac and pulmonary vascular diseases, such 
as PHN[34]. Specifically, it has been reported that end-products of endothelial-derived NO heme-oxidation, 
nitrate and nitrite produce exogenous NO, which mediates an increased vasoactive signaling activity during 
hypoxia and stress. The levels of nitrate and nitrite depend on the enzymatic reduction of nitrate to nitrite 
by bacterial nitrate reductase enzymes, expressed by precise bacterial gut populations[34]. Such as result, 
PH seems to be related to alterations in NO signaling, by suggesting a role of commensal oral bacteria in 
contributing to the onset of PH through the formation of nitrite, NO and other bioactive nitrogen oxides[34]. 
This evidence is supported by oral supplementation with inorganic nitrate or nitrate-containing foods, which 
are shown to have pleiotropic, useful vascular effects in the setting of inflammation, endothelial dysfunction, 
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ischemia-reperfusion injury and in pre-clinical models of PH. Furthermore, the traditional high-nitrate diet 
is associated with beneficial outcomes in hypertension, obesity and cardiovascular diseases[34].

POTENTIAL MEASURES OF INTERVENTIONS FOR IMPROVING FOETAL PROGRAMMING AND 

THE DEVELOPMENT OF TARGET BODY SYSTEMS?
It is well established that adverse events, taking place during the early periods of human development, 
mediate deleterious effects on health and disease molecular patterns of new progeny over his life course. This 
concept of health and disease origin[8] is also leading to the study of the existence of relationships between 
the improving of foetal programming and the change of one determined lifestyle behaviour. For example, 
including the quantity of food intake and its quality, oral supplementation of prebiotics and/or probiotics, 
drug molecules, feeding preferences or willingness to engage in physical activities, etc.[35]. Beneficial results 
from use of their administration could lead to propose them as very programs of health, like to those 
recently projected by our institutions and organizations for improving “health” in our growing aged society 
having a high susceptibility for age-related diseases, such as cardiovascular diseases, pulmonary diseases, 
type 2 diabetes, cancer and neurodegenerative diseases. Certainly, their results could also prove unsuccessful 
because of the free will that characterizes the human nature in assuming choices on the behaviours to 
adopt. This limits their application, and it makes more difficult the understanding that the behaviours 
of everyone may also be the result of genetic and neurologic determinants mixed with the environment, 
during the process of neurodevelopment. Another limitation might be the choice of tool for measuring 
the consequent beneficial or lack of beneficial effects. One tool or parameter might be represented by fetal 
growth. Poor fetal growth is significantly associated with the onset of many diseases mentioned above. 
Specifically, IUGR represents a typical model, and is caused by, but not restricted to, placental insufficiency, 
maternal malnutrition and smoking, congenital infections and anomalies, drugs, obesity and chromosomal 
abnormalities. In low and middle-income countries, IUGR achieves the proportion of 27%.

Some interventions are described in the subsequent paragraphs, stressing their advantageous effects.

Physical activity
Physical activity has been demonstrated to have many beneficial effects on diverse pathological conditions. 
In addition, it improves not only the physical health, but also the mental health. As stressed in my recent 
review, it represents a very useful intervention in old people[35]. In addition, exercise increases brain 
connectivity between the frontal, posterior, and temporal cortices, influences hippocampal volume and 
serum levels of brain-derived neurotrophic factor (BDNF)[36], a mediator of neurogenesis in the dentate gyrus 
of the hippocampus[36]. From a neurobiological standpoint, exercise modulates the production and release of 
cortisol, endocannabinoids, BDNF, dopamine and serotonin[36]. Specifically, the transient stress’s response 
related to physical exercise evocates inhibitory effects from the secreted cortisol upon the hypothalamus 
and pituitary through medial prefrontal cortex receptors and reduces stress-induced over-excitability of the 
amygdala[35,36]. Moreover, aerobic exercise decreases the quantity of competitive amino acids during muscle 
uptake, and enhances tryptophan’s chances of crossing the blood-brain barrier, and consequently it mediates 
the augmentation of serotonin, an important neurotransmitter for emotional processing, satiety and memory 
functions[35,36]. These might represent some of the potential targets of future research, particularly the study 
of the neurobiological effects of exercise in susceptible populations such as those born with IUGR[35,36]. 
Consequently, further research might benefit from recruiting IUGR individuals as appropriate subjects for 
evaluating interventions on physical activity in well designed, large-scale longitudinal studies, for detecting 
potential beneficial effects. Furthermore, basic neurobiological examinations on the effects of exercise in this 
group might also be performed. They could facilitate the identification of the mechanisms that better adapt 
to such interventions[35,36].
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Microbiome interventions
Altered human microbiome, and particularly gut microbiome, is recognized to be significantly associated 
with the onset of various inflammatory diseases (i.e., age-related diseases)[35]. In addition, today, it is also 
linked with spontaneous preterm birth and other adverse pregnancy outcomes [Table 1]. Accordingly, 
it is suggesting that the administration of probiotics and/or prebiotics can ameliorate several immune 
and inflammatory parameters. This is demonstrating that manipulation of gut microbiome may result in 
beneficial effects[35]. In addition, a change in food intake and its quality are also proposed to be beneficial (see 
the next paragraph).

Mediterranean diet
The diet, and particularly the Mediterranean diet, represents a very advantageous intervention for the health 
of people, and some recent studies also confirm such relevance in both pregnancy and new-borns[35,36]. 
Accordingly, a recent investigation has evaluated the effects of adherence to a Mediterranean diet in 997 
mother-child pairs from Project Viva in Massachusetts, USA, and 569 pairs from the Rhea study in Crete, 
Greece. This large study has demonstrated that greater adherence to Mediterranean diet during pregnancy 
may protect against cardio/pulmonary damage in offspring[37]. Similar data have been obtained in a study 
performed in 728 pregnant women who assumed a Mediterranean diet, and enrolled from TIMOUN 
Mother-Child Cohort Study conducted in Guadeloupe (French West Indies) between 2004 and 2007[38]. 
In addition, some studies suggest that the women who prepare for pregnancy, and particularly adolescent 
pregnancies, should benefit of an appropriate nutrition and diet for decreasing adverse maternal and new-
born outcomes[39]. Although early life may be imperative for baby development, meticulous studies are 
essential to show the advantages to obtain using prenatal or postnatal diet’s supplementation.

Melatonin and metformin
Useful results might derive by other approaches. Recently, it has been reported that the administration of 
antioxidants and anti-remodeling agents associated with the vasodilator therapies could have beneficial 
effects in new-borns[40-46]. From this point of view, melatonin (N-acetyl-5-methoxytryptamine, an 
indoleamine molecule), appears to be an effective agent for PHN, markedly improving pulmonary vascular 
function. However, the date until now obtained derive only from animal studies. Consequently, future 
studies should be performed for: (1) optimizing doses and/or therapeutic windows to improve the functional 
and anti-remodeling effects in animal models, as preclinical studies ; and (2) extending these investigations 
to human pregnant women and new-borns[40-46].

Another promising treatment might be the metformin, one drug normally used in diabetes therapy, 
even if its effects in pregnancy have been experimented only in the treatment of gestational diabetes[47]. 
Consequently, more studies are needed to provide more evidence for the future use of metformin.

CONCLUSIONS AND PERSPECTIVES
Growing evidence from epidemiological, clinical and experimental studies has clearly revealed a close 
relationship between adverse in utero environment and the augmented risk of diverse diseases, such as PH 
in later life[8]. Fetal stressors, such as hypoxia, high-altitude, malnutrition, and fetal exposure to nicotine, 
alcohol, cocaine and glucocorticoids can directly or indirectly act at cellular and molecular levels, by 
altering the cardio/pulmonary development and resulting in programming of heightened cardio/pulmonary 
vulnerability to diverse pathologies, such as PH[8]. The underlying mechanisms and pathways are not 
completely identified. However, crucial is the role of epigenetic mechanisms in fetal origin[9,48]. Predictably, 
pharmacological manipulations of epigenetic mechanisms present a promising interventional strategy. 
Indeed, several experimental studies in animals have offered exciting results, by using DNA methylation 
inhibitors and other agents, such as plant-derived isoflavone genistein, leptin, folate, fish oil, omega-3 and 
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vitamin D. Specifically, they can alter the corresponding abnormal epigenetic modification status and 
improve the adverse programming effects caused by prenatal stress[49]. Advantageous effects have been 
obtained by modifying the diet and physical exercise, and performing interventions on the gut microbiome, 
as abovementioned. Furthermore, it has estimated, across gestation, that genetic and environmental 
influences vary during the various sensitive periods of pregnancy[50]. Accordingly, environmental factors 
have stronger influence on fetal growth at early end of first trimester, but are overtaken by genetic influences 
in late gestation. In addition, the fetal growth can be used as an optimal tool for measuring and estimating 
the effects.

Meticulous studies are indispensable to improve our knowledge in this field and the development of 
appropriate treatments, such as prenatal or postnatal supplementations. This might facilitate the reduction 
of the incidence and prevalence of this disease in new generations. Currently, such preventive measures 
are limited. However, it is well established until now that some surgical treatments, including both balloon 
pulmonary angioplasty (BPA) and pulmonary endarterectomy (PEA), can improve long-term survival, 
clinical status and hemodynamics in patients affected by this pathology. BPA is preferentially used for 
inoperable chronic thromboembolic pulmonary hypertension (CTEPH) or residual PH after PEA. PEA is, 
indeed, performed for operable CTEPH. Recent systematic reviews suggest their efficacy and safety[51,52].
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Abstract
As a novel treatment modality, transcatheter aortic valve replacement (TAVR) is widely used for patients with severe 
aortic valve stenosis who have high surgical risk worldwide. However, this promising alternative procedure has different 
types of complication risks including, cerebrovascular events, vascular complications, bleeding, coronary obstruction, 
myocardial infarction, valve regurgitation, valve malpositioning or migration, conduction disturbances and acute kidney 
injury which may occur during and/or after the procedure. These complications may be seen up to one third of the 
patients and some of them may need urgent surgical intervention and may have a higher risk of death. For preventing 
and overcoming these complications, pre-procedural evaluation of the patient by an effective “heart team” which 
consists of cardiologists, cardiac surgeons, radiologists and anesthesiologists in equal proportion is needed. Estimating 
the potential difficulties and complications, deciding the interventions to be performed in case of any complication may 
increase the success of the procedure and save the patients’ lives. In this article, we reviewed the possible complications 
of the TAVR procedure and described rescue procedures in case of complications, in the context of the literature.

Keywords: Aortic valve stenosis, transcatheter aortic valve replacement, risk factors, complication, surgery, catheter

INTRODUCTION
Transcatheter aortic valve replacement (TAVR) was firstly described as catheter-based implantation of a 
crimped valve, to the stenotic native aortic valve via transapical access-antegrade approach in 2002, as an 
alternative treatment method to surgical aortic valve replacement (SAVR) for patients who have high or 
prohibitive surgical risk[1,2]. Since 2002, TAVR is used increasingly all over the world. By the time, different 
access sites have been described and different TAVR valves have been developed [Figures 1 and 2].
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Although its efficacy has been proven in patients with aortic valve stenosis having high surgical risks, as a 
less invasive catheterization procedure, it has varying types of complications that may increase morbidity, 
require urgent surgical intervention and even cause death. These complications can occur anytime during 
and/or after the procedure, and include cerebrovascular events, vascular complications, bleeding, coronary 
obstruction, myocardial infarction, valve regurgitation, valve malpositioning or migration, conduction dis-
turbances and acute kidney injury. With the advances in medical equipment and systems, improvements in 
procedural techniques together with increasing experience and advances in patients’ imaging, these proce-
dural complications decreased dramatically. However, if occur, complications still remain the major factors 
affecting the success of the procedure. To prevent and/or overcome these complications, all TAVR patients 
should be evaluated by the “heart team” which consists of cardiologists, cardiac surgeons, radiologists and 
anesthesiologists in equal proportion. The risks and/or difficulties of anesthesia and SAVR procedure should 
be put forth by the cardiac surgeons and anesthesiologists, and declared to the patient. Once the decision of 
performing TAVR procedure has been taken, structures and calcification loads of the aortic valve, aortic an-
nulus, aorta and access vessels should be evaluated by cardiologists, cardiac surgeons and radiologists via CT 
images, angiogram and echocardiographic findings. The TAVR valve planned to be used, potential difficul-
ties of the procedure and possible complications should be determined and in case of complications, rescue 
attempts should be planned before the procedure by the “heart team”. The procedure should be performed in 
a hybrid operating room and surgical backup should be available whenever needed.

However, in all centers where TAVR is performed, it seems that a heart team with equal participation of spe-
cialists is not established and managed. Performing the procedure under this inappropriate condition may 
cause doctors to inform the procedure as a risk-free intervention to the patients, to get out of the TAVR indi-
cations such as performing the procedure according to the patient’s wish only and to be caught unprepared 
against the complications. 

Here, for highlighting pre-procedural evaluation of the patients and being prepared against the complica-
tions of TAVR, we reviewed the possible complications of the TAVR procedure and described rescue proce-
dures and/or treatment options in case of complications, in the context of the literature. 

VASCULAR COMPLICATIONS
The vascular complications of TAVR may be evaluated under two subheadings.

Minor/major vascular complications
Minor Vascular Complications
Vascular access injuries, those do not cause tissue malperfusion and do not require surgery[3].
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Access sites and approaches for TAVR

Access site Approachs

1- Trans-femoral access Retrograde

2- Trans-subclavian access Retrograde

3- Direct aortic access Retrograde

4- Trans-carotid access Retrograde

5- Trans-apical access Antegrade

Figure 1. Access sites and approaches for transcatheter aortic valve replacement
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CE-marked TAVR valves
Self 
baloon-expandable Access-aproach Valve

Self-expandable Trans-femoral
Trans-femoral

Porticovalve™
(Abbott, USA)

Other design Trans-femoral LOTUSTM 

(Boston Scientific Corp., USA)

Other design Trans-femoral
Direct-aortic

LOTUS EdgeTM 
 (Boston Scientific Corp., USA)

Self-expandable Trans-apical
ACURATE TATM (Boston Scientific Corp., 

USA- Symetis SA, Ecublens, Switzerland)

Self-expandable Trans-femoral ACURATE neoTM (Boston Scientific Corp., 
USA- Symetis SA, Ecublens, Switzerland)

Other design Trans-femoral Direct Flow Medical Transcatheter Aortic Valve 
System (Direct Flow Medical Inc., USA)

Baloon-expandable Trans-femoral, trans-apical
Trans-femoral, Trans-apical

SAPIEN® 
(Edwards Lifesciences, Irvine, CA,USA)

Baloon-expandable
Trans-femoral, Trans-apical

Direct-aortic

SAPIEN XT® 
(Edwards Lifesciences, Irvine, CA, USA)

Baloon-expandable Trans-femoral, Trans-apical
Direct-aortic

SAPIEN 3® 
(Edwards Lifesciences, Irvine, CA, USA)

Other design Trans-apical
JenaValveTM 
(JenaValve, Munich, Germany-JenaValve 
Technology Inc., USA)

Self-expandable Trans-femoral Allegra (NVT GmbH, Germany)

Self-expandable Trans-femoral CoreValve Re Valving SystemTM 

 (Medtronic Plc, Ireland)

Self-expandable Trans-femoral, Direct-aortic
Trans-subclavian

CoreValveTM 

(Medtronic Plc, Ireland)

Self-expandable Trans-femoral, Direct-aortic
Trans-subclavian

CoreValve EvolutTM 

 (Medtronic Plc, Ireland)

Self-expandable Trans-femoral, Direct-aortic
Trans-subclavian

CoreValve Evolut-RTM 
(Medtronic Plc, Ireland)

Self-expandable Trans-apical EngagerTM 

(Medtronic Plc, Ireland) 

Figure 2. CE-marked TAVR valves. TAVR: transcatheter aortic valve replacement



Major Vascular Complications
All other vascular injuries, those cause tissue malperfusion, require blood transfusion over 4 units or surgery.

Heart team has the key role in preventing and/or overcoming major vascular complications. Not only the 
status of aortic valve and device landing zone, a full evaluation including the status of the access-site, access 
artery diameter, its stenosis and/or calcification, sharp angulations and/or tortuosity of the conducting arter-
ies, should be done by using computerized tomography and catheter angiography.

Vascular access-site/device landing zone complications
Vascular Access-Site Complications
Vascular access-site complications are mainly caused by the mismatch of access artery and sheaths of deliv-
ery system. Sex (female), calcification status of the access artery, ratio of the sheath to access artery diameter (> 
1.05)[4] and the experience of the operator were determined as major predictors of vascular access-site com-
plications[5,6]. With the improvements in the delivery systems (decreased diameters), improvements in the 
pre-procedural patient evaluation and increased surgical experience, the vascular access-site complications 
decreased nowadays[7]. Despite all the improvements, if the conducting arteries have sharp angulations, tor-
tuosity or untreated aneurysms, and the conducting artery lumen is narrower than 6 mm with calcifications, 
the trans-femoral, trans-subclavian and trans-carotid accesses are not recommended, instead, trans-apical 
or direct-aortic accesses should be used.

In case of any complication, angiographic evaluation of the artery may be the urgent diagnosis method and 
an acute hypotension without other causes may also support the diagnosis of major arterial injury. Urgent 
endovascular or surgical repair is recommended for treatment.

Device landing zone complications 
Rupture of the device landing-zone is a rarely encountered complication (1%), but has a high mortality risk 
(48%-50%)[8,9]. The presence of severe annular, sub-annular, left ventricular outflow tract calcifications and 
valve over sizing were determined as the predictors of this complication[10]. From the perspective of tissue 
quality, patients older than 90 years, chronic steroid users and immunosuppressed hosts have a higher risk of 
annular injury. Device landing-zone complications such as injury, rupture or dissection of aorta, ventricular 
septal defect and aorto-ventricular fistula are mostly seen in implantation of balloon-expandable valves or 
in balloon dilatation of a self-expandable valve after implantation[11]. Smaller annular area (< 300 cm2) may 
increase the annular rupture due to relative valve oversizing[12]. Also, aggressive oversizing of the prosthesis, 
may decrease significant aortic regurgitation but induce conduction disorders requiring pacemaker implan-
tations[13].

In case of complication, trans-esophageal echocardiography may give critical information about new peri-
cardial effusion or tamponade, aortic root injury and aortic dissection. The occurrence of an acute hypoten-
sion supports the diagnosis. If the problem is only aortic root hematoma with no rupture, hemodynamic 
support with inotropes, reversal of anticoagulation, then transfusion of fresh frozen plasma and close obser-
vation may be enough. Otherwise, if there is rupture, cardiac tamponade occurs frequently and reversal of 
anticoagulation, pericardial drainage or surgical repair are recommended[14].

AORTIC VALVE REGURGITATION
Aortic valve regurgitation is frequently seen after TAVR and can be evaluated under two subheadings.

Paravalvular leak
The incidence of paravalvular leak is 50%-85%. Whilst most of them are mild, moderate and/or severe leaks 
are seen up to 24%[15] that increase the mortality of the procedure up to 4 times in the first year[16,17]. Occur-
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rence of paravalvular leaks can be explained by 3 mechanisms: (1) prosthetic valve-annulus size mismatch; (2) 
inappropriate placement of the prosthetic valve; and (3) incomplete apposition of the stent due to deformed 
native structure.

Aortic root calcification, its degree and geometric distribution are the main factors affecting the native 
structure. Asymmetric and severe calcifications may deform the prosthesis resulting in paravalvular leaks. 
Assessing the aortic root calcification with echocardiographic examination and/or Agatston score, may de-
crease the risk of paravalvular leak[18].

The use of self-expandable valves is a major determinant for significant paravalvular leak. The studies have 
shown that self-expandable valves were associated with moderate-severe paravalvular leak compared with 
balloon-expandable valves (19.8% vs. 12.2%)[19].

Central leak
The incidence of moderate or severe central leak is 4.5%-11.7%[20] and usually occurs due to structural dys-
function of the valve. Central leak can be the result of leaflet restriction or damage, during crimping or im-
plantation as well as over dilatation of the valve[21]. Post implantation dilatation of the prosthetic valve may 
also cause central leak[22].

In case of any complication, aortic root angiography is performed for the quantification of central leak. In-
tra-procedural echocardiography may be performed for determining the severity of leak and the location of 
the prosthetic valve. Increase of left ventricular end-diastolic pressure and decrease of aortic diastolic blood 
pressure also support the diagnosis. If the leak is central, gentle probing of leaflets with a soft wire and/or 
catheter or delivery of a second prosthetic valve may solve the problem. The management of paravalvular 
leaks is controversial. Mild degrees may be clinically followed as they are thought to be not progressive. 
However, more severe degrees of leaks may deserve intervention. Usually, balloon post-dilatation is the first 
option, using a slightly oversized balloon.

Repositioning of the implanted prosthetic valve, delivery of a second prosthetic valve and percutaneus vas-
cular occlusion devices may be the other choices for the treatment. However, in large and high volume leaks, 
for implanting the appropriate device, large sheaths may be needed. Particularly in self-expanding prosthe-
ses, valve struts and calcification of the annulus may complicate the advancement of delivery systems mainly 
when using large sheaths[23]. 

Otherwise, SAVR should be performed for both types of leaks[14].

PROSTHETIC VALVE MALPOSITIONING
Valve malpositioning usually occurs during or just after valve implantation. However, rare delayed migra-
tion cases together with acute heart failure and/or cardiogenic shock have been reported in literature[24]. The 
incidence of the prosthetic valve malpositioning is about 1.3% (CoreValve® 2.3% vs. Edwards SAPIEN® valve 
1.0%[20]. The predisposing factors for the prosthetic valve malpositioning can be listed as: (1) incorrect assess-
ment of the aortic annulus; (2) incorrect implantation of the prosthetic valve; (3) insufficient or early termi-
nation of rapid ventricular pacing; (4) presence of prosthetic mitral valve; and (5) presence of severe mitral 
annular calcification extending to anterior leaflet and left ventricular outflow tract.

In case of any complication, aortography and trans-esophageal echocardiography are performed for evaluat-
ing the position and confirming the malposition or migration of prosthetic valve [Figure 3A and B]. 

Hemodynamic status of the patient, final position and the type of prosthetic valve determine the treatment. 
For self-expandable ones, if the prosthetic valve is still attached to the delivery system, it may be re-captured 
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or deployed to descending aorta. If not, it may be snared in the aortic direction or a second prosthetic valve 
may be implanted as valve-in-valve. For migration of the balloon expandable ones, prosthetic valve may be 
pulled to descending aorta via an inflated balloon inside. In case of unsuccessful bailout maneuvers, urgent 
surgical removal of the prosthetic valve and SAVR should be performed[14] [Figure 4A and B].

CORONARY OBSTRUCTION
The incidence of coronary obstruction is about 0.8% for the procedures which are performed to native aortic 
valve and 3.5% for the procedures which are performed to degenerative bioprosthetic aortic valve[25,26]. The 
risk factors for coronary obstruction may be listed as: (1) low coronary ostium height (< 12 mm); (2) narrow 
sinus valsalva; (3) small sinotubuler junction; (4) low sinus valsalva height (< 30 mm); (5) bulky calcification 
of the aortic valve leaflets; and (6) oversized prosthetic valve. 

Closure of the coronary ostium by the calcific aortic valve leaflets is the most encountered cause of the coro-
nary obstruction[27] and also reported to be more frequent in women and in patients with prior surgical bio-
prosthesis. In the CHOICE trial, two patients belonging to the balloon-expandable valve group had coronary 
obstruction as opposed to none in the self-expandable valve group[28].

In case of complication; coronary obstruction manifests itself with acute hypotension, segment (ST) eleva-
tion, ventricular arrhythmias and/or cardiac arrest. Because of the high hemodynamic collapse risk, an 
emergent aortography or selective angiography to the obstructed coronary artery with stent implantation 
should be performed. The patient may be placed on mechanical circulatory support for allowing the opera-
tors to gain time for intervention. Failure of percutaneous coronary intervention indicates the necessity of a 
coronary bypass grafting operation for the treatment of this complication. 

MYOCARDIAL INFARCTION
The incidence of peri-procedural myocardial infarction is about 1.1% (in transapical approach 1.9% vs. in 
trans-arterial approach 0.8%)[8,20]. The reasons of peri-procedural myocardial infarction can be listed as[29]: (1) 
myocardial ischemia due to rapid ventricular pacing; (2) myocardial ischemia due to hypotension; (3) micro-
embolisms to coronary arteries; (4) compression of the myocardium due to expansion of the prosthetic valve; 
5. trauma to the ventricular apex in the trans-apical approach.

Presence of chest pain and/or shortness of breath, ST changes, pathological Q wave, hemodynamic instabil-
ity, ventricular arrhythmia, new or worsened heart failure, elevated levels of cardiac biochemical markers 

Figure 3. A: An angiographic view of CoreValve® prosthesis before final delivery; B: final position of prosthesis in ascending aorta before 
emergent surgery (solid arrows show the annulus of the native aortic valve and dotted arrows show the sino-tubular junction)

A B
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(particularly CK-MB) in the post-procedural 72 h, detection of the loss of viable myocardium on imaging 
and ventricular wall motion abnormality also indicate the peri-procedural myocardial infarction[3].

In case of such complications, selective coronary angiography and percutaneous coronary interventions 
should be performed. According to the results, medical treatment and/or coronary artery bypass grafting 
operation may be the treatment options.

CEREBROVASCULAR COMPLICATIONS
The incidence of strokes and transient ischemic attacks in a month after TAVR procedure vary between 
3%-7%[30,31]. The majority of these cerebrovascular complications (50%-70%) are seen in the first 24 h after 
the procedure and neither the type of prosthetic valve, nor the access route has any effect over incidence of 
cerebrovascular complications[20]. After the TAVR procedure, in one third of the patients, new onset atrial 
fibrillation may be encountered. The cerebrovascular complications that occur after the first 24 h are thought 
to be related with this new onset atrial fibrillation[32]. Studies revealed that the origin of embolic material 
was usually native aortic valve leaflets or aortic wall[33]. Thus, avoiding frequent aortic balloon dilatation and 
limiting the manipulations of large catheters in the aortic arch, were suggested to reduce the cerebrovascular 
complications[34].

In case of complication, in large ischemic cerebrovascular events, mechanical retrieval of the embolic mate-
rial via catheter may be performed. Otherwise, conservative treatment should be performed[14]. Antiplatelet 
and anticoagulant agents should be used during and after the procedure. In the presence of newly onset 
atrial fibrillation, anti-arrhythmic drugs should also be added to the treatment.

BLEEDING
Life-threatening bleeding
Occurrence in critical areas, development of severe hypotension or shock, decrease of hemoglobin value 
more than 5 g/dL or requirement of red blood cells transfusion more than 4 units, indicate the life-threaten-
ing bleeding.

Major bleeding 
Bleedings that do not meet the life-threatening bleeding criteria but cause the decrease of hemoglobin value 

Figure 4. A: An intraoperative view of migrated CoreValve® prosthesis (solid arrow) through aortic incision at the level of sino-tubular 
junction (dotted arrow). The surgical field is flushed with cold saline solution to soften the rigid nitinol struts of the prosthetic aortic 
valve for smooth extraction through aortotomy; B: an intraoperative view of migrated Medtronic-CoreValve® prosthesis removed from 
ascending aorta

A B
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equal to or more than 3 g/dL and the ones those require 2-3 units of red blood cells transfusion can be de-
fined as major bleeding.

Minor bleeding
All bleedings other than life-threatening and major bleedings can be described as minor bleeding.

Cardiac tamponade due to bleeding to the pericardium is seen in about 3%-4% of the patients who under-
went TAVR and causes high rate of death (24%)[35]. Of the access-site complications, 69% is bleeding and 23%-
31% of them are life-threatening ones. Digestive tract, the retro-peritoneum, and the pleura may be listed as 
the other sources of bleedings. 

In case of such complications, the anticoagulation should be reversed and if needed transfusion of fresh 
frozen plasma and/or red blood cells should be performed. Hemodynamic conditions and hemoglobin levels 
should be stabilized. If feasible, the source of the bleeding should be treated surgically.

CARDIAC CONDUCTION ABNORMALITIES
Conduction system damages are one of the major complications of TAVR and can be listed as: (1) prolonged 
atrio-ventricular (AV) conduction time; (2) AV block; (3) left bundle branch block; and (4) need for perma-
nent pacemaker implantation.

The thickness of the ventricular septum, thickness of the non-coronary aortic cusp, implantation depth of 
the prosthetic valve in the left ventricular outflow tract, post implantation dilatation of the prosthetic valve, 
type of prosthetic valve and pre-existence of right bundle branch block can be listed as the risk factors for 
occurrence of conduction abnormalities[36,37]. The incidence of conduction abnormalities after TAVR varies 
between 5.7%-42.5%[38]. The incidence of AV block varies between 24.5%-25.8% for CoreValve® and 5.9%-6.5% 
for Edwards SAPIEN® valve[39]. Besides the prosthetic valve, manipulation of the guide wires and catheter 
systems in the left ventricular outflow tract may also cause temporary or permanent conduction system 
injuries. Most of the conduction abnormalities occur during the procedure (after the isolated aortic balloon 
valvuloplasty and before the implantation of the prosthetic valve)[40]. New left bundle branch block is the 
most seen conduction abnormality with the rate of 25%-85% for CoreValve® and 8%-30% for Edwards SA-
PIEN® valve[41]. The risk of AV block is higher for CoreValve® due to its self-expandable design and the pos-
sible deeper implantation into the left ventricular outflow tract. For preventing the complications related to 
conduction pathways, patients should be carefully screened for risk factors.

In case of such complications, trans-venous pacemaker implantation with conversion to permanent pace-
maker is the most common treatment option[14]. 

ACUTE RENAL INJURY
The incidence of acute renal injuries after TAVR is about 22% and less than half of them are acute renal 
injuries in stage 2 or stage 3 (8.4%)[42]. The predisposing factors for acute renal injuries can be listed as: (1) 
chronic renal disease; (2) peripheral vascular disease; (3) diabetes mellitus; (4) hypoperfusion during rapid 
ventricular pacing; and (5) aortic plaque embolism in the renal arteries.

In case of any renal complication, the cessation of nephrotoxic drugs and the start of hydration procedure 
should be performed. If needed hemodialysis may be the treatment option.

DEATH
The mortality incidence after TAVR varies between 5%-10%. No significant difference about mortality has 
been reported between the self-expandable and balloon expandable prosthetic valve implantation[2,8]. How-
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ever, significant difference is present between the trans-apical and trans-arterial implantation of the balloon 
expandable prosthetic valve[20]. The cause of death is mostly originated from the heart (75%) and occurs in 
the first 48 h after the procedure. After the first 48 h, non-cardiac reasons are the most encountered ones 
with an incidence of 69%[43]. Whilst heart failure, cardiac tamponade and arrhythmias are the most seen car-
diac reasons; infection, sepsis and stroke are the most seen non-cardiac reasons of death.

CONCLUSION
TAVR procedure is increasingly used all over the world each day. Despite all procedural improvements and 
technical advances, TAVR procedure still has severe complication risks. It seems that the most important 
point of preventing and/or overcoming these complications is having an effective heart team. A good patient 
evaluation by each member of the team, appropriate patient selection, determining the procedural difficul-
ties before the procedure may reduce the complications. Being prepared against the complications, may al-
low the most needed time to perform the rescue attempts and save the patients’ lives.
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Abstract
Aim: To evaluate activity of oxidative stress (OS) as marker of vascular aging in different age groups of patients with 

combined course of arterial hypertension (HT) and type 2 diabetes mellitus (T2DM).

Methods: 126 patients (average age 57.8 ± 6.2 years) with stage II HT and compensated T2DM were divided into 

2 subgroups: 2a (n  = 59) - aged 45-60 years; 2b (n  = 97) - aged 61-75 years; 30 patients with isolated stage II HT 

(comparison group), 20 practically healthy individuals (control group). The activity of antioxidative [glutathione 

peroxidase, sulfhydryl groups (SH-groups)] and oxidative [malonic dialdehyde (MDA)], 8-hydroxy-2-deoxyguanosine 

(8-OH-dG) systems in blood serum, were studied.

Results: A significant increase in MDA levels (P  < 0.05) and SH-groups (P  < 0.05) compared with healthy volunteers 

was observed. Patients in 2b group had lower MDA values than in 2a (6.25 ± 0.33 μmol/L, 7.07 ± 0.44 μmol/L, 

respectively, P  > 0.05). In the 2b group, in comparison with 2a patients, a decrease in thiol status was observed (P  > 0.05). 

The level of 8-OH-dG was increased in patients with HT and T2DM, but there was also an age-associated increase in 

the average 8-OH-dG in the 2b group.

Conclusion: The age-associated changes in the OS in comorbid course of HT and T2DM did not have significant 

differences. Nevertheless, the presence of correlations between various indexes that are included in the concept of “vascular 

http://crossmark.crossref.org/dialog/?doi=10.20517/2574-1209.2018.48&domain=pdf


aging” and indicators of oxidant-antioxidant systems in different age groups allows us to make an assumption about the 

significant influence of the oxidative status on the status of vascular age, especially in the older age group persons.

Keywords: Hypertension, type 2 diabetes mellitus, oxidative stress, vascular aging

INTRODUCTION
A significant increase in the proportion of older people in the population of developed countries is 
accompanied by an increase in mortality from the main diseases of old age-diseases of the cardiovascular 
system, malignant neoplasms, neurodegenerative processes, reduced resistance to infection and diabetes 
mellitus.

According to the United Nations Organization prognosis, by 2025 the number of people over 60 will reach 
1.2 billion (15% of the world’s total population). Therefore, the concept of healthy aging, developed in 2001 
by the United Nations Organization, is classified as one of the highest priority areas of medicine.

Aging is considered to be a natural physiological process. At the same time, there are data which 
demonstrate that physiological aging is observed in only 3%-6% of the human population while in other 
cases accelerated aging is observed. Aging is a biological process that develops with age and manifests as a 
gradual decrease in the adaptive capabilities of the organism. These changes can play a significant role in 
the development of different pathologies.

Medico-biological studies involving elderly, old people and centenarians are recognized as necessary to 
identify age-associated risk factors and specific markers that would optimize therapy for age-associated 
diseases, especially taking into consideration that cardio-vascular mortality remains high, despite 
therapeutic and prophylactic efforts. There is also a need to develop new pathophysiological models for a 
better understanding of cardiovascular risks (CVRs) based on new age-associated concepts.

Since age is a marker of the cumulative effect of risk factors and the overall integral index of the 
development of many chronic diseases [cardiovascular diseases (CVD), type 2 diabetes mellitus (T2DM), 
malignant diseases], Nilsson et al.[1] proposed the concept of “early vascular aging”, which is a new concept 
for studying patients with high CVR or patients with early family manifestations of cardiovascular events. 
“Vascular age” (VA) generally includes many determinants, the main ones of which are: endothelial 
dysfunction, pulse wave velocity (PWV), central arterial pressure and carotid intima-media complex 
thickness (CIMCT). These parameters can be considered as “tissue biomarkers” of vascular lesions, which 
may be more sensitive than “circulating biomarkers” (e.g., C-reactive protein, hyperglycemia, dyslipidemia) 
and in combination with classical risk factors show better additional results predicting cardiovascular 
complications[2]. At present, the Framingham scale and the European scale for assessing the 10-year risk 
of cardiovascular mortality (SCORE) are widely used, in which age is one of the most important CVR 
determinants and is associated with a number of morphological and functional changes in vessels[3].

As knowledge accumulates, it is becoming increasingly evident that aging and major chronic age-related 
diseases have the same basic molecular and cellular mechanisms[4]. It is believed that in the first place they 
are associated with mild chronic systemic inflammation. To denote this phenomenon a group of scientists 
led by Franceschi et al.[5] proposed the term “inflammaging”. Today inflammaging is a widely accepted 
theory of aging. Global age-related systemic inflammation in many organs is involved in the pathogenesis 
of the most associated diseases, but until now it has not been fully determined whether these conditions 
are the cause or consequence of age-related systemic inflammation. Inflammation is one of the central 
pathogenetic mechanisms at all stages of development of atherosclerosis and its complications. What 
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mechanisms are involved in the development of age-associated chronic inflammation is not definitively 
established.

The age-associated increase in oxidative stress can contribute to the development of chronic inflammation 
and the progression of various diseases. Today the theory of oxidative stress is considered one of the most 
popular theories explaining not only aging, but also the initiation, as well as the progression of many 
modern diseases, in particular cardiovascular and diabetes mellitus. Recently, oxidative stress has been 
actively studied in order to better understand the mechanisms of protection and the relationship between 
oxidative damage and the aging process[6].

Population aging became the leading demographic feature of Ukraine as well[7]. Hypertension (HT), 
T2DM, ischemic heart disease (IHD), cerebral vascular disease with different severity of clinical symptoms 
and in different combinations are the most common in elderly people[4,7].

The purpose of this study was to evaluate plasma parameters of oxidant-antioxidant systems as markers of 
vascular aging in patients of different age groups with a combined course of arterial HT and T2DM.

METHODS
126 patients (55 males and 71 females) from 45-75 years old (mean age: 57.8 ± 6.2 years) with stage II HT 
(mean duration of disease 10.2 ± 3.7 years) and well controlled T2DM (mean duration of disease: 4.1 ± 2.4 
years) were examined and according to the current World Health Organization (WHO) age classification[8] 
were divided into 2 subgroups: group 2a (n = 59) - patients with HT in combination with T2DM aged 45-
60 years; group 2b (n = 97) - patients with a combined course of HT and T2DM aged 61-75 years. As a 
comparison group, patients with isolated stage II H (n = 30), identical in age and sex to the main group 
(average age 53.8 ± 4.6 years) were studied. The control group consisted of 20 healthy individuals, matched 
for age and sex.

The study did not include patients with symptomatic HT, uncontrolled HT, type 1 diabetes, decompensated 
T2DM and other endocrine disorders, clinical signs of IHDs or severe concomitant chronic diseases. The 
excluding criteria were also: taking iodine medications, glucocorticoids, amiodarone, lithium medications, 
and medications containing estrogens and pregnancy. For patient selection, the diagnostic criteria of HT 
approved by the European recommendations on diagnosis and treatment of HT[9] were used. The diagnosis 
of T2DM was established according to the approved by order of the Ministry of Health of Ukraine dated 
on 21.12.2012 № 1118 “On Approval and implementation of medical-technological documents for the 
standardization of medical aid in type 2 diabetes”[10] and in accordance with the recommendations of the 
American Diabetes Association and the European Association for the study of diabetes[11].

On a background of dietary recommendations, all patients received basic therapy in accordance 
with international and national recommendations for the management of patients with appropriate 
pathology[9-11]. Before being included in the study, all patients had been receiving antihypertensive therapy 
for at least 6 months in individually selected doses with the use of angiotensin - converting enzyme 
(ACE) inhibitors or angiotensin II receptors blockers (ACE inhibitors/ARBS), diuretics (indapamide 
or torasemide). Some of the patients received calcium antagonists (amlodipine or lercanidipine). As an 
antidiabetic therapy, patients with T2DM received metformin in individually selected doses from 1000-
2000 mg per day, 49 patients (29.51%) additionally were using sulfonylurea derivatives.

Blood pressure (BP) levels were assessed in all patients by means of blood pressure obtained from three 
measurements at 2-min intervals in a sitting position.
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Determination of total cholesterol (TC), triglycerides (TG) and cholesterol of high density lipoproteins 
(HDL cholesterol) were performed in serum enzymatically by photocolorimetric method with sets 
produced by Human (Germany). The content of cholesterol in the low density lipoprotein (LDL cholesterol) 
was calculated by the formula of Friedewald W. T. with consideration of measurement in mmol/L: LDL 
cholesterol = cholesterol - (HDL cholesterol + TG/2.22).

Determination of the concentration of fasting glucose was performed by the glucose oxidase method using 
analyzer Humolizer (made in Germany). The level of glycated hemoglobin (HbA1c) was measured by 
enzyme immunoassay (ELISA) using a set of reagents Hummer (USA). To determine the insulin resistance 
(IR) index HOMA-IR was used, which was calculated with the formula: [(Glucose fasting) × (fasting 
insulin)] mmoL/mL/22.5.

Besides the indicators of carbohydrate and lipid metabolism all patients underwent measurement of the 
concentration of insulin in blood serum by the method of ELISA using a kits DRG Instrument Gmbh 
(Germany) on a semi-automatic ELISA analyzer “ImmunoChem-2100”, HighTechnology, Inc. (USA).

To study the antioxidative system, the activity of glutathione peroxidase (GPO) and the level of sulfhydryl 
groups (SH-groups) were assessed. GPO plays an important role in protecting biological cell membranes 
against oxidative damage by increasing the concentration of reduced glutathione (oxidised glutathione 
ratio - GSSG-R) in the process of aerobic glycolysis. SH-groups are the organic compounds that contain 
a sulphydryl group. Among all the antioxidants that are available in the body, they constitute the major 
portion of the total body antioxidants and they play a significant role in defense against reactive oxygen 
species (ROS). The level of malonic dialdehyde (MDA) was used as a marker of the lipid peroxidation 
and oxidative system activity. The activity of GPO (KF 1.11.1.9) in Ethylenediaminetetraacetic acid 
(EDTA)-hemolysate was determined by the decrease in the content of reduced glutathione during 
a 5-min incubation of a test sample of hemolysate in the presence of oxidizing substrate - cumene 
hydroperoxide by the photometric method[12]. The SH-groups and MDA were determined in serum using 
a photometric method[12]. The following reagents were used: thiobarbituric acid (Organika, Germany), 
dithiobisnitrobenzoic acid (Merck, Germany), restored glutathione (Sigma-Aldrich, Germany), cumene 
hydroperoxide (Merck, Germany). The determination of 8-hydroxy-2-deoxyguanosine (8-OH-dG) in blood 
serum, as one of the biomarkers of oxidative damage, was carried out by ELISA with kits “Bio-Vendor” 
(Czech Republic).

Ultrasound examination of the common CIMCT was performed according to the standard procedure on 
the device “LOGIQ5”.

The results obtained are presented as the average value of parameters (M) and standard error (m). 
Processing of statistical data was performed using the software package “Statistics for Windows 8.0”. The 
student criterion and Pearson’s chi-squared test were used to estimate the differences between groups with 
normal distribution. The differences were considered statistically significant at P < 0.05.

The study was performed in compliance with the basic provisions of the Helsinki declaration of the world 
medical association on ethical principles of scientific and medical research involving humans (1964-2000) 
and the order of the ministry of health of Ukraine dated 23.09.2009 № 690. The article is a fragment of 
the research work of the department of clinical pharmacology and internal medicine of Kharkiv National 
Medical University “Optimization of diagnosis and treatment of comorbid pathology (HT and diabetes 
mellitus type 2) on the basis of evaluation of cardio-hemodynamics, metabolism and pharmacogenetic 
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analysis”. The study was approved by the commission on bioethics at the Kharkiv National Medical 
University, consistent with the principles outlined in the Helsinki declaration.

RESULTS
Comparative analysis of lipid and carbohydrate metabolism parameters, as was expected, showed the 
presence of dyslipidemia both among patients with isolated HT and in the combined course of HT and 
T2DM in comparison with controls. Inclusion of compensated T2DM to HT was not accompanied by a 
significant aggravation of lipid metabolism disorders, but increased the index of IR almost 2-fold compared 
with patients with isolated HT and 4-fold compared with the control group (group 1: 4.40 ± 0.51, group 2: 
8.26 ± 0.68, control: 2.23 ± 0.36 respectively, P < 0.05).

The distribution of patients with HT and T2DM in the 2 age categories did not reveal significant differences 
in the disorders of both lipids, except HDL cholesterol, and carbohydrate metabolism [Figure 1]. In the 2b 
subgroup patients, despite a higher level of fasting glucose (2a subgroup: 8.59 ± 0.72 mmoL/L and 2b: 9.15 ± 
0.67 mmoL/L, respectively, P > 0.05), there was a decrease in the signs of insulin resistance (HOMA-IR: 
2a: 8.88 ± 1.15 and 2b: 7.92 ± 0.86, respectively, P > 0.05). It is believed that the increase in IR leads to the 
depletion of antioxidant protection. In our work in patients with comorbid pathology with an increase in 
the age group, there was a unidirectional decrease in the signs of both IR and indexes of both oxidative 
and antioxidant systems [Table 1]. In patients of the older age group, the correlation analysis revealed the 
presence of an average positive relationship between GPO and HOMA-IR (P = 0.046, r = 0.374).

When evaluating the carotid intima-media thickness (CIMT) we were guided by the data obtained in the 
Atherosclerosis Risk in Communities (ARIC) study, in which it was demonstrated that the calculation 
of VA, taking into account gender, age and race, can be made on the basis of the CIMT measurement[2]. 
Stein et al.[13] have shown that the assessment of VA using a non-invasive CIMT measurement, can 
more accurately determine the age as one of the main indicators in the evaluation individual risk of 
cardiovascular disease.

As is known, the presence of HT and T2DM themselves are characterized by a tendency to increase the 
CIMT, which we observed in our patients, although it is worth noting that this increase was in comparison 
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with control group, and in 67% not reach the threshold for the European recommendations (CIMT thickness ≤ 
0.9 mm)[14]. The subdivision of patients with HT and T2DM into age groups was accompanied by a slight 
increase in this parameter, which did not reach significance (2a subgroup - CIMT of right common carotid 
artery (RCCA) - 0.086 ± 0.004 mm, CIMT of left common carotid artery (LCCA) - 0.086 ± 0.003 mm, 2b 
subgroup - CIMT RCCA - 0.088 ± 0.003 mm and CIMT LCCA - 0.087 ± 0.002 mm, respectively, P > 0.05). 
Ultrasound examination of carotid arteries revealed the presence of atherosclerotic plaques in 39 patients 
(30.95%), 5 of which (12.82%) belong to the 2a subgroup, and 34 patients (87.18%) - 2b subgroup.

Oxidative stress is defined as an imbalance between the concentration of oxidation products and the 
activity of antioxidant processes in the body. Oxidative stress promotes the oxidation of a number of 
molecules, such as DNA, lipids, and proteins, which are associated with various processes, including aging.

Despite the available data on the beneficial effect of modern antihypertensive[15] and antidiabetic[16] therapy 
on oxidative stress, the results of our study demonstrate the presence of intensive OS in patients with the 
combined course of HT and T2DM. This manifests in a significant increase in MDA levels (P < 0.05), and a 
decrease in levels of SH-groups (P < 0.05) compared with healthy volunteers.

MDA is the main end product in the process of lipid peroxidation. Data from recent years suggest using 
the MDA level as a marker of the risk of complications in patients with T2DM, especially inadequately 
compensated[17].

In the studies of Carracedo et al.[18] it was shown that people with age showed a significant increase in MDA. 
In our work, patients in the older age group had lower MDA values than those under 60 (6.25 ± 0.33 μmoL/L 
and 7.07 ± 0.44 μmoL/L, respectively, P > 0.05).

The main role in protecting against the influence of OS is played by an antioxidant system (AOS), one of the 
main components of which is the thiol disulfide system. An important biomarker reflecting the state of this 
system is the organism thiol status. Thiol status indicates the total level of SH-groups of proteins and free SH-
groups. In patients with the combined course of HT and T2DM [Table 2], there was a significant decrease 
in thiol status in comparison with the control group (573.52 ± 10.91 μmoL/L and 712.26 ± 11.08 mmoL/L, 
respectively, P < 0.05).
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Index 2a subgroup (n  = 59) 2b subgroup (n  = 97)

8-OH-dG, ng/L 14.07 ± 1.03 17.23 ± 0.97*
GPO, μmol/min/gHb 5.73 ± 0.36 5.23 ± 0.23
MDA, µmol/L 7.07 ± 0.44 6.25 ± 0.33
SH-groups, µmol/L 584.38 ± 14.56 567.36 ± 15.03
CIMT RCCA, mm 0.08 ± 0.00 0.08 ± 0.00
CIMT LCCA, mm 0.08 ± 0.00 0.08 ± 0.00
Insulin, μIU/mL 24.55 ± 4.24 19.71 ± 2.17
HOMA-IR 8.88 ± 1.15 7.92 ± 0.86
SBP, mmHg 152.92 ± 5.85 143.64 ± 2.82
DBP, mmHg 92.50 ± 3.29 88.88 ± 1.75
PBP, mmHg 60.42 ± 3.72 54.76 ± 2.15

Table 1. Age-associated comparative assessment of oxidative-antioxidant systems in patients with H and DM2T

*P  < 0.05: compared to the 2a group; HOMA-IR: insulin resistance index; MDA: malonic dialdehyde; GPO: glutathione peroxidase; SH-
groups: sulfhydryl groups; 8-OH-dG: 8-hydroxy-2-deoxyguanosine; CIMT RCCA: carotid intima-media thickness of right common carotid 
artery; CIMT LCCA: carotid intima-media thickness of left common carotid artery; SBP: systolic blood pressure; DBP: diastolic blood 
pressure; PBP: pulse blood pressure



This trend persisted even when patients were divided into age groups: in patients of the older age group in 
comparison with younger patients a decrease in thiol status was observed (P > 0.05). These changes were 
observed against the background of an insignificant age-dependent decrease of GPO, which indicates a 
decrease of the antioxidant protective force [Table 1].

Previously, it was shown that guanine is the most oxidizable of the four bases included in the DNA 
structure[19]. Its oxidation product, as a result of ROS exposure, is 8-OH-dG, which can be determined 
in various biological tissues and liquids. In our study the correlation analysis revealed 8-OH-dG bonds 
practically only in the group of individuals under 60 years: the average positive correlation between 8-OH-
dG and CIMT (P = 0.038, r = -0.569), a high positive relationship between 8-OH-dG and SBP (P = 0.027, r = 
0.765) 8-OH-dG and PBP (P = 0.046, r = 0.715).

The correlation analysis also revealed the age-dependence of various correlations between the studied 
parameters. Thus, in the group under 60 years a weak negative relationship was found between the SH-
groups and the TG levels (P = 0.002, r = -0.04) and HDL cholesterol levels (P = 0.042, r = -0.206). In the 
combined course of HT and T2DM in patients of the older age group the correlation analysis revealed 
the presence of an average positive association between 8-OH-dG levels and HDL cholesterol (P = 0.045, 
r = 0.543), GPO and TC (P = 0.026, r = 0.405), GPO and LDL cholesterol (P = 0.027, r = 0.410), GPO and 
HOMA-IR (P = 0.046, r = 0.374).

DISCUSSION
It is known that oxidative stress increases with age and its progressive development can be considered as 
one of the aging markers. It is generally accepted that an increase in OS during aging is a consequence 
of a decrease in the effectiveness of antioxidant protection. The quantitative determination of 8-OH-
dG is suggested as one of the markers of free-radical processes occurring in the body under normal 
circumstances and with the development of various pathological processes. It is believed that an increased 
level of 8-OH-dG is associated with the aging process, as well as with many pathological conditions, 
including diabetes mellitus and HT. In the studies of Wua et al.[19] the correlations between the level of 
oxidative DNA damage and the severity of diabetic nephropathy and retinopathy were demonstrated.
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Table 2. Indexes of lipid, carbohydrate metabolism, oxidant and antioxidant systems in patients with isolated hypertension, 
combination of H and DM2T compared with controls

*P  < 0.05: compared to the 1st group; TC: total cholesterol; TG: triglycerides; VLDL cholesterol, HDL cholesterol: cholesterol of high 
density lipoproteins; LDL cholesterol: cholesterol of low density lipoproteins; HbA1c: glycated hemoglobin; HOMA-IR: insulin resistance 
index; MDA: malonic dialdehyde; GPO: glutathione peroxidase; SH-groups: sulfhydryl groups; 8-OH-dG: 8-hydroxy-2-deoxyguanosine

Index Control (n  = 20) Isolated H (group1, n  = 30) H with DM2T (group2, n  = 126)

TC, mmol/L 4.77 ± 0.52 5.95 ± 0.23 5.34 ± 0.21
TG, mmol/L 1.03 ± 0.30 1.63 ± 0.13 1.91 ± 0.14
VLDL cholesterol, mmol/L 0.54 ± 0.22 0.72 ± 0.06 0.85 ± 0.08
HDL cholesterol, mmol/L 1.45 ± 0.30 1.41 ± 0.06 1.18 ± 0.04*
LDL cholesterol, mmol/L 2.6 ± 0.33 3.7 ± 0.24 3.28 ± 0.21
Glucouse, mmol/L 4.62 ± 1.08 5.45 ± 0.12 8.25 ± 0.30*
HbA1c, % 4.62 ± 1.08 6.22 ± 0.15 7.32 ± 0.20*
Insulin, μIU/mL 9.84 ± 2.20 19.77 ± 2.06 22.89 ± 2.20
HOMA-IR 2.23 ± 0.36 4.40 ± 0.51 8.26 ± 0.68*
MDA, µmol/L 4.07 ± 0.22 6.11 ± 0.31 6.55 ± 0.27
GPO, μmol/min/gHb 406.20 ± 31.2 346.80 ± 15.01 324.60 ± 12.01
SH-groups, µmol/L 712.26 ± 11.08 570.54 ± 12.64 573.52 ± 10.91
8-OH-dG, ng/L 6.66 ± 0.97 16.26 ± 0.83 15.89 ± 0.76



In our study, we observed not only an increase in this index in patients with HT and T2DM compared 
to the control group, but there was also an age-associated increase in the average 8-OH-dG in the 2b age 
group, which coincides with the results of Wang et al.[20], who demonstrated a significant relationship 
between the plasma level of 8-OHdG and the age of the studied subjects.

Our results indicate that the combined course of HT and T2DM is characterized by the presence of pronounced 
oxidative stress, which manifests in a significant increase in the intensity of lipid peroxidation, the marker of 
DNA damage which increased against the background of a decreased activity of antioxidant protection.

Despite the fact that the age-associated changes in oxidative stress in comorbid course of HT and T2DM 
did not have significant differences, the presence of correlations between various indexes that are included 
in the concept of “vascular aging” and indicators of oxidant-antioxidant systems in different age groups 
allows us to make an assumption about the significant influence of the oxidative status on the status of VA, 
especially in the older age group persons.

Given that elderly age is generally characterized by polymorbidity and with age the risk of age-associated 
diseases development, including HT and T2DM and their complications, increases, one active area of 
research is to study the peculiarities of oxidative stress development in older age groups.

Thus, to date the concept of VA allows us to take a new view at the assessment of CVR: on the one hand, 
as a biological model of aging, on the other, it makes it possible to analyze the state of many risk factors in 
different age groups.
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Abstract
Aortic valve replacement (AVR) is the current standard treatment for severe aortic stenosis, nonetheless, many patients 

are not suitable to AVR because of high risk related to advanced age, impaired cardiac function, or comorbidities. Given 

these considerations, transcatheter aortic valve replacement or implantation (TAVR or TAVI) has emerged in the last 

decade as an alternative to surgery and has become the treatment of choice for severe aortic stenosis in patients with 

prohibitive surgical risk. In the context of this kind of hybrid procedure, the anesthesiologist plays a central role because 

the choice of anesthetic technique is strongly related to clinical features of the patients and technical considerations, 

which must be discussed collegially with the surgeons. The choice of anesthesiologic management is different among 

hospitals, but it is generally based on preoperative comorbidities, procedural approach used for TAVR and even hospital 

logistic. Some centers used to perform TAVR under general anesthesia (GA), some else under local anesthesia plus 

sedation (LAS), some of them start their TAVR program under GA, but convert in LAS when the team get enough 

experience. Also, anesthesiologists involved in TAVR procedures must be part of a “heart team”, and should be confident 

with anesthesia for cardiovascular surgery, mechanical circulatory support, and with transesophageal echocardiography. 

The aim of this article is to provide a general overview about anesthetic techniques in TAVR and to evaluate pathways 

for future researches.
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INTRODUCTION
Aortic stenosis is the most common and dangerous cardiac valvular disease, which a reported incidence of 
2%-4% of patients over 65 years[1,2]. Aortic valve replacement (AVR) is the current standard treatment for 
severe aortic stenosis[3], nonetheless, many patients are not suitable to AVR because of high risk related to 
advanced age, impaired cardiac function, relevant comorbidities such as chronic kidney disease or chronic 
obstructive pulmonary disease. In addition, heavily calcified aortas, previous mediastinal radiation, and 
redo valvular surgery expose patients to a prohibitive risk for standard AVR. Given these considerations, 
transcatheter aortic valve replacement or implantation (TAVR or TAVI) has emerged in the last decade 
as an alternative to surgery and has become the treatment of choice for severe aortic stenosis in patients 
with prohibitive surgical risk[4-6]. The goal of this procedure is minimizing surgical trauma by avoiding 
sternotomy, aortotomy, cardiopulmonary bypass (CPB) and by implanting the prosthetic valve on beating 
heart, thereby avoiding cardiac arrest, in order to decrease perioperative risks and improve patient 
outcomes[7]. Depending on patient characteristics, TAVR can be performed using different access sites 
including transfemoral (TF), trans-subclavian/trans-axillary, transaortic, or transapical approaches[8-10]. 
The most commonly used approach to performing TAVR is the TF approach by retrograde deployment 
of the valve passing through the ascending aorta. Most of the centers prefer TF approach because it is less 
invasive and is associated to a reduced percentage of cardiac related complications, therefore it continues to 
be the main approach used on patients without severe vascular disease[11]. Alternative access sites are used 
on patients with severe peripheral vascular disease and short vessel segments with iliac-femoral arteries 
diameters < 7 mm[12,13].

In the context of this kind of hybrid procedure, the anesthesiologist plays a central role because the choice 
of anesthetic technique is strongly related to clinical features of the patients and technical considerations, 
which must be discussed collegially with the operators. The most important consideration for the 
anesthesiologist member of the care team is the type of anesthesia most suited for the patient. The choice 
of anesthesiologic management is different among hospitals, but it is generally based on preoperative 
comorbidities, procedural approach used for TAVR and even hospital logistics[14-18]. Some centers used 
to perform TAVR under general anesthesia (GA), some else under local anesthesia with a mild sedation 
(LAS), some of them start their TAVR program under GA, but convert in LAS when the team get enough 
experience. The aim of the anesthesiologist should be to provide less-invasive anesthesia/analgesia without 
compromising the safety or comfort of the patient. The aim of this article is to provide a general overview 
about anesthetic techniques in TAVR and to evaluate pathways for future researches.

FROM AVR TO TAVR… AND FROM GA TO LAS
Although GA is considered mandatory in case of transapical or transaortic approach, there has recently 
been a significant increase in literature showing the safety and efficacy of local anesthesia with LAS com-
pared with GA when TF approach is performed[19,20]. At the beginning of a TAVR program, most centers 
initially chose to provide GA for this procedure, but as the team developed with enough experience and 
confidence with the procedure, many hospitals started to convert GA in LAS. Actually, the preferred anes-
thetic management is equally split among centers providing GA vs. sedation for TAVR[21].

The induction of GA can be performed with a variety of agents, often with a reduced dosage and a very 
slow administration because of advanced age and decreased cardiac function. Surgical stimulation is 
not much painful, so the procedure does not need elevated dosage of opioids. Inhalational agents may 
have some advantages on myocardial protection[22-26] thanks to a pharmacological preconditioning and 
postconditioning action. Studies performed on patients undergoing coronary artery bypass graft (CABG) 
surgery, showed lower postoperative values of cardiac troponin because of the cardioprotective effect of 
inhalational agents. Short-acting drugs, such as Remifentanil, that are rapidly cleared are preferred to 
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ease extubation at the end of the procedure. Airway control is performed by endotracheal intubation. Any 
supraglottic device is not advised because of the use of transesophageal echocardiography.

The reason why most centers initially perform TAVR under GA is the safety of anesthesiologic management 
and the easier management of procedural complications. TAVR has already been demonstrated to be an 
effective and safe procedure, but it may have important and very dangerous complications leading to true 
catastrophic events that are often life threatening such as coronary artery occlusion, annular rupture, 
prosthesis embolization, major vascular injuries, cardiac tamponade, aortic dissection, and/or ventricular 
perforation[27,28].

Although conversion to GA because of emergency complications is not common, ranging from 2%-5%[29-32], most 
of these events cause serious hemodynamic instability and any delay of ventilation can worsen significantly 
patient outcome.

Similar considerations are needed for major vascular injuries such as vascular dissection, vascular 
perforation, and hematoma often requiring blood transfusions. Even in these circumstances conversion to 
GA may be necessary.

Further advantages of performing TAVR under GA include patient immobility during valve positioning, 
reduction of breathing artifacts, patient tolerability for the length of the procedure, but above all, 
facilitating the use of tranesophageal ecocardiography (TEE). TEE is an useful instrument during the 
procedure to assist optimal valve placement and prompt recognition of complication such as tamponade 
or interference with mitral valve. TEE guides the advancement of guidewires and the delivery system 
and allows to evaluate the effects of the balloon aortic valvuloplasty and the position of the prosthesis at 
deployment, also it allows to perform a post-implant valve assessment to identify residual regurgitation 
or paravalvular leaks. Also, 3D TEE may give additional information about structures, catheters and 
device[33,34].

Whereas many institutions still perform TAVR under GA, many clinicians in recent years have 
proposed local anesthesia with or without mild sedation. Several drugs and compounds have been used 
as monotherapy or in combination for sedating patients during TAVR, including dexmedetomidine, 
remifentanil, midazolam, ketamine and propofol[15,31,35-39].

Local anesthesia combined with conscious sedation provides multiple advantages compared with 
GA [Table 1]. These benefits are especially noticeable in an old age and a high level of frailty patient 
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Table 1. Comparison of general anesthesia (GA) and local anesthesia with a mild sedation (LAS) in TAVR

TAVR: transcatheter aortic valve replacement; TEE: tranesophageal ecocardiography; ICU: intensive care unit; CVC central venous 
catheter 

GA LAS

Advantage Disadvantages Advantages Disadvantages

Safety in starting TAVR 
program

Myocardial depression due to 
anesthetic drugs

Hemodynamic stability Patient discomfort

Safety in predicted difficult 
airway

Weaning from mechanical 
ventilation

Reduced in-hospital stay Not safe in predicted difficult airway

Safety in expected technical 
complications

Increased in-hospital stay and 
ICU stay

Reduced ICU stay Not safe in starting TAVR program

Patient immobility More invasive (catheterization, 
CVC, mechanical ventilation)

Reduced delirium Not safe in expected technical 
complications

Easy use of TEE Less invasive (catheterization, CVC, 
mechanical ventilation)



population. Indeed, anesthetic drugs may have depressant effects on myocardial tissue and vasodilatory 
activity resulting in hemodynamic instability, hypotension and bradycardia which may reduce vital organ 
perfusion pressure, leading to several postoperative complications such as neurological deficits, myocardial 
ischemia or renal disfunction[40,41]. The use of LAS as an anesthetic choice for TAVR permits to avoid 
collateral effects of general anesthetics, minimizing hemodynamic instability.

It is furthermore not surprising that using LAS decreases pulmonary complications such as respiratory 
failure and pneumonia by avoiding mechanical ventilation[28].

Also, has been showed a significant reduction in postprocedural delirium, which has been showed to 
prolong in-hospital stay and impair long-term survival. Delirium after TAVR occurs early in the post-
operative period, with a percentage around 13%. Patients who developed postprocedural delirium more 
frequently underwent non-TF procedures under GA[42].

REGISTRY DATA ANALYSIS
Since LAS has emerged as an alternative to GA, many groups have conducted systematic reviews and met-
analysis in order to determine if the change in anesthetic management has modified the outcome.

In the French Aortic National CoreValve and Edwards 2 (FRANCE 2) registry, data from 2326 patients who 
underwent TF-TAVR were analyzed, comparing patients receiving GA vs. LAS[43]. This analysis highlighted 
similar clinical outcomes for GA and LAS about procedure success, 30-day and 1-year survival rates, 
incidence of complications such as myocardial infarction, stroke, and vascular and bleeding complications. 
The only significant difference in outcomes was that there is a higher incidence of postprocedural aortic 
regurgitation in the LAS group. This result is probably due to the less frequent use of TEE support during 
TAVR under LAS.

However, the new model of Edwards valve minimizes postoperative aortic regurgitation, indeed further 
studies demonstrated that residual postprocedural aortic regurgitation is completely absent or insignificant 
in patients implanted with this third-generation valve under LAS[44,45].

Data from the Italian CoreValve registry also analyzed a cohort of 1316 patients to assess the safety and 
non-inferiority of LAS vs. GA. The authors demonstrated that, in experienced centers which have gone over 
their initial learning period with TAVR, LAS can be performed safely with good clinical outcomes, with no 
significant difference in myocardial infarction, stroke or mortality than GA group[27].

In a recent review the authors screened publications (randomized controlled trials and observational 
studies) published between 1 January 2006 and 26 June 2016 that compared LAS to GA in an adult study 
population undergoing TAVR, to identify the potential favorable effects of LAS compared with GA. They 
analyzed differences between LAS and GA in terms of 30-day mortality, in-hospital mortality and other 
endpoints that address safety and complications rates[46]. The authors showed no significant difference 
in the 30-day mortality rate among the two groups. Similarly, the in-hospital mortality rate did not 
demonstrate any significant difference between the study groups. Instead, the authors revealed a significant 
decrease in both intraprocedural and postprocedural catecholamine need in the LAS group. During TAVR, 
31% of the LAS group received catecholamines, in contrast, the rate was 65.0% in the GA group.

As explained previously, this result in LAS group is probably due to the absence of hemodynamic 
effects of general anesthetics, such as vasodilation and myocardial depression. Regarding catecholamine 
administration, inotropes are more used than vasopressors, since patients suitable for TAVR often have a 
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depressed cardiac function which is the main factor of hemodynamic instability.
Conversion from TAVR to open heart surgery was infrequently occurring in 2.5% of the LAS group and 2.9% 
of the GA group, without any significant difference between the groups.

The main reasons for conversion from LAS to GA were vascular and procedural complications, 
hypotension, respiratory complications and insufficient patient compliance or patient discomfort.

The meta-analysis did not reveal a significant difference between the groups in the rate complications 
such as major and minor vascular complications, major and life-threatening bleeding, acute kidney injury, 
myocardial infarctions and stroke.

Only three studies reported a slightly lower frequency of pneumonia in LAS group, but the difference between 
the two groups did not reach statistical significance. It is possible to speculate that this tendency reflects minor 
risk of ventilator associated pneumonia (VAP), however is not possible to better analyze this aspect because 
too small number of articles reported this outcome. In this review an important difference between the two 
groups was highlighted: the length of hospital stay was significantly shorter in the LAS group (MD - 1.49 days) 
and the length of intensive care unit (ICU) stay was found to be shorter for patients in the LAS group (MD - 
0.47 days). Since the rate of periprocedural complications is similar in both groups, such result is probably 
due to the time needed for the transfer of ventilated patients to the ICU, where extubation can occur with 
some delay after the procedure[28].

As reported by Gauthier et al.[47] ICU admission may be related with a nosocomial infection, with a 
lower risk of infectious complications for patients who received LAS for TAVR, by avoiding bladder 
catheterization, central venous catheter insertion and mechanical ventilation.

Another difference between the two groups was a higher rate of pacemaker (PMK) implantations in the 
patients who underwent LAS for TAVR occurring in 17.5% of patients compared with 12.8% of the GA 
group.

A third-degree atrioventricular block is a frequent periprocedural complication requiring a PMK. This 
result may be due to increased patient movement during valve positioning because of discomfort or poor 
patient compliance. In some case has been also reported an anxiogenic effect due to decreased cerebral 
blood flow during rapid ventricular pacing[37]. Furthermore, the use of GA eases precise valve positioning 
thanks to a short interruption of mechanical ventilation and patient immobility.

DISCUSSION
Analyzing international literature, it appears clear that both anesthesiologic techniques GA and LAS are 
safe and none of them influence negatively the patient outcome.

From many studies a new trend towards minimally invasive anesthesia for TAVR has emerged, especially 
regarding the TF approach which is the most used technique for TAVR. The choice of anesthetic 
management generally depends on the patient’s clinical profile and the procedural technical characteristics, 
but a center’s experience and internal organization also play an important role in the decision-making. 
When a TAVR program starts, many operators might choose to perform the procedure with GA because 
of the uncertainty of a new procedure, initial low volume, operator’s learning curve and the possible 
complications more frequent in centers with low volume of TAVR[48]. As the learning curve of the operators 
reaches a new plateau and the techniques of TAVR evolve, the procedure time becomes shorter and the 
complications decrease; this needs around two years of continuous activity or 50 consecutive cases[48]. 
Others revealed a learning curve with an improvement in complications rate, after the initial 86 cases using 
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the Edwards valve and 40 cases using the CoreValve[49]. Due to this improvement in the procedure time 
and complications rate, the care team should be able to perform safely LAS for patients undergoing TAVR.
Although minimal invasive anesthesiologic management is always more widespread, in some clinical 
situations could be advantageous provide TAVR under GA. This is particularly true in patients unable to 
maintain adequate immobility throughout the procedure. This may include patients with neurological 
impairment and patients with advanced heart failure with pulmonary edema that impede to keep supine 
position for prolonged periods of time. Even if TEE can used also under sedation, the planned use of TEE 
may necessitate GA, because of long time esophageal stimulation. The general opinion is that TEE can help 
during valve deployment and in rapid identification of complications; nevertheless, its routine use may not 
be justified.

A further clinical situation in with providing GA may be safer than LAS is when patient is expected to be 
at high risk for intraprocedural complications because of anatomic conformation.

Prevention of these complications should be based on patient screening and selection by a dedicated “heart 
team”. In such cases, the use of multimodality imaging may play an even more important role, with the 
aim to evaluate patient suitability for the proposed access site and to select prosthesis size based on aortic 
measurement. Preprocedural program is also useful to ensure if proposed device can be safely deployed, 
based on device characteristics and the anatomic relationships between the aortic valve and root, left 
ventricle and coronary ostia[50]. As experience suggests, if pre-procedural evaluation estimates that there 
might be a mechanical complication, GA is recommended rather than sedation. The same management is 
recommended for patient with difficult airway management because, in case of emergency conversion from 
LAS to GA, any delay in endotracheal intubation may be unsafe.

Another important consideration in management of patients undergoing TAVR should be considered: over 
the last decade, TAVR has emerged to become the preferred alternative for high-risk patients with severe 
aortic symptomatic stenosis. Nevertheless, new perspective seems destined to expand indications for TAVI 
towards lower risk, younger and asymptomatic populations[51,52]. In such a case, a less invasive strategy, 
using LAS instead of GA, seems to be even more appropriate in order to make TAVR procedure even safer, 
faster, with fewer risks and to achieve a easier post-operative management.

CONCLUSION
Preoperative anesthesiologic management should be based on the experience of the team, preferring 
GA in the initial phases of the program (about 50 cases). Selection of anesthetic technique should be 
individualized on the patient’s clinical status, preferring GA in case of difficult airway and in case of 
predicted technical difficulty. Instead, patients with advanced respiratory disease or renal impairment or 
patients with high risk in developing delirium after GA, should be treated by LAS.

Whether the team provide GA or LAS, the hybrid operating room must be equipped with devices for 
managing difficult airways and emergency scenarios. Also, there is an agreement that anesthesiologists 
involved in performing TAVR must be part of a “heart team”, who must be confident with anesthesia for 
cardiovascular surgery, with mechanical circulatory support, and with TEE.
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Abstract
Pathological vascular remodeling is observed in various cardiovascular diseases including pulmonary hypertension 
(PH), a disease of unknown etiology that has been characterized by pulmonary artery vasoconstriction, right ventricular 
hypertrophy, vascular inflammation, and abnormal angiogenesis in pulmonary circulation. G protein-coupled receptors 
(GPCRs) are the largest family in the genome and widely expressed in cardiovascular system. They regulate all 
aspects of PH pathophysiology and represent therapeutic targets. We overview GPCRs function in vasoconstriction, 
vasodilation, vascular inflammation-driven remodeling and describe signaling cross talk between GPCR, inflammatory 
cytokines, and growth factors. Overall, the goal of this review is to emphasize the importance of GPCRs as critical signal 
transducers and targets for drug development in PH.

Keywords: Pulmonary hypertension, vascular remodeling, vasoconstriction, vascular inflammation, GPCR, intracellular 
signaling

INTRODUCTION
Pulmonary hypertension (PH) is a complex disease of unknown etiology. The pulmonary circulation re-
sponds to hypoxia by vasoconstriction, thereby diverting blood to oxygen rich regions. However, prolonged 
hypoxic vasoconstriction leads to remodeling of pulmonary arteries (PAs) and increased PA pressure. 



Increased pressure initially results in compensatory cardiac hypertrophy, but eventually causes de-com-
pensatory cardiac remodeling and death by heart failure. Recent research indicates that PH in all its forms, 
especially associated with left heart disease, is more common than previously thought[1]. Current PH thera-
pies that include endothelin-1 (ET1) receptor antagonists, prostacyclin analogs, cGMP- phosphodiesterase 
(PDE) inhibitors, and Ca2+ channel blockers impede, but do not stop the disease process, emphasizing the 
need for a finding of alternate treatments[2]. Over the years, preclinical research in PH has identified many 
protein targets, but very few have translated to the bench side. By contrast, G-protein-coupled receptors 
(GPCRs), the largest superfamily in the genome, play an important role in the development of PH and can 
be easily targeted by drugs[3]. The heart, a prime target for development of new PH therapies, expresses 200 
GPCRs[4]. GPCR signaling cascades are critical for cardiovascular function and are targeted for the treat-
ment of hypertension and heart failure by agonist and antagonist strategies. Here we reviewed the current 
knowledge on GPCR signaling in cardiac, vascular, and blood cells and highlighted some critical outcomes 
in PH, such as vasoconstriction/vasodilation responses, vascular inflammation, vascular and cardiac re-
modeling, and endothelial dysfunction (ED).

GPCR-MEDIATED SIGNALING
GPCRs are a family of 7-transmembrane domain proteins, forming a deep binding pocket for the extracel-
lular ligand, agonist, which activates the receptor. Intracellular loops make contact to heterotrimeric G-
proteins of 4 different classes (Gas, Gai, Gaq, Ga12) [Table 1][5]. Agonist binding to GPCRs stimulates GDP/
GTP exchange on Ga subunits, converting them into the active state and promote dissociation of Gbg 
subunits. G proteins interact with multiple effectors, leading to generation of second messengers, includ-
ing cAMP, 1,2-diacylglycerol, phosphatidylinositol-3, 4, 5-trisphosphate (PIP3), and Ca2+. These signaling 
events are translated into complex hierarchy of kinase network [PKA, PKC, Akt, Ca2+/calmodulin-dependent 
protein kinase (CAMK)] leading to the regulation of gene expression and cellular functions. There are four 
families of Ga subunits with multiple members. as exists as multiple transcripts 42 short and 44kD long 
forms. aI subfamily has ai1, ai2, ai3, az, aO1, aO2; the aq subfamily has a11,a14, and a16; and the a12/13 family. The 
b subunits are b1-5; and the g subunits are g1-5,7,8,10,11,13. The bg subunits, like Ga subunits, activate intracellular 
effector pathways including MAPK cascades, Rac1, phospholipase C-b (PLC-b, phosphoinositide 3 kinase 
g (PI3K-g, and ion channels and show variation as to the GPCR-Ga -complexes they interact with. Termi-
nation of G protein activation cycle occurs by the transition of Ga subunits to GDP-bound state, that is 
catalyzed by GTPase activating proteins (GAPs), known as regulators of G-protein signaling (RGS proteins). 
There are 31 proteins, containing the RGS domain that function as GTPase enzymes, terminating G-protein 
signaling[6,7].

GPCR SIGNALING IN VASOCONSTRICTION AND VASCULAR REMODELING
Vasoconstriction is driven by Ca2+-dependent phosphorylation of myosin light chain (MLC) on Ser19-MLC, 
whereas vasodilators oppose this event[8-10] [Figure 1, Tables 1 and 2]. In vascular smooth muscle cells 
(VSMC), the vasoconstrictor response is mediated by Gi-, Gq-, or G12/13-coupled GPCRs for ET1, angiotensin 
II (Ang II), serotonin, and thrombin[11-16]. Gi and Gq activate PLC pathways, increasing Ca2+ and receptor 
operated calcium entry (ROCE) via transient receptor potential cation channel subfamily C member 6 
(TRPC6) channels. TRPC6-activation occurs by several mechanisms, including direct ERK1/2-mediated 
phosphorylation of TRPC6. Secondly, phosphoinositide-4, 5-bisphosphate (PIP2), the substrate for PLC, is 
an inhibitor of TRPC6

[17,18]. Activation of G12/13 by vasoconstrictor GPCRs stimulates G12/13-dependent RhoA 
GEFs to increase the activity of, RhoA. In turn, RhoA activates Rho associated kinase (ROCK), which leads 
to increased Ser19-MLC and thereby, vasoconstriction[19,20]. Vasodilators, such as prostaglandin I2 (PGI2), 
acting via Gs-coupled (IP) receptor on VSMC, activate PKA and decrease intracellular Ca2+, leading to re-
duced MLC phosphorylation on Ser19 [Figure 1, Table 1].

Vasodilators decrease intracellular Ca2+ by inhibiting PLCb and TRPC6. The mechanism involves PKA/
PKG-mediated phosphorylation of PLCb and TRPC6 (on Ser28) and by phosphorylation of RGS4, which 
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inhibits Gq- dependent activation of PLCb[21-23]. Vasodilator GPCRs that increase cAMP may also activate 
cAMP-binding domain in exchange factor EPAC1, a GEF for the small molecular weight G-protein Rap1, 
a member of Ras superfamily. Rap1 activates ARAP3, a Rho GAP, which in turn, inhibits RhoA, leading 
to reduced MLC phosphorylation and vasodilation[24,25]. Vasodilation also occurs via endothelial cell (EC)-
dependent production of nitric oxide (NO) by endothelial nitric oxide synthase (eNOS), which is activated 
by Akt or ERK1/2 by phosphorylation on Ser1177 residue[26]. Highly permeable NO readily enters VSMC, 
stimulates soluble guanylate cyclase (sGC) and activates cGMP-PKG, antagonizing Ca2+ action on phospho-
Ser19-MLC and promoting vasodilation. More specifically, NO-sGC-cGMP-PKG-axis inhibits Ca2+ increase 
by stimulating TRPC6 phosphorylation at Thr69, decreasing ROCE and increasing vasodilation[27]. PKG 
phosphorylates and activates RGS2, and RGS4, that leads to the inhibition of Gi/Gq,-rergulated PLC activity 
and termination of the vasoconstrictor Ca2+ signal[23]. Both PKG and PKA phosphorylate and inhibit RhoA 
and increase the activity of myosin light chain phosphatase (MLCP), thereby decreasing MLC contrac-
tion[28,29]. MLCP is also activated by vasodilators by PKG-mediated phosphorylation of a MLCP inhibitory 
subunit[20]. In addition, PKG and PKA reduce the ability of RhoA to inhibit the delayed rectifier potassium 
channel (KDR), which attenuates extracellular Ca2+ entry[30]. The enzyme PDE5A, a target of sildenafil 
therapy in PH, hydrolyzes cGMP to counter the effects of NO-cGMP-PKG signaling. However, other PDEs, 
including cAMP PDEs, play important roles[31]. Vasoconstrictors activate PDE5A to reduce cGMP in VSMC 
by RhoA/PKC-mediated inhibition of protein phosphatase 1 (PP1), thereby increasing phosphorylation of 
PDE5A and activating it[32]. GPCRs, including those for adenosine, ATP, adiponectin, apelin, prostaglandin 
E2 (PGE2,), PGI2 generally increase NO from EC, which diffuses to VSMC, or directly increase cAMP in 
VSMCs[33-39].

As a final summation statement, all current PH therapies intersect GPCR actions by modulating critical 
signaling effects. Firstly they, ultimately inhibit intracellular Ca2+ signaling and vasoconstriction. This in-
cludes the cGMP-PDE inhibitors, soluble guanylate cyclase (sGC) activators, PGI2 analogs, Ca2+-channel 
blockers, and ET-1 receptor antagonists. Secondly, they exert anti-inflammatory effects on vascular cells, as 
all of these therapeutics are known to do[2,40,41].

GPCR ligand-dependent vasoconstrictor response
Vasoconstrictor ligands, including ET-1, TxA2, and serotonin are increased in serum of PH patients; for 
serotonin a 4-5 fold increase has been reported, (8.8 ± 0.6 nmol/L) vs. (38.8 ± 7.3 nmol/L)[42-47]. Serotonin, 

Strassheim et al. Vessel Plus 2018;2:29  I  http://dx.doi.org/10.20517/2574-1209.2018.44                                            Page 3 of 22

Table 1. G protein-coupled receptor physiology and pathology in pulmonary hypertension

Physiology Ligand-receptor-reference Cell G-protein Important 
pathways PH pathology

Vasodilation Adenosine-A2A-AR; PGI2-IP[110-112] VSMC Gs PKA +
EC-eNOS-NO 
dependent vasodilation

Adenosine-A2A-AR; Apelin-
APJ; Relaxin-RXFP; Opioid-
KOR[50,51,66,110-112,178,179,182,245,246]

EC Gi PKG +

Vasoconstriction ET1/ETA; Ang II-AT1; TXA2-TP; PAF/
PAFR; Shingosine-1-P/S1P1-5; 
Ca2+-CaSR[12,21,42,47,54-56,58,69,249,250]

VSMC Gq/Gi Ca2+ -

Anti-inflammatory Adenosine-A2A-AR; PGI2-IP[110] VSMC Gs PKA +
PGI2-IP; adenosine-A2AAR[232,239] Macrophage Gs PKA +
PGI2-IP; adenosine-A2AAR[110] Fibroblast Gs PKA +
PGI2-IP; Adenosine-A2A-AR[110] EC Gs PKA +

Pro-inflammatory ET1-ETA; MCP1-CCR2; RANTES-CCR5; 
TXA2-TP[69,163]

VSMC Gq/Gi Ca2+ -

LTB4-LTB4R; MCP1-CCR2[163,164] Macrophage Gq/Gi Ca2+ -
PAF-PAFR; TXA2-TP[46,167,169] EC Gq/Gi Ca2+ -

Cardiac myocyte 
hypertrophy

AngII-AT1; succinate-GPR91; thrombin-
PAR[205,206]

Cardiac myocyte Gq/Gi Ca2+ -

Cardiac fibrosis Thrombin-PAR1-4
[223,225] Cardiac fibroblast Gq/Gi/G12/13 Ca2+/RhoA -

+: PH-protective; -: PH-pathogenic; VSMC: vascular smooth muscle cells; EC：endothelial cell
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Table 2. Current G protein-coupled receptor clinical trials in pulmonary hypertension

Clinical trials name Sponsor Drug Target
Tomorrow Acetilon Macitentan ETA/ETB

antagonist
ADAPT United therapeutics IP agonist

Orenitram IP agonist
Lung biotechnology BPS-314d oral treprostanil IP agonist
Arena pharmaceuticals APD-811 IP agonist

INSPIRE Liquidia technologies Inhaled treprostanil IP agonist

Figure 1. Schematic presentation of the mechanisms by which G protein-coupled receptors (GPCRs) regulate vascular tone and vascular 
smooth muscle cells (VSMC) proliferation. Vasoconstrictors like Ang II, ET1, thrombin, activate Gαi, Gαq, or G12/13-coupled GPCRs, 
increase Ca2+ via PLCβ activity, and receptor operated calcium channels such as TRPC6. Increase in PLCβ activity decreases PIP2 relieving 
tonic inhibition of TRPC6. Increase in Erk1/2 activity by Gi/Gq-coupled GPCRs activates TRPC6 by phosphorylation leading to increased 
Ca2+ entry and calmodulin-dependent protein kinase (CAMK) activation. CAMK increases MLCK activity by phosphorylation, which in 
turn phosphorylates MLC phosphorylation causing vasoconstriction. GPCRs coupled to G12/13 increase RhoA activity and the downstream 
kinase ROCK. ROCK increases MLC phosphorylation by inhibiting MLCP, or by direct phosphorylation. Vasodilators, such as PGI2 acting 
via Gs-coupled receptors activate PKA thereby inhibit Ca2+ increase by PKA-mediated phosphorylation of PLCβ and TRPC6. In ECs, Gi, or 
Gq-coupled GPCRs, increase, PI3K-Akt signaling and activate eNOS by phosphorylation at Ser1177. NO diffuses to nearby VSMC, activating 
soluble guanylate cyclase, increasing cGMP, activating PKG, and inhibiting TRPC6 by phosphorylation. PKG also activates the GAPs for 
Gq, RGS2 and RGS4 to inhibit PLCβ activity thereby attenuating Ca2+ entry. Both PKG- and PKA inhibit RhoA by direct phosphorylation 
and promote vasodilation



acting via 5-HT1B-Gi coupled and 5-HT2A/2B-Gq coupled GPCRs, stimulates VSMC proliferation via the 
activation of the transcription factor GATA-4 and increase of cytokine generation from leukocytes, such 
as dendritic cells[48]. TxA2 level in PH is elevated due to up-regulation of thromboxane-A synthase[46]. In-
creased presence of inflammatory cytokines, such as TNFa and IFNg, stimulates ET1 release from VSMC, 
believed to be an important source of the vasoconstrictor ET-1 in PH. This effect of cytokines and ET1 is 
antagonized by the PGI2-IP axis[49].

GPCR ligand-dependent vasodilator response
In contrast to vasoconstrictors, several vasodilators are decreased in PH, promoting vasoconstriction in 
pulmonary vascular system. Apelin, the ligand for CVD protective GPCR (APJ), modestly falls in PH pa-
tients (1.25 ng/mL vs. 0.89 ng/mL, P = 0.037)[50-52]. Decreased PGI2 synthase (PGIS) in ECs also plays a role 
in vasodilation and inflammation[45,46].

Increased activity of vasoconstrictor GPCRs
GPCR activity is frequently altered in diseases via internalization, phosphorylation, and expression levels. 
In lung, increased activity of TxA2 and its Gq-coupled GPCR (TP) occurs via palmitoylation of TP and in-
creasing the proportion of the active receptor at the plasma membrane, consistent with pathophysiological 
action of TP in PH[53-56]. Similarly, increased expression of other GPCRs involved in PH pathogenesis has 
been noted for ET1 (ETA) and serotonin receptors, 5-HT1BR and 5-HT2BR in COPD-PH patients[54,55,57,58].

Decreased activity of vasodilator GPCRs
In PH, decreased serum concentrations of PGI2 is accompanied by decrease in levels of the receptor IP, 
reducing the effectiveness of PGI2 therapy[59]. Similarly, chronic stimulation of PGI2-IP axis, occurring 
with prostacyclin therapy in PH patients, is likely to even further down regulate the PGI2-IP axis via het-
erologous desensitization, compounding a pathogenic situation[60-62]. GPCRs such as IP, which increase 
cAMP-PKA, frequently exert anti-inflammatory effects, inhibiting key pro-inflammatory/pro-proliferative 
transcription factors, including NF-kB[63,64], Hippo pathway transcription factors Yaz-Taz (co-factors for 
the pro-proliferative transcription factor TEAD1) and, no doubt, many others[65]. Induction of anti-in-
flammatory/anti-proliferative PPARg is also another mechanism, by which PGI2 acts[66]. PPARg, along with 
sibling, transcription factors PPARb/δ all are protective in PH and other cardiovascular diseases[34,66-71]. The 
induction of PPARg activity by PGI2 was once thought to be a direct binding event to the PPARg, but it now 
appears to occur by indirect mechanism. Activation of PKA or p38MAPK by PGI2-IP stimulates the cAMP 
response element-binding protein (CREB) by phosphorylation. Activated CREB turns on the transcription-
al co-activator, peroxisome proliferator-activated receptor gamma co-activator 1a (PGC1a) gene, increases 
PGC1a activity and stimulates PPARg, leading to protective anti-inflammatory effects[71] Molecular targets 
of PPARg include inhibition of NF-kB and hypoxic activation of HIF-1a[72]. HIF-1a is clearly important in 
VSMC proliferation occurring in PH, as it helps the cell switch to a glycolytic/Warburg metabolic pheno-
type and has been connected to the increased expression of Ca2+ entry channel, TRPC6, both aiding VSMC 
proliferation[73-76]. Targeted KO of HIF-1a inhibitor protein, prolyl-hydroxylase domain containing protein 
2 (PHD2), reduced O2-driven proteolysis of HIF-1a, thereby increasing HIF-1a-dependent proliferation of 
VSMC[76]. There are 3 PHD (PHD1-3) enzymes, which in presence of O2 hydroxylate proline residues, 402 
and 564, ultimately resulting in the proteolysis of HIF-1a. A small molecule drug, R59949, a PDH inhibitor, 
has shown potential to combat PH in the hypoxic mouse model[76].

Post-receptor mechanisms leading to increased vasoconstrictor GPCR response
In VSMC, Angiotensin II (Ang II) up regulates Gi expression, thereby increasing the activation of PLCb 
and mobilization of Ca2+, further enhancing vasoconstriction and proliferation by a post-receptor mecha-
nism[77]. Of the PH pre-clinical therapeutics, RhoA-ROCK inhibitor, fasudil and statins both act at post 
GPCR level[78,79]. Statins, such as simvastatin, can work in combination with sildenafil, the cGMP-PDE in-
hibitor, likely an important feature of any new therapy. Although some studies reported no drug combina-
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tion yet tested, the combination could be more effective for patients’ survival than any monotherapy[2,80,81]. 
Statins may work in PH models by inhibition of isoprenoid intermediates, farnesyl pyrophosphate and 
geranyl-geranyl pyrophosphate, essential for the post-translational isoprenylation, membrane localization, 
and activation of Ras and Rho small GTP-binding protein families, respectively, thus inhibiting RhoA-
ROCK[82].

Post-receptor mechanisms leading to decreased vasodilator GPCR responses
Post-receptor mechanisms also operate to limit vasodilator response in PH, such as the several hits to the 
critical NO-cGMP-PKG vasodilation system. Firstly, inflammatory cytokines down regulate eNOS and up-
regulate reactive oxygen species (ROS), including superoxide[83-85]. Secondly, due to peroxynitrite formation, 
NO level is depleted[86]. Thirdly, vasodilator response can be limited due to increased PDE5A expression[87,88]. 
Up regulation of both cAMP-PDEs, and cGMP-PDE is an important pathological event, which decreases 
effectiveness of vasodilator GPCRs and needs further investigation[89]. The PDEs are a complex family of 
enzymes with 21 genes, and 11 subfamilies, and some share little sequence identity[31]. Due to a combina-
tion of post-receptor mechanisms, increased expression of cAMP- and cGMP-PDEs, inhibition of eNOS 
activity, and decreased NO availability (as a result of ROS production), the effects of vasodilators in PH are 
diminished.

HOW GPCRS FUNCTION IN VASCULAR INFLAMMATION-DRIVEN REMODELING
GPCRs induce cytokine/chemokine production from leukocytes, VSMC, ECs, fibroblasts, and cardiac 
myocytes and are pathogenic in PH. Up regulation of SDF-1 in activated T cell results to the expression 
and secretion of RANTES and Monocyte Chemo-attractant protein 1 (MCP-1). These chemokines promote 
proliferation of VSMC, matrix remodeling, and ROS production[90-92]. Additionally, GPCRs like serotonin 
receptor and purinergic P2Y14R, promote migration of bone marrow derived blood cells, essential to the de-
velopment of PH[93,94].

DAMAGE MOLECULAR PATTERNS AS A POTENTIAL CONTRIBUTOR TO VASCULAR INFLAM-

MATION IN PH 

The driving forces behind vascular inflammation in PH are unclear, but it is likely that sterile inflam-
mation-damage molecular pattern (DAMP) systems play a role. Purinergic receptors are also critical in 
DAMP responses. ATP, ADP, or adenosine are released from extracellular stimuli-activated, hypoxic, or 
damaged cells and play prominent roles in inflammatory and secretory responses associated with tissue 
repair. Of the 19 purinergic receptors, 12 are GPCRs nucleotide P2YR1, 2, 4, 6, 11-14 and adenosine A1, A2A, A2B 
A3, and the remaining 7 purinergic receptors P2X1-7, are ligand gated cation channels[95-100]. Macrophage 
activation in PH is potentiated by the P2Y6

[101-103]. Some data suggest antagonizing the ATP-activated P2X1 
purinergic receptor could be beneficial in PH[104]. Both P2Y1 and P2Y12 purinergic receptors have been shown 
to be partially responsible for PA pressure increase due to hypoxia[105]. Hypoxia-induced ATP release from 
PA adventitial fibroblasts and vasa vasorum endothelial cells (VVEC) induces mitogenic and angiogenic 
responses in VVEC in autocrine/paracrine manner[95,96,106] [Figure 2]. Released ATP and ADP are degraded 
rapidly to adenosine. Activation of the A2A adenosine receptor has been reported to be protective against 
PH, but the activation of A2B-AR results in pathogenic effects[107-112]. The involvement of DAMPS-GPCRs in 
PH is understudied, and therapeutic possibilities remain to be explored.

PATHOGENIC CHEMOKINE GPCRS
Small G-proteins in chemokine receptor-stimulated VSMC proliferation
In VSMC, MCP-1 acting via Gi-coupled CCR2, stimulates Gi-dependent proliferation, that also involves ac-
tivation of the small G proteins[113]. One of the mechanisms includes p115RhoGEF-dependent activation of 
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the Rac and Nuclear factor of activated T-cells (NFAT1)-dependent up-regulation of cyclin D1 expression 
in VSMC[113].

Involvement of ROS in chemokine receptor-stimulated responses
ROS is a pathogenic factor in PH by mechanisms, which include reducing NO; promoting VSMC prolif-
eration; initiating sterile inf lammation-DAMP response; and promoting vasoconstriction via increased 
membrane depolarization[74,114]. Gi-coupled GPCRs, such as MCP-1, SDF-1, thrombin, PAF, and purinergic 
receptors, stimulate ROS production[115-117]. ROS are produced as bactericidal compounds in large amounts 
in phagocytes (neutrophils, monocytes, macrophages) and, in a lesser amounts, in vascular cells. In phago-
cytes, chemokines, such as N-Formylmethionyl-leucyl-phenylalanine, PAF, complement C5a (C5a), LTB4, 
and MCP-1 are Gi-coupled-GPCRs and activate Rac1-NAD(P)H oxidase-superoxide system. NOX2 is a 
neutrophil NADPH oxidase responsible for producing increased amounts of superoxide. There are 7 NOX 
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Figure 2. Schematic diagram illustrating a role of PI3K, Rho and ROCK pathways in hypoxia-induced ATP release and ATP-mediated 
angiogenic effects in vasa vasorum endothelial cells. Activation of PI3K/Rho/ROCK pathway in response to hypoxia results in regulated 
ATP release from VVEC. In turn, extracellular ATP triggers/initiates P2YR-dependent activation of PI3K/Rho/ROCK pathway leading to 
angiogenic responses in vasa vasorum endothelial cells. VVEC: vasa vasorum endothelial cells



like oxidases, NOX1-5 DUOX1, 2 of which are expressed in vascular cells, and their activation involves 
Rac1 stimulation by the GEFs, such as engulfment and cell motility protein 1 (ELMO1)[115,117,118]. The super-
oxide generated by NOX enzymes in the extracellular space, is converted to H2O2, some of which enters 
the cell to stimulate proliferation. H2O2 induces proliferation by changing the balance in protein kinase-
protein phosphatase networks by inhibiting key protein phosphatases via the oxidation of labile sensitive 
cysteine in the active site[119].

The involvement of HIF-1a in chemokine/GPCR action with respect to PH
HIF-1a and HIF-2a may play a pathophysiological role in PH, and the action of GPCRs overlaps with 
that of HIFs[76,120,121]. Firstly, some GPCRs, such as those for estrogen G-protein coupled estrogen recetor-1 
(GPER), ET1 (ETA), PGE1 (EP1), and PGI2 (IP), can activate HIF-1a even under normoxic conditions[122-131]. 
Secondly, ROS increased by GPCRs signaling, inhibit PHD proteins by oxidative inactivation, which in 
turn promotes HIF1a activation and its pathological action in PH[132-135]. Thirdly, hypoxic activation of HIF-
1a up regulates Gi-coupled receptor for SDF-1, CXCR4, implicated in PH by promoting VSMC prolifera-
tion[136-139]. Moreover, hypoxia can stimulate ATP release from vasa vasorum endothelial cells (VVEC) by 
PI3K-dependent mechanism to promote angiogenesis in an autocrine manner [Figure 2]. This mechanism 
implicates purinergic GPCR-dependent activation of HIF-1a and HIF-2a that may amplify hypoxia-
induced vasa vasorum expansion [Figure 3].

INTERACTION OF INFLAMMATORY CYTOKINES AND GROWTH FACTORS WITH GPCRS SIG-

NALING IN PH
PDGF-induced proliferation of VSMC is believed to be a major factor in PH. It is known to be dependent 
on Akt activation that can occur in co-operation with some GPCRs, termed trans-activation[140]. Ang II 
receptor works in concert with PDGF-receptor tyrosine kinase, promoting Akt-dependent VSMC prolif-
eration[77,141-143]. Thrombin-PAR trans-activates the TGF-b receptor to promote VSMC proteoglycan synthe-
sis[144]. It is of some interest that PGI2 has been described as unable to significantly inhibit PDGF-induced 
VSMC proliferation, suggesting that other PDGF-neutralizing strategies are needed in PH[145]. MCP-1 and 
IL-6 also work together to induce VSMC proliferation[146]. Activation of inflammatory TXA2-TP inhibits 
FGF-2- or VEGF-stimulated angiogenesis, which could relate to vascular pruning in cardiac and pulmo-
nary vessels, and is an example of GPCR-cytokine interaction[41,147-149]. Protective interactions of GPCRs 
with cytokines and growth factors could include the ability of PGI2-IP to inhibit the IFNg-induced inflam-
mation, dependent upon induction of suppressor of cytokine signaling 3 (SOCS3)[150]. The GPCR GPR4 ex-
pressed on ECs, promotes angiogenesis in a Notch-dependent manner[151]. Vessel architecture is maintained 
by the ligand-receptor pair jagged expression on EC and Notch expression on VSMC, keeping VSMC in 
a differentiated non-proliferating state[152-156]. Both HIF-1a-induced VEGF for reparative angiogenesis and 
hypoxia-induced epithelial to mesenchymal transition require Ras family member, RhoE, which activation 
involves SDF-1 GPCR, CXCR4 signaling[157]. RhoE aids in HIF-1a maintenance and is induced by cAMP 
via Gs-coupled GPCRs[158]. Cardiac angiogenesis is believed to be critically protective in heart disease and 
potentially links SDF-1, cAMP, RhoE, HIF-1a, and VEGF into signaling networks[159].

INTERSECTIONS OF EICOSANOIDS AND GPCRS IN VASCULAR INFLAMMATION
Many eicosanoids induced by vascular inf lammation, have short half-lives and must therefore be pro-
duced at the site of action either by monocyte/macrophages, ECs, fibroblasts, cardiac myocytes, or fibro-
blasts[160,161]. Injection of the GPCR-Gq/Gi-coupled ligand, PAF into rat lung causes rapid increase in PA 
pressure, linked to LTB4 production. LTB4-LTB4R, and PAF-PAFR coupled Gq/Gi are macrophage acti-
vators and plays a pathological role in PH[162-169]. PGE2, an important eicosanoid, which activates several 
GPCRs, such as Gq-coupled EP1, Gs-coupled EP2/4 and Gai/Ga13-coupled EP3. EP3 promotes PH by increas-
ing Rho/TGF-b1 signaling[170]. Protective eicosanoids, like PGI2, exert anti-inflammatory effects following 
LPS-induced lung injury and PH-induced cardiac inflammation and is active against T cells and macro-
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phages[41,171-174].

INFLAMMATION-DRIVEN ENDOTHELIAL DYSFUNCTION (ED) AS A MECHANISM OF VASCU-

LAR REMODELING: INVOLVEMENT OF GPCRS
Inf lammatory stimuli, IL-1 or TNFa down-regulate eNOS, attenuate reparative angiogenesis, promote 
EC apoptosis, and increase endothelial to mesenchymal transition (EMT) - all of which contribute to 
ED[46,83,175,176]. TxA2, acting on both ECs and VSMCs, is pathological in PH and inhibits VEGF- or FGF-
2-promoted angiogenesis[46,147-149,165]. By contrast, many PH protective GPCR agonists (apelin, PGI2) increase 
eNOS activity by phosphorylation of Ser1177 or by increasing eNOS expression[50-52,177-179]. Some PH therapeu-
tics, apelin and sildenafil, increase recruitment of endothelial cell progenitors, thereby counteracting ED[180-184].

THROMBOSIS AND PLATELET ACTIVITY CROSS TALK WITH VASCULAR INFLAMMATION AND 

GPCR ACTION
Platelets from patients with the sub-form of PAH, due to thromboembolic PAH, exhibit increased reac-
tivity to thrombin, which stimulates the Gq/Gi-coupled protease activated receptor 1 (PAR1), promoting 
VSMC proliferation[185,186]. Thrombin receptors exist on EC and have been reported to inhibit angiogenesis.

RV REMODELING AND FAILURE
Cardiac myocytes (CMs) are terminally differentiated cells. The compensatory cardiac hypertrophy is en-
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Figure 3. Extracellular ATP up regulates HIF-1a and HIF-2a transcription factors in pulmonary artery vasa vasorum endothelial cells. 
A, B: ATP (10 μmol/L), applied to VVEC, results in activation of both HIF-1a and HIF-2a with distinct time courses. VVEC were serum 
starved for 18 h and stimulated for indicated times. Nuclear fractions were subjected for Western blot analysis for HIF-1a, HIF-2a, and 
lamin A/C expression; C: cells were stained for HIF-1a at 1 h post stimulation with ATP (10 μmol/L), with or without PI3K inhibitor, PI-103 
pretreatment (0.5 μmol/L, 15 min). VVEC: vasa vasorum endothelial cells
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tirely due to increased CM cell size, rather than proliferation. The adult heart is 56% CM, 27% fibroblasts, 
10% VSMC, and 7% ECs, and these ratios change little between the four chambers[187]. During PH, the ra-
tios of fibroblasts increases, and the ratio of ECs/CMs decreases[188]. The transition to heart failure has been 
linked to endothelial dysfunction due to insufficient reparative angiogenesis - a loss of capillaries supplying 
cardiac myocytes with O2, leading to capillary pruning, inflammation, and ROS production[147-149,188-193].

Pathological role of GPCRs in cardiac myocyte with respect to RV failure
The hypertrophy response is engaged when increased Ca2+- and cAMP-dependent contractile signals 
lead to activation of NFAT, MEF2, and GATA4. These signals are driven by GPCR agonists, such as Ang 
II, thrombin, ET1, PGF2a, b-AR[194-197]. Typical gene expression changes include decreased expression of 
sarcoplasmic reticulum Ca2+ re-uptake channel (SERCA2), increased expression of slow twitch contrac-
tile protein myosin heavy chain b9 (b-MHC, a.k.a. MyH7), and decreased expression of the fast twitch 
a-MHC/MyH6, amongst others[198,199]. The transcription factor, Egr-1 has been linked to the down regula-
tion of cardiac SERCA2 in hypertrophy and was found to be overexpressed in PAs of PH patients[200-202]. 
GPCR-induced increase in intracellular Ca2+ stimulates PKD activity, promoting nuclear export of histone 
deacetylase 5 (HDAC5), thereby activating MEF2 to initiate hypertrophic gene program[203,204]. GPR91, a 
receptor for succinate expressed in CMs, promotes cardiac hypertrophy by coupling to Gi/Gq-PI3K-Akt sig-
naling[205,206]. Succinate may be accumulated during cardiac remodeling due to changes in metabolism, and 
when released from the cells, promotes positive feedback loop by activating GPR91 leading to hypertrophy, 
or as also reported, to CM apoptosis via caspase3[188].

Protective role of GPCRs in cardiac myocyte with respect to RV failure
The estrogen-activated GPER, found in CM, has been considered cardio-protective in a PI3K-Akt-depen-
dent mechanism[207,208]. RGS proteins 2, 4, 10, 14 modulate cardiac hypertrophy by inhibiting the Gi/Gq-
PLCb-Ca2+ signaling axis. PKG activates RGS2 by phosphorylation, inhibiting Gs, Gq, and Gi signaling, 
which in turn, attenuates b-AR-induced hypertrophy and that of other GPCRs[209-212]. Atrial natriuretic 
peptide (ANP) and brain natriuretic peptide (BNP) exert CV protective actions by the activation of cGMP-
dependent PKG, which phosphorylates and activates RGS4, aiding its inhibition of GPCR-Gq-PLCb-Ca2+ 
axis[213]. RGS6 promotes cardiac myocyte apoptosis associated with decompensation due to its capacity to 
increase ROS[214]. RGS10 inhibits the cardiac hypertrophy induced by Ang II[215]. RGS14 protects against 
aortic banding-induced cardiac hypertrophy and fibrosis, decreasing ERK1/2 hypertrophy signals[216].

ACTION OF GPCRS ON ENDOTHELIAL CELLS WITH RESPECT TO RV FAILURE
ED, occurring in failing RV, interconnects with fibrosis, as this appears to be a factor in the decreased 
capillary density-ED observed in hypertrophy and with the altered metabolism of CM, critical towards 
HF[217,218]. ED can result in potentially uncontrolled inflammation of local RV tissue and in turn can lead 
to EC apoptosis, down regulation of eNOS and PGIS. TGF-b, which is pathologic in PH, is induced by 
inflammation, promotes lung and heart fibrosis, but also promotes ED by inhibiting differentiation of en-
dothelial progenitor cells (EPCs) into ECs to repopulate damaged endothelium, counteracting the effects of 
endothelium protective GPCR ligand, apelin[219,220]. Cardiovascular protective GPER is found in ECs, pro-
motes angiogenesis, and could be significant in defending against endothelial dysfunction[207,221,222].

VASCULAR FIBROBLASTS AND CARDIAC FIBROSIS
Cardiac fibrosis, seen in animal models of PH, involves expansion of fibroblast populations, their dif-
ferentiation to myofibroblast, and the stiffening of the extracellular matrix by synthesis of collagens[198]. 
Fibroblasts also can derive from EMT via conversion of EC to fibroblasts[175]. GPCRs promoting cardiac 
fibrosis include Gq-PLC-Ca2+- coupled 5-HT2B, Ang II, and endothelin CPCRs. The thrombin receptor, 
PAR1 is the most highly expressed GPCR in cardiac fibroblasts, therefore is a potentially important pro-
fibrotic GPCR[223-225]. P2Y6-purinergic receptors are reported to enhance pressure overload-induced fibrosis 
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by increasing TGF-b1 and CTGF release[226]. The p38a MAPK, activated by Ang-II or non-GPCR stimuli, 
such as TGF-b1, or cyclic stretch, has been identified as a master switch, common to many different recep-
tors stimulating fibrosis[198]. The ligand relaxin and its GPCR, RFXP1-4, are Gs-coupled and exert anti-
hypertrophic and anti-fibrotic effects[227]. In cardiac fibroblasts, PGI2-IP-PKA axis activates CREB to inhibit 
Ang II-induced SMAD2 activation, attenuating proliferation[228].

ROLE OF GPCRS IN MONOCYTE/MACROPHAGE WITH RESPECT TO RV FAILURE
Macrophage features in the inflammation associated with heart failure, with resident macrophages being 
described as protective, while recruited being pathogenic[191]. Increasing activity of the transcription factor 
KLF4 in resident macrophages to aid their survival or inhibiting MCP-1-CCR2 activity of recruited mono-
cytes, has been suggested as a potential therapy[191]. Macrophage polarization in PH is thought to contribute 
to cardiac and pulmonary inflammation-induced damage and remodeling. M1 macrophage phenotype is 
considered pro-inflammatory (versus the M2 phenotype), is involved in resolving inflammation, but im-
plicated in tissue fibrosis[229]. Some studies in PH suggest that M2 macrophages are more damaging than 
M1. Antagonizing the CX3CR1 chemokine receptor reduces pathogenic M2 in favor of less damaging M1 
phenotype[90,230]. Most chemokine receptors activate Gai1/Gai3, which have been linked to promotion of 
polarization to M1 macrophage via increased LPS-TLR4-NF-kB, in contrast to CX3CR1 signaling[76]. An 
interesting development in macrophage polarization/anti-inflammatory responses are the 6 atypical che-
mokine receptors, ACKR1-6, which are “duds” unable to activate G-proteins, and exert anti-inflammatory 
effects[229]. In particular, the atypical chemokine receptor, CCRL2 (tentatively ACKR5) polarizes in favor of 
M2 phenotype[229]. Other GPCRs aiding polarizing to M2 phenotype, include lipoxinA4-activated FPR2, 
PGE2-receptors, and adenosine A2A/A2B-receptors[231-234]. GPCRs clearly critically control macrophage polar-
ization and might well be employed to diminish macrophage-induced inflammation occurring in PH. The 
role of GPCRs in cardiac inflammation is clearly complex, and it should be mentioned that increasing re-
cruitment of pro-angiogenic monocytes may be beneficial in ED, and is also under control of GPCRs[235-238].

GPCRS, WHICH MIGHT BECOME CLINICAL TARGETS IN PH
GPCRs activating cAMP-PKA axis in ECs or VSMCs, such as PGI2 and adenosine (A2BAR), generally 
induce vasodilation, are often anti-inflammatory and protective in PH. Secondly, GPCRs, such as for ape-
lin, PGI2, opioids, which increase NO release from EC to promote vasodilation, are also usually protec-
tive. Thus, any signals increasing cAMP, cGMP, NO and inhibiting Ca2+ are usually protective[178,179]. By 
contrast, any GPCR signaling increasing Ca2+ in VSMC, or decreasing NO, cAMP, cGMP, or increasing 
inflammation, are usually pathogenic in PH. One very potent anti-inflammatory agent is adenosine, which 
exerts powerful anti-inflammatory effects acting at A2AAR, and clearly plays a protective role in PH[111,239]. 
New drugs (such as AEA061) are positive allosteric modulators of A2AAR, that activate receptors without 
binding to the normal agonist binding site, offer a therapeutic possibility of fewer side effects as they do 
not act at A1, A2B or A3ARs[239]. Activation of A2AAR without activating A1, A2B, and A3ARs has been an 
issue in developing anti-inflammatory therapies. Other potentially protective GPCRs include FPR2, an 
atypical chemokine receptor on macrophages, was reported to exert anti-inflammatory action[229,240]. Other 
protective receptors in PH include ET-1 receptor ETB

[241], angiotensin II type 2 receptor[242], adiponectin-
receptor[36,243], mas1 (a receptor for angiotensin 1-7)[244], and relaxin receptors[245,246]. ETB receptor is also 
protective in porto-pulmonary hypertension, a disease secondary to liver failure, but in which the same 
therapeutics, PGI2-cGMP-PDE-ET-1 receptor antagonist therapies are utilized[247,248].

GPCRs with pathogenic action, which could be antagonized such that the drugs would be protective could 
include the CaSR, calcium sensing receptor in EC[12,249], the succinate GPR91 on cardiac myocytes[205,206], 
thromboxane receptors[250], serotonin receptors[251], LTB4 receptors[252], shingosine-1-phosphate recep-
tors[13,253-255] amongst others.
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CONCLUSION
Research has highlighted many examples of pathological GPCR signaling, which can be targets for novel 
PH therapeutics. In PH pre-clinical studies many targets have been identified, but only few are druggable 
[Tables 1 and 2]. GPCRs, by contrast, represent good targets for pharmacological strategies and in all likeli-
hood present one of the best opportunities for therapeutic intervention in PH. The heart alone is estimated 
to express some 200 different GPCRs, suggesting significantly better therapeutics based on targeting GP-
CRs are possible. The challenge is to devise the best pharmacological cocktail for the PH patient. At the 
moment, while much has been published with respect to GPCR action in PH, much more clearly awaits 
discovery.
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Abstract
Vascular remodeling defines cancer growth and aggressiveness. Although cancer cells produce pro-angiogenic signals, 
the fate of angiogenesis critically depends on the cancer microenvironment. Composition of the extracellular matrix 
(ECM) and tumor inflammation determine whether a cancer will remain dormant, will be recognized by the immune 
system and eliminated, or whether the tumor will develop and lead to the spread and metastasis of cancer cells. 
Thrombospondins (TSPs), a family of ECM proteins that has long been associated with the regulation of angiogenesis 
and cancer, regulate multiple physiological processes that determine cancer growth and spreading, from angiogenesis 
to inflammation, metabolic changes, and properties of ECM. Here, we sought to review publications that describe 
various functions of TSPs that link these proteins to regulation of cancer growth by modulating multiple physiological 
and pathological events that prevent or support tumor development. In addition to its direct effects on angiogenesis, 
TSPs have important roles in regulation of inflammation, immunity, ECM properties and composition, and glucose and 
insulin metabolism. Furthermore, TSPs have distinct roles as regulators of remodeling in tissues and tumors, such that 
the pathways activated by a single TSP can interact and influence each other. The complex nature of TSP interactions 
and functions, including their different cell- and tissue-specific effects, may lead to confusing results and controversial 
conclusions when taken out of the context of interdisciplinary and holistic approaches. However, studies of TSP 
functions and roles in different systems of the organism offer an integrative view of tumor remodeling and a potential for 
finding therapeutic targets that would modulate multiple complementary processes associated with cancer growth.

Keywords: Thrombospondin, angiogenesis, inflammation, cancer

INTRODUCTION
The studies of cancer initiation and progression have focused on the molecular and cellular signaling 
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events that lead to changes in cancer cell differentiation, proliferation, and apoptosis, all of which initiate 
uncontrolled growth and spreading. The roles of immunity and of the response of the whole organism 
to cancer cells have been historically appreciated, but the role of the microenvironment in the initiation, 
progression, and spreading of cancer has become a more active field of study only recently. It has been 
accepted that cancer cells are constantly forming in a healthy body[1,2] but they do not survive. They 
may remain dormant for years due to the healthy microenvironment, which does not support the tumor 
growth. The tumor microenvironment, which prevents or promotes cancer growth, consists of stromal and 
vascular cells, immune and inflammatory cells. Additionally, the extracellular matrix (ECM) and secreted 
signals that these cells generate promote or restrict cancer cell division and migration[3,4]. The progression 
of cancer depends on the complex interplay between the tumor cells and the tumor microenvironment. 
Targeting the components of the tumor microenvironment is now a recognized powerful tool of cancer 
therapy and prevention of spreading and recurrence.

The development of tumor vasculature depends on angiogenesis, accompanied by inflammation, which 
is an important factor in predicting tumor vascularization, growth, and spreading. Targeting the 
tumor vasculature has been an active approach in finding new therapeutic targets for many years[5] but, 
unfortunately, has not fulfilled the expectations of cancer therapies due to significant side effects and 
adverse events in tumors in response to hypoxia[6]. It has become clear that we have a limited appreciation 
of pathological processes associated with the tumor microenvironment and, as a result, inadequate 
understanding of potential therapies that may improve the microenvironment and restrict tumor growth.

Tumor angiogenesis and the recruitment of immune and inflammatory cells into the tumor rely on the 
composition of ECM[7]. One important event that occurs during tumor progression is the stiffening of the 
ECM, caused by the deposition of collagen and fibronectin, leading to increased proliferation and tumor 
advancement[8]. Cancer-associated fibroblasts are important contributors of ECM stiffening[9]. Tumor ECM 
is also modified by vascular and blood cells that release proteases and chemoattractants and deposit ECM 
to promote angiogenesis, additional recruitment of vascular and inflammatory cells, and inflammation[10].

Tumor inf lammation is closely associated with the tumor aggressiveness and metastasis[11]. Activated 
cancer and vascular cells produce chemoattractants and pro-inflammatory signals to recruit inflammatory 
cells from blood. The accumulation of inflammatory cells in a tumor is an important prognostic index 
that has been successfully used to evaluate the aggressiveness of cancer in conjunction with other 
indexes that describe the proliferation rate of cancer cells and their migratory potential. CD68, a marker 
of macrophages is one of the 16 markers evaluated in Oncotype DX, a clinical test that is used to make 
therapeutic decisions and predict the aggressiveness of breast cancer[12,13]. The recruitment and retention of 
inflammatory cells in tumors depends on the ECM composition[14].

This article reviews the contribution of thrombospondins (TSPs), a family of secreted ECM proteins, in 
regulation of the cancer microenvironment and the initiation and progression of tumor growth that is 
defined by the vascular and ECM remodeling and inflammatory response. It is becoming clear that TSPs 
affect every pathological process associated with cancer advancement and are key protein regulators of the 
tissue remodeling that occurs with cancer growth.

TSPS AND CANCER
The ECM is complex and ever-changing. All the cells in a tumor constantly remodel the ECM and deposit 
growth factors, proteases, pro-inflammatory and chemoattractant proteins into ECM. The composition of 
ECM defines whether it will support cancer growth, angiogenesis, and inflammation by providing specific 
growth- and migration-promoting signals and changing the physical properties of the tissue. ECM con-
tains structural components, e.g., collagens, and secreted proteins that define the interactions of the cells 
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with the structural elements of the ECM. One of the influential groups of proteins that regulates the inter-
actions between structural proteins and cells are TSPs. This family of proteins consists of five members in 
humans (TSP-1 - TSP-5). The five members of the family share a high level of homology and a number of 
properties[15]. However, they have unique domains and protein sequences that render each of the five TSPs 
distinct in their interactions with the ligands in ECM and with cell surface receptors. As a result, TSPs 
have distinct functions in tissue remodeling and regulation of cancer growth[16]. Furthermore, a strong and 
repeated association of TSP expression or suppression in various cancers highlights their role in cancer 
regulation[17].

TSP-3, TSP-4, AND TSP-5
TSPs of group B (TSP-3, TSP-4, and TSP-5) are evolutionarily older proteins with fewer domains than in 
the group A TSP proteins[18]. Group B TSPs are important in embryonic development[16,19] and participate in 
the activation of embryonic tissue remodeling programs[20]. TSP-3 and TSP-5 are involved in the regulation 
of growth plate organization and limb length[21]. Complete deletion of TSP-3 and TSP-5 leads to reduced 
limb length, which signifies their prominent role in skeletal growth[21]. Not surprisingly, TSP-3 is also 
linked to cancer angiogenesis, metastasis and invasion in osteosarcoma patients[22].

TSP-4 is one of the highly upregulated genes (in the top 1%) in several types of cancer, e.g., gastric 
cancer[23-25] and breast cancer[26-28]. Its expression is upregulated in stromal tissue of invasive breast and 
gastric adenoma cancers[20,29]. A recent study suggests that the loss of miR-142, resulting in high expression 
of TSP-4, enhances hepatocellular carcinoma (HCC) invasion and progression. Therefore, targeting TSP-4 
may be an important strategy to treat HCC[30]. Increased expression of TSP-4 in ECM promotes invasion of 
the breast cancer cells[20]. Another study stated that TSP-4 mRNA expression in fibroblasts was stimulated 
by cancer cells, suggesting that TSP-4 is an important novel marker in the detection of diffuse-type gastric 
adenocarcinomas[29]. Flexible heteroarotinoid compounds coordinate growth, apoptosis and differentiation 
of cancer cells. One of the compounds of this group, SHetA2, inhibits angiogenic effects by decreasing 
the secretion of TSP-4, along with vascular endothelial growth factor A and fibroblast growth factor, in 
ovarian and renal cancers[31].

TSP-4 promotes cancer angiogenesis and growth in mouse models of breast cancer[32]. Knocking out TSP-
4 in mice resulted in smaller tumors with decreased numbers of endothelial cells and lower levels of 
angiogenesis markers. Conversely, a P387 variant of TSP-4 that is a more active variant of TSP-4 in cellular 
effects and interactions with ligands[32], had increased cancer angiogenesis and tumor growth[32]. Although 
the vascular cells appear to be the main source of TSP-4 in breast cancers[32,33], in vivo, the cancer cells 
themselves also produce small amounts of TSP-4 that appear to be sufficient to support angiogenesis and 
cancer growth even in TSP-4 deficient animals[32,33]. Complete deletion of TSP-4, in both the host and the 
cancer cells, is required in order to document effects on tumor growth[33]. In addition to these effects in 
tumors, TSP-4 promotes adhesion and migration of leukocytes[34]. Thus, TSP-4 is a pro-angiogenic[32] and a 
pro-inflammatory protein[35] that supports tumor growth by activating multiple complementary pathways.

TSP-4 mediates the effects of transforming growth factor beta (TGF-β), a master regulator of ECM and 
inflammation, on angiogenesis[33]. The direct roles of TSP-4 in ECM regulation remain poorly understood. 
However, it is clear that TSP-4 regulates collagen production and can prevent fibrosis in tissues[36].

On the other hand, TSP-4 serves as a tumor suppressor in colorectal cancer and suppresses in vitro tumor 
colony formation[37]. Epigenetic profiling studies revealed that hypermethylation of the TSP-4 promoter 
leads to its inactivation and loss of TSP-4 tumor suppressor function in cutaneous T cell lymphoma[38]. 
The opposite effects of TSPs on cancer cells and on the cancer microenvironment are a recurrent theme 
when studying the roles of TSPs in cancer regulation, leading to controversial findings that are difficult to 
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explain. Ultimately, the results from in vivo studies, where TSPs levels have been manipulated, should be 
considered to help define physiological roles for individual TSPs in cancer regulation.

TSP-1 AND TSP-2
The more recently developed group of TSPs, which includes TSP-1 and TSP-2 and is termed “group A”, ap-
peared in evolution along with the development of the cardiovascular system[19,39]. These two proteins have 
several C-terminal domains homologous to group B proteins but differ from group B TSPs in their N-terminal 
protein parts[40]. The newly acquired in evolution domains of TSP have important roles in regulating vascu-
lar tissue remodeling: they harbor sequences associated with the anti-angiogenic action of these two pro-
teins[41,42] and with the inhibition of metalloproteinases (MMP)[43,44]. One of the N-terminal domains in TSP-
1 contains a sequence that binds TGF-β: TSP-1 is a major activator of latent TGF-β[45-47].

The anti-angiogenic properties of TSP-1 and TSP-2 have been studied for over 30 years[48]. TSP-1 and TSP-2 
inhibit endothelial cell proliferation, migration, and apoptosis[49-52]. The decreased expression of TSP-1 and 
TSP-2 in tumors and surrounding tissues has been reported[53-55], and animal studies confirmed their anti-
angiogenic and tumor-preventing action[56]. Furthermore, TSP-1 expression has been associated with cancer 
dormancy[57,58]; merely suppressing or overexpressing TSP-1 is enough to reverse the patterns of tumor 
growth in specific anatomical areas with differential expression of TSP-1[59-63].

In addition to the direct effects of TSP-1 and TSP-2 on endothelial cells, the regulation of angiogenesis may 
be an indirect consequence of regulation of MMP activity[44], binding of growth factors and regulation of 
their availability and activity[64], and regulation of functions of the immune and inflammatory cells[65,66].

The effects of TSP-1 on cancer cells are sometimes inconsistent with its anti-angiogenic and anti-cancer 
effects observed in in vivo studies. TSP-1 has adhesive properties that support cancer cell growth[67-69], 
promote metastatic properties of breast cancer cells[70], facilitate the invasion of squamous cell carcinoma[71], 
breast cancer cells[72] and melanoma[73], may increase proliferation of cancer cells[74], and decrease cancer 
cell apoptosis[75].

INTEGRATIVE APPROACH TO UNDERSTANDING TSP ROLES IN CANCER
These contradictory effects of TSPs on cultured cancer cells and on the fate of a tumor in vivo have not 
been explained. To better understand their significance, these contradictory effects should be considered 
in a context of complex relationships between the cancer cells and the entire organism: prevention of a 
tumor growth not only relies on the cancer cell properties alone but also requires a concerted response of 
the body that involves the activation of immune responses, the recognition of cancer cells, and clearance of 
these cells. Tumor development occurs only when multiple body systems fail to eliminate cancer cells from 
the system. Cancer cells are constantly forming in different tissues and also circulate in blood[76] but fail to 
attach and initiate a tumor growth when the microenvironment (including ECM of tissues), regulation of 
angiogenesis, and responses of the immune system are normal[77,78]. Dysregulation of metabolic, immune, 
and tissue remodeling processes is what leads a single cancer cell to progress to a tumor rather than being 
recognized, killed and eliminated. The physiological balance of cancer cell attachment, proliferation and 
mobility versus their recognition, apoptosis, and elimination define the fate of each cancer cell that forms 
in the body.

The in vivo effects of TSP-1 and TSP-2, suggest that these proteins activate a whole-organism anti-
angiogenic and anti-cancer program that ultimately leads to a decrease in cancer growth or to cancer cell 
dormancy[58]. Thus, the positive effects of TSP-1 and TSP-2 on cancer cell proliferation could be considered 
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as a part of this program, which initiates anti-cancer defense in multiple body systems. For example, 
increased proliferation of cancer cells due to TSP-1 signaling may render the cancer cells more susceptible 
to the elimination by natural killer cells[79]. Furthermore, TSP-1 signaling may facilitate activation of p53, a 
regulator of apoptosis[80,81]. Promoting cancer cell proliferation and invasion may result in better responses 
from T-cells due to expression of cancer-specific antigens and their circulation in blood. Similar to the 
therapeutic approaches designed by humans, e.g., chemotherapy and radiation treatment of cancers, the 
natural body responses may be the most efficient when the cancer cells are rapidly growing. Understanding 
why TSPs have cell-specific responses and seemingly contradictory effects would explain how they protect 
from cancers in the case of TSP-1 or promote cancer growth in the case of TSP-4. Better understanding 
these complex and sometimes contradictory properties of TSPs will only be possible by developing an 
integrative approach and more holistic view of the pathological and physiological processes regulated by 
these proteins, considering the fact that they affect multiple organ systems.

Newly developed integrative approaches to cancer therapies have pushed the field to better understand 
the causes of cancer and the mechanisms, by which tumors grow and spread. As a result, inflammation 
and the metabolic changes have become the focus of many studies that investigate how the cancer 
microenvironment is regulated[82,83]. A growing body of evidence connects increased levels of blood glucose 
and insulin and chronic inflammation with cancer initiation and progression[84,85]. While the association 
of diabetes and cancer has been known for many years[86-89], recent studies suggested that even post-
prandial elevations in blood glucose and/or insulin increases the risk of cancer. The glycemic load (GL, a 
measure of the increase in post-prandial blood glucose caused by food) and/or the high dietary glycemic 
index (GI, another index that estimates the effect of foods on post-prandial blood glucose) were associated 
with a risk of breast cancer[90-94]; with lung cancer[95]; prostate cancer[93,96], especially with its aggressive 
form[97]; endometrial cancer[93,98]; ovarian cancer[93]; and digestive tract cancers (esophageal, stomach, 
colorectal, liver, gallbladder, and pancreatic)[93,96,99-103]. The emerging evidence stresses the importance of 
diets low in GI and GL and reduction of carbohydrates in diets as a part of healthy nutrition and lifestyle 
to prevent cancer development and recurrence[104-106]. The connection between chronic inflammation and 
cancer has been known for a long time: e.g., an association between the hepatitis and the liver cancer 
has been well recognized and studied[107,108], the existence of cancers caused by pancreatitis and Crohn’s 
disease has been known and accepted[109,110], and the connection between the infection with italicize and 
stomach cancer has been confirmed[111,112]. Diabetes, pre-diabetes, and metabolic syndrome are associated 
with chronic inf lammation[113-116] and can be induced by the chronic inf lammation in growing adipose 
tissue[117-119] and pancreas[120-122]. Thus, metabolic dysfunction appears to increase the risk of cancer directly 
(due to an increased blood glucose and insulin) and by increasing the inflammation. TSP-1, that normally 
restrains angiogenesis and prevents the growth of a tumor, is downregulated by high blood glucose levels 
in many tissues[123,124], thus, providing a link between the elevated blood glucose and cancer. TSP-1 has 
been shown to be downregulated by a microRNA, miR-467, in response to hyperglycemia[124]. Inhibition 
of miR-467 using an antagonist effectively inhibited hyperglycemia-induced breast cancer growth in 
mice[125]. Furthermore, decreased levels of TSP-1 are associated with higher inf lammation in tissues, 
probably due to its ability to stimulate phagocytosis in macrophages and to promote the resolution of 
inflammation[66,126]. Therefore, increasing the levels of TSP-1 may stop or prevent the growth of tumors in 
multiple complementary ways by decreasing cancer angiogenesis and promoting the resolution of cancer 
inflammation.

ANTI-CANCER TSP-BASED APPROACHES
The functions of TSP-2, TSP-3, and TSP-4 in regulation of cancer growth are not well enough understood 
to identify potential therapeutic approaches based on the regulation of expression of these proteins or on 
their specific ligands and cell surface receptors. However, TSP-1, a TSP family member discovered and pu-
rified from platelets[127] 40 years ago, has been a target for developing strategies to modulate its levels or to 
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take advantage of its interactions with ligands in ECM and on the cell surface.

Multiple attempts to use TSP-1 fragments to inhibit cancer growth have been described in the literature. 
Adenovirus-mediated gene therapy containing an antiangiogenic fragment of TSP-1 inhibited the growth 
of the human leukemia xenograft in mice[128]. Gene therapy with a fragment of TSP-1 inhibited the growth 
of human breast carcinoma, MDA-MB-435, in vivo in mice[129]. The delivery of the fragment together with 
p53 resulted in a synergistic effect and decreased the cancer growth more than the TSP-1 fragment or p53 
administered separately. Linear and cyclic peptide TSP-1 mimetics have been tested in anti-angiogenesis 
therapies[130-135].

The interaction of TSP-1 with CD47 was shown to mediate multiple effects of TSP-1[136]. Targeting this 
interaction, with the goal of increasing angiogenesis, led to an unexpected outcome - angiogenesis 
inhibition[137]. The peptide, designed to block the interaction of TSP-1 with CD47, named TAX2, increased 
the binding of TSP-1 to CD36 and disrupted vascular endothelial growth factor receptor 2 activation and 
subsequent downstream NO signaling. This peptide was also tested in experimental animal cancer models 
and inhibited angiogenesis and growth of melanoma[137], pancreatic carcinoma[137] and neuroblastoma[138]. 
It was also effective in preventing the spread of melanoma[139]. The 4N1 peptide, based on the sequence of 
TSP-1 domain that binds CD47, was successfully used in a mouse model as an anti-leukemia agent[140]. The 
interaction of TSP-1 with CD47 was found to be important in multiple processes related to tumor growth. 
For example, blocking the signaling through CD47 conferred protection of normal tissue to irradiation 
through activation of autophagy pathways[141,142]. Modulation of the anti-tumor immunity by CD47 in T 
cells by this pathway has been described[143]. Thus, this TSP-1-CD47 interaction appears to be a valuable 
therapeutic target.

One of the cell-specific effects of TSP-1, mediated by its interaction with CD47, limits cell survival 
in response to radiation[144], suggesting that antagonizing this interaction would provide a selective 
radioprotection for normal cells and tissues. Another tissue- and cell-specific approach targeted a miRNA 
regulating TSP-1 production: miR-467 increases in a cell- and tissue-specific manner in response to 
hyperglycemia and silences the production of TSP-1[124]. Thus, antagonizing this miRNA slows down 
the growth of certain cancers without affecting TSP-1 production in response to high glucose in other 
tissues[125].

Some unexpected outcomes from using anti-TSP-1 strategies highlight the complexity of TSP-1 interactions 
and its functions. The domains involved in regulating angiogenesis, TGF-β activation, and MMP inhibition 
are localized in N-terminal part of TSP-1, while interaction with CD47 depends on the C-terminal domain 
of the protein. However, based on the results of peptide studies, the domains are functionally associated, 
such that blocking the interaction with one receptor also changes the interactions of distant domains with 
other receptors and ligands[64,145]. Due to the multiple cell-specific functions, the effects of TSPs on various 
cells types that are involved in tumor progression should be also taken in the account when considering 
pharmacological interventions that target the expressions of TSPs or block their interactions with their 
ligands.

ECM proteins appear to be good targets for therapy because of their extracellular localization and relatively 
easy availability for drugs. However, very few ECM proteins have become successful therapeutic targets. 
Most ECM proteins, including TSPs, have a complex multi-domain structure with a number of ligands on 
the ECM and cell surface. The combined effect of TSP interactions with other ligands and receptors may 
not only depend on their protein levels in tissues but also on the availability of ligands and receptors on 
the cell surface. Ultimately, the systemic effects caused by inhibiting TSPs or regulating their production 
should be considered. Successful strategies need to be based on tissue- and cell-specific evidence such that 

Page 6 of 14                                  Stenina-Adognravi et al. Vessel Plus 2018;2:30  I  http://dx.doi.org/10.20517/2574-1209.2018.40



interactions do not alter the functions or expression of TSPs elsewhere.

Interactions between TSP pathways further complicate the final outcomes. For example, studies of the 
effects of hyperglycemia on breast cancer suggest that TSP-1-dependent pathways may synergize with 
TSP-4-dependent pathways. Higher expression of miR-467 in response to high glucose was associated 
with inhibition of TSP-1 production[123,124,146] [Figure 1]. In addition to its anti-angiogenic effects, TSP-1 is a 
regulator of inflammation and functions of macrophages[147]. TSP-1 is known to regulate the production of 
cytokines by macrophages[148-150], to stimulate micropinocytosis[151], motility[152], to activate toll-like receptor 
4 pathway in macrophages[153], and to promote the resolution of inf lammation[150,154]. Hyperglycemia 
changes the levels of multiple ECM proteins, including the master ECM regulator TGF-β[155,156]. Higher 
levels of TGF-β have been detected in the cancers of diabetic patients[157,158], and blocking TGF-β signaling 
leads to better outcomes in animal models[159-161]. It was reported recently that increased levels of TGF-β led 
to increased production of TSP-4. Unlike TSP-1, TSP-4 is pro-angiogenic[162,163] and increases accumulation 
of macrophages and other leukocytes in tissues via increased recruitment into tissues[34,35]. Increased levels 
of TSP-4 combined with decreased levels of TSP-1 would promote a pro-angiogenic and inf lammatory 
microenvironment leading to tumor growth [Figure 1].

In addition to functional interaction, TSP pathways interact at the mechanistic level. For example, TSP-1 
activates TGF-β[45,47,164] and is downregulated by TGF-β[163] but TSP-4 is a mediator of the TGF-β effects[163] 
and, in turn, modulates the expression of one of the TGF-β receptors, beta-glycan[165], thus, controlling 
TGF-β signaling [Figure 2].

CONCLUSION
TSPs become available to many cell types after they are secreted and incorporated into ECM. They have 
multiple interactions and functions, which depend on the availability of specific cell surface receptors 
on each cell type at any given moment. The final outcome of modulating TSP levels is determined by a 
combined effect from their actions in multiple cell types and organs, from the tumor itself to the immune 
system and vasculature.
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Figure 1. Hyperglycemia promotes cancer growth by regulating thrombospondin (TSP)-1- and TSP-4-dependent pathways. Upregulation 
of TGF-β in response to hyperglycemia leads to upregulation of TSP-4. TSP-4 is a pro-angiogenic protein that also promotes recruitment 
of macrophages and other leukocytes into tissues and increases local inflammation. Upregulation of miR-467 in a tissue-specific manner 
blocks TSP-1 production. In the absence of the anti-angiogenic pressure of TSP-1, cancer angiogenesis is increased. In the absence of TSP-
1, the resolution of inflammation is impaired. Increased inflammation and angiogenesis promote cancer growth in the absence of TSP-1. 
TSP-1 and TSP-4 pathways converge and complement each other to promote the tumor growth



While multiple targets may potentiate the effects of modulation of TSP expression and functions, the 
complexity of TSP interactions requires an unbiased testing of the effects of potential anti-cancer therapies 
in in vivo models. When the interactions and mechanisms are dissected and understood, TSPs may become 
desirable targets for the integrative anti-cancer approaches.
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production of TSP-1. In a feedback loop, TSP-1 is an activator of TGF-β. Green arrow and text = upregulation in response to hyperglycemia; 
red arrow and text = downregulation in response to hyperglycemia. TGF-β: transforming growth factor beta



Copyright
© The Author(s) 2018.

REFERENCES
1.	 Quail DF, Joyce JA. Microenvironmental regulation of tumor progression and metastasis. Nat Med 2013;19:1423-37.
2.	 Wang M, Zhao J, Zhang L, Wei F, Lian Y, et al. Role of tumor microenvironment in tumorigenesis. J Cancer 2017;8:761-73.
3.	 Bremnes RM, Al-Shibli K, Donnem T, Sirera R, Al-Saad S, et al. The role of tumor-infiltrating immune cells and chronic inflamma-

tion at the tumor site on cancer development, progression, and prognosis: emphasis on non-small cell lung cancer. J Thorac Oncol 
2011;6:824-33.

4.	 Belli C, Trapani D, Viale G, D’Amico P, Duso BA, et al. Targeting the microenvironment in solid tumors. Cancer Treat Rev 2018;65:22-
32.

5.	 Schaaf MB, Garg AD, Agostinis P. Defining the role of the tumor vasculature in antitumor immunity and immunotherapy. Cell Death 
Dis 2018;9:115.

6.	 Barker HE, Paget JT, Khan AA, Harrington KJ. The tumour microenvironment after radiotherapy: mechanisms of resistance and 
recurrence. Nat Rev Cancer 2015;15:409-25.

7.	 Pickup MW, Mouw JK, Weaver VM. The extracellular matrix modulates the hallmarks of cancer. EMBO Rep 2014;15:1243-53.
8.	 LaValley DJ, Zanotelli MR, Bordeleau F, Wang W, Schwager SC, et al. Matrix stiffness enhances VEGFR-2 internalization, signaling, 

and proliferation in endothelial cells. Converg Sci Phys Oncol 2017;3:4.
9.	 Ng CF, Frieboes HB. Model of vascular desmoplastic multispecies tumor growth. J Theor Biol 2017;430:245-82.
10.	 Neve A, Cantatore FP, Maruotti N, Corrado A, Ribatti D. Extracellular matrix modulates angiogenesis in physiological and pathological 

conditions. Biomed Res Int 2014; doi: 10.1155/2014/756078.
11.	 Yang L, Lin PC. Mechanisms that drive inflammatory tumor microenvironment, tumor heterogeneity, and metastatic progression. Semin 

Cancer Biol 2017;47:185-95.
12.	 Medrek C, Pontén F, Jirström K, Leandersson K. The presence of tumor associated macrophages in tumor stroma as a prognostic marker 

for breast cancer patients. BMC Cancer 2012;12:306.
13.	 Barcenas CH, Raghavendra A, Sinha AK, Syed MP, Hsu L, et al. Outcomes in patients with early-stage breast cancer who underwent a 

21-gene expression assay. Cancer 2017;123:2422-31.
14.	 Lu P, Takai K, Weaver VM, Werb Z. Extracellular matrix degradation and remodeling in development and disease. Cold Spring Harb 

Perspect Biol 2011; doi: 10.1101/cshperspect.a005058.
15.	 Adams JC, Lawler J. The thrombospondins. Cold Spring Harb Perspect Biol 2011; doi: 10.1101/cshperspect.a009712.
16.	 Tan K, Lawler J. The interaction of thrombospondins with extracellular matrix proteins. J Cell Commun Signal 2009;3:177-87.
17.	 Stenina-Adognravi O. Invoking the power of thrombospondins: regulation of thrombospondins expression. Matrix Biol 2014;37:69-82.
18.	 Hellewell AL, Gong X, Schärich K, Christofidou ED, Adams JC. Modulation of the extracellular matrix patterning of thrombospondins 

by actin dynamics and thrombospondin oligomer state. Biosci Rep 2015; doi: 10.1042/BSR20140168.
19.	 Bentley AA, Adams JC. The evolution of thrombospondins and their ligand-binding activities. Mol Biol Evol 2010;27:2187-97.
20.	 McCart Reed AE, Song S, Kutasovic JR, Reid LE, Valle JM, et al. Thrombospondin-4 expression is activated during the stromal re-

sponse to invasive breast cancer. Virchows Arch 2013;463:535-45.
21.	 Posey KL, Hankenson K, Veerisetty AC, Bornstein P, Lawler J, et al. Skeletal abnormalities in mice lacking extracellular matrix pro-

teins, thrombospondin-1, thrombospondin-3, thrombospondin-5, and type IX collagen. Am J Pathol 2008;172:1664-74.
22.	 Dalla-Torre CA, Yoshimoto M, Lee CH, Joshua AM, de Toledo SR, et al. Effects of THBS3, SPARC and SPP1 expression on biological 

behavior and survival in patients with osteosarcoma. BMC Cancer 2006;6:237.
23.	 Cho JY, Lim JY, Cheong JH, Park YY, Yoon SL, et al. Gene expression signature-based prognostic risk score in gastric cancer. Clin 

Cancer Res 2011;17:1850-7.
24.	 D’Errico M, de Rinaldis E, Blasi MF, Viti V, Falchetti M, et al. Genome-wide expression profile of sporadic gastric cancers with micro-

satellite instability. Eur J Cancer 2009;45:461-9.
25.	 Singh D, Febbo PG, Ross K, Jackson DG, Manola J, et al. Gene expression correlates of clinical prostate cancer behavior. Cancer Cell 

2002;1:203-9.
26.	 Ma XJ, Wang Z, Ryan PD, Isakoff SJ, Barmettler A, et al. A two-gene expression ratio predicts clinical outcome in breast cancer pa-

tients treated with tamoxifen. Cancer Cell 2004;5:607-16.
27.	 Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM, et al. The genomic and transcriptomic architecture of 2,000 breast tumours re-

veals novel subgroups. Nature 2012;486:346-52.
28.	 Turashvili G, Bouchal J, Baumforth K, Wei W, Dziechciarkova M, et al. Novel markers for differentiation of lobular and ductal invasive 

breast carcinomas by laser microdissection and microarray analysis. BMC Cancer 2007;7:55.
29.	 Förster S, Gretschel S, Jöns T, Yashiro M, Kemmner W. THBS4, a novel stromal molecule of diffuse-type gastric adenocarcinomas, 

identified by transcriptome-wide expression profiling. Mod Pathol 2011;24:1390-403.
30.	 Su F, Zhao J, Qin S, Wang R, Li Y, et al. Over-expression of thrombospondin 4 correlates with loss of miR-142 and contributes to mi-

gration and vascular invasion of advanced hepatocellular carcinoma. Oncotarget 2017;8:23277-88.
31.	 Myers T, Chengedza S, Lightfoot S, Pan Y, Dedmond D, et al. Flexible heteroarotinoid (Flex-Het) SHetA2 inhibits angiogenesis in vitro 

and in vivo. Invest New Drugs 2009;27:304-18.

Stenina-Adognravi et al. Vessel Plus 2018;2:30  I  http://dx.doi.org/10.20517/2574-1209.2018.40                                 Page 9 of 14



32.	 Muppala S, Frolova E, Xiao R, Krukovets I, Yoon S, et al. Proangiogenic properties of thrombospondin-4. Arterioscler Thromb Vasc 
Biol 2015;35:1975-86.

33.	 Muppala S, Xiao R, Krukovets I, Verbovetsky D, Yendamuri R, et al. Thrombospondin-4 mediates TGF-β-induced angiogenesis. Onco-
gene 2017;36:5189-98.

34.	 Pluskota E, Stenina OI, Krukovets I, Szpak D, Topol EJ, et al. Mechanism and effect of thrombospondin-4 polymorphisms on neutro-
phil function. Blood 2005;106:3970-8.

35.	 Frolova EG, Pluskota E, Krukovets I, Burke T, Drumm C, et al. Thrombospondin-4 regulates vascular inflammation and atherogenesis. 
Circ Res 2010;107:1313-25.

36.	 Frolova EG, Sopko N, Blech L, Popovic ZB, Li J, et al. Thrombospondin-4 regulates fibrosis and remodeling of the myocardium in re-
sponse to pressure overload. FASEB J 2012;26:2363-73.

37.	 Greco SA, Chia J, Inglis KJ, Cozzi SJ, Ramsnes I, et al. Thrombospondin-4 is a putative tumour-suppressor gene in colorectal cancer 
that exhibits age-related methylation. BMC Cancer 2010;10:494.

38.	 van Doorn R, Zoutman WH, Dijkman R, de Menezes RX, Commandeur S, et al. Epigenetic profiling of cutaneous T-cell lymphoma: 
promoter hypermethylation of multiple tumor suppressor genes including BCL7a, PTPRG, and p73. J Clin Oncol 2005;23:3886-96.

39.	 Adams JC, Monk R, Taylor AL, Ozbek S, Fascetti N, et al. Characterisation of drosophila thrombospondin defines an early origin of 
pentameric thrombospondins. J Mol Biol 2003;328:479-94.

40.	 Stenina-Adognravi O. Thrombospondins: old players, new games. Curr Opin Lipidol 2013;24:401-9.
41.	 Iruela-Arispe ML, Lombardo M, Krutzsch HC, Lawler J, Roberts DD. Inhibition of angiogenesis by thrombospondin-1 is mediated by 2 

independent regions within the type 1 repeats. Circulation 1999;100:1423-31.
42.	 Lawler J. Thrombospondin-1 as an endogenous inhibitor of angiogenesis and tumor growth. J Cell Mol Med 2002;6:1-12.
43.	 Bein K, Simons M. Thrombospondin type 1 repeats interact with matrix metalloproteinase 2. Regulation of metalloproteinase activity. J 

Biol Chem 2000;275:32167-73.
44.	 Rodriguez-Manzaneque JC, Lane TF, Ortega MA, Hynes RO, Lawler J, et al. Thrombospondin-1 suppresses spontaneous tumor growth 

and inhibits activation of matrix metalloproteinase-9 and mobilization of vascular endothelial growth factor. Proc Natl Acad Sci U S A 
2001;98:12485-90.

45.	 Murphy-Ullrich JE, Schultz-Cherry S, Höök M. Transforming growth factor-beta complexes with thrombospondin. Mol Biol Cell 
1992;3:181-8.

46.	 Schultz-Cherry S, Chen H, Mosher DF, Misenheimer TM, Krutzsch HC, et al. Regulation of transforming growth factor-beta activation 
by discrete sequences of thrombospondin 1. J Biol Chem 1995;270:7304-10.

47.	 Crawford SE, Stellmach V, Murphy-Ullrich JE, Ribeiro SM, Lawler J, et al. Thrombospondin-1 is a major activator of TGF-beta1 in 
vivo. Cell 1998;93:1159-70.

48.	 Good DJ, Polverini PJ, Rastinejad F, Le Beau MM, Lemons RS, et al. A tumor suppressor-dependent inhibitor of angiogenesis is immu-
nologically and functionally indistinguishable from a fragment of thrombospondin. Proc Natl Acad Sci U S A 1990;87:6624-8.

49.	 Ichii T, Koyama H, Tanaka S, Shioi A, Okuno Y, Otani S, et al. Thrombospondin-1 mediates smooth muscle cell proliferation induced 
by interaction with human platelets. Arterioscler Thromb Vasc Biol 2002;22:1286-92.

50.	 Dawson DW, Pearce SF, Zhong R, Silverstein RL, Frazier WA, et al. CD36 mediates the in vitro inhibitory effects of thrombospondin-1 
on endothelial cells. J Cell Biol 1997;138:707-17.

51.	 Guo N, Krutzsch HC, Inman JK, Roberts DD. Thrombospondin 1 and type I repeat peptides of thrombospondin 1 specifically induce 
apoptosis of endothelial cells. Cancer Res 1997;57:1735-42.

52.	 Vogel T, Guo NH, Krutzsch HC, Blake DA, Hartman J, et al. Modulation of endothelial cell proliferation, adhesion, and motility by re-
combinant heparin-binding domain and synthetic peptides from the type I repeats of thrombospondin. J Cell Biochem 1993;53:74-84.

53.	 Lawler J. The functions of thrombospondin-1 and-2. Curr Opin Cell Biol 2000;12:634-40.
54.	 Kazerounian S, Yee KO, Lawler J. Thrombospondins in cancer. Cell Mol Life Sci 2008;65:700-12.
55.	 Lawler J, Detmar M. Tumor progression: the effects of thrombospondin-1 and -2. Int J Biochem Cell Biol 2004;36:1038-45.
56.	 Gutierrez LS, Suckow M, Lawler J, Ploplis VA, Castellino FJ. Thrombospondin 1--a regulator of adenoma growth and carcinoma 

progression in the APC(Min/+) mouse model. Carcinogenesis 2003;24:199-207.
57.	 Almog N, Henke V, Flores L, Hlatky L, Kung AL, et al. Prolonged dormancy of human liposarcoma is associated with impaired tumor 

angiogenesis. FASEB J 2006;20:947-9.
58.	 Naumov GN, Bender E, Zurakowski D, Kang SY, Sampson D, et al. A model of human tumor dormancy: an angiogenic switch from the 

nonangiogenic phenotype. J Natl Cancer Inst 2006;98:316-25.
59.	 Giuriato S, Ryeom S, Fan AC, Bachireddy P, Lynch RC, et al. Sustained regression of tumors upon MYC inactivation requires p53 or 

thrombospondin-1 to reverse the angiogenic switch. Proc Natl Acad Sci U S A 2006;103:16266-71.
60.	 Weinstat-Saslow DL, Zabrenetzky VS, VanHoutte K, Frazier WA, Roberts DD, et al. Transfection of thrombospondin 1 complemen-

tary DNA into a human breast carcinoma cell line reduces primary tumor growth, metastatic potential, and angiogenesis. Cancer Res 
1994;54:6504-11.

61.	 Streit M, Riccardi L, Velasco P, Brown LF, Hawighorst T, et al. Thrombospondin-2: a potent endogenous inhibitor of tumor growth and 
angiogenesis. Proc Natl Acad Sci U S A 1999;96:14888-93.

62.	 Streit M, Velasco P, Brown LF, Skobe M, Richard L, et al. Overexpression of thrombospondin-1 decreases angiogenesis and inhibits the 
growth of human cutaneous squamous cell carcinomas. Am J Pathol 1999;155:441-52.

63.	 Sheibani N, Frazier WA. Thrombospondin 1 expression in transformed endothelial cells restores a normal phenotype and suppresses 

Page 10 of 14                                Stenina-Adognravi et al. Vessel Plus 2018;2:30  I  http://dx.doi.org/10.20517/2574-1209.2018.40



their tumorigenesis. Proc Natl Acad Sci U S A 1995;92:6788-92.
64.	 Resovi A, Pinessi D, Chiorino G, Taraboletti G. Current understanding of the thrombospondin-1 interactome. Matrix Biol 2014;37:83-

91.
65.	 Lopez-Dee Z, Pidcock K, Gutierrez LS. Thrombospondin-1: multiple paths to inflammation. Mediators Inflamm 2011;2011:296069.
66.	 Kirsch T, Woywodt A, Klose J, Wyss K, Beese M, et al. Endothelial-derived thrombospondin-1 promotes macrophage recruitment and 

apoptotic cell clearance. J Cell Mol Med 2010;14:1922-34.
67.	 Tuszynski GP, Rothman V, Murphy A, Siegler K, Smith L, et al. Thrombospondin promotes cell-substratum adhesion. Science 

1987;236:1570-3.
68.	 Chandrasekaran S, Guo NH, Rodrigues RG, Kaiser J, Roberts DD. Pro-adhesive and chemotactic activities of thrombospondin-1 

for breast carcinoma cells are mediated by α3β1 integrin and regulated by insulin-like growth factor-1 and CD98. J Biol Chem 
1999;274:11408-16.

69.	 Albo D, Rothman VL, Roberts DD, Tuszynski GP. Tumour cell thrombospondin-1 regulates tumour cell adhesion and invasion through 
the urokinase plasminogen activator receptor. Br J Cancer 2000;83:298-306.

70.	 Yee KO, Connolly CM, Duquette M, Kazerounian S, Washington R, et al. The effect of thrombospondin-1 on breast cancer metastasis. 
Breast Cancer Res Treat 2009;114:85-96.

71.	 Pal SK, Nguyen CT, Morita KI, Miki Y, Kayamori K, et al. THBS1 is induced by TGFB1 in the cancer stroma and promotes invasion of 
oral squamous cell carcinoma. J Oral Pathol Med 2016;45:730-9.

72.	 Horiguchi H, Yamagata S, Rong Qian Z, Kagawa S, Sakashita N. Thrombospondin-1 is highly expressed in desmoplastic components 
of invasive ductal carcinoma of the breast and associated with lymph node metastasis. J Med Invest 2013;60:91-6.

73.	 Borsotti P, Ghilardi C, Ostano P, Silini A, Dossi R, et al. Thrombospondin-1 is part of a slug-independent motility and metastatic pro-
gram in cutaneous melanoma, in association with VEGFR-1 and FGF-2. Pigment Cell Melanoma Res 2015;28:73-81.

74.	 Filleur S, Volpert OV, Degeorges A, Voland C, Reiher F, et al. In vivo mechanisms by which tumors producing thrombospondin 1 by-
pass its inhibitory effects. Genes Dev 2001;15:1373-82.

75.	 Mirochnik Y, Kwiatek A, Volpert OV. Thrombospondin and apoptosis: molecular mechanisms and use for design of complementation 
treatments. Curr Drug Targets 2008;9:851-62.

76.	 Rejniak KA. Circulating tumor cells: when a solid tumor meets a fluid microenvironment. Adv Exp Med Biol 2016;936:93-106.
77.	 Houghton AN, Guevara-Patiño JA. Immune recognition of self in immunity against cancer. J Clin Invest 2004;114:468-71.
78.	 Disis ML. Immune regulation of cancer. J Clin Oncol 2010;28:4531-8.
79.	 Jung H, Hsiung B, Pestal K, Procyk E, Raulet DH. RAE-1 ligands for the NKG2D receptor are regulated by E2F transcription factors, 

which control cell cycle entry. J Exp Med 2012;209:2409-22.
80.	 Yamauchi M, Imajoh-Ohmi S, Shibuya M. Novel antiangiogenic pathway of thrombospondin-1 mediated by suppression of the cell 

cycle. Cancer Sci 2007;98:1491-7.
81.	 Dameron KM, Volpert OV, Tainsky MA, Bouck N. Control of angiogenesis in fibroblasts by p53 regulation of thrombospondin-1. 

Science 1994;265:1582-4.
82.	 Wu Y, Zhou BP. Inflammation: a driving force speeds cancer metastasis. Cell Cycle 2009;8:3267-73.
83.	 Coussens LM1, Werb Z. Inflammation and cancer. Nature 2002;420:860-7.
84.	 Ryu TY, Park J, Scherer PE. Hyperglycemia as a risk factor for cancer progression. Diabetes Metab J 2014;38:330-6.
85.	 Pisani P. Hyper-insulinaemia and cancer, meta-analyses of epidemiological studies. Arch Physiol Biochem 2008;114:63-70.
86.	 Joslin EP, Lombard HL, Burrows RE, Manning MD. Diabetes and cancer. N Engl J Med 1959;260:486-8.
87.	 Giovannucci E, Harlan DM, Archer MC, Bergenstal RM, Gapstur SM, et al. Diabetes and cancer: a consensus report. CA Cancer J Clin 

2010;60:207-21.
88.	 Noto H, Tsujimoto T, Sasazuki T, Noda M. Significantly increased risk of cancer in patients with diabetes mellitus: a systematic review 

and meta-analysis. Endocr Pract 2011;17:616-28.
89.	 Barone BB, Yeh HC, Snyder CF, Peairs KS, Stein KB, et al. Long-term all-cause mortality in cancer patients with preexisting diabetes 

mellitus: a systematic review and meta-analysis. JAMA 2008;300:2754-64.
90.	 Larsson SC, Bergkvist L, Wolk A. Glycemic load, glycemic index and breast cancer risk in a prospective cohort of Swedish women. Int 

J Cancer 2009;125:153-7.
91.	 Dong JY, Qin LQ. Dietary glycemic index, glycemic load, and risk of breast cancer: meta-analysis of prospective cohort studies. Breast 

Cancer Res Treat 126:287-94.
92.	 Sieri S, Pala V, Brighenti F, Agnoli C, Grioni S. High glycemic diet and breast cancer occurrence in the Italian EPIC cohort. Nutr Metab 

Cardiovasc Dis 2013;23:628-34.
93.	 Turati F, Galeone C, Gandini S, Augustin LS, Jenkins DJ, et al. High glycemic index and glycemic load are associated with moderately 

increased cancer risk. Mol Nutr Food Res 2015;59:1384-94.
94.	 Mullie P, Koechlin A, Boniol M, Autier P, Boyle P. Relation between breast cancer and high glycemic index or glycemic load: a meta-

analysis of prospective cohort studies. Crit Rev Food Sci Nutr 2016;5:152-9.
95.	 Melkonian SC, Daniel CR, Ye Y, Pierzynski JA, Roth JA, et al. Glycemic index, glycemic load, and lung cancer risk in non-hispanic 

whites. Cancer Epidemiol Biomarkers Prev 2016;25:532-9.
96.	 Hu J, La Vecchia C, Augustin LS, Negri E, de Groh M, et al. Glycemic index, glycemic load and cancer risk. Ann Oncol 2013;24:245-

51.
97.	 Hardin J, Cheng I, Witte JS. Impact of consumption of vegetable, fruit, grain, and high glycemic index foods on aggressive prostate 

Stenina-Adognravi et al. Vessel Plus 2018;2:30  I  http://dx.doi.org/10.20517/2574-1209.2018.40                               Page 11 of 14



cancer risk. Nutr Cancer 2011;63:860-72.
98.	 Nagle CM, Olsen CM, Ibiebele TI, Spurdle AB, Webb PM, et al. Glycemic index, glycemic load and endometrial cancer risk: results 

from the Australian national endometrial cancer study and an updated systematic review and meta-analysis. Eur J Nutr 2013;52:705-15.
99.	 Larsson SC, Giovannucci EL, Wolk A. Prospective study of glycemic load, glycemic index, and carbohydrate intake in relation to risk 

of biliary tract cancer. Am J Gastroenterol 2016;111:891-6.
100.	 Sieri S, Krogh V, Agnoli C, Ricceri F, Palli D, et al. Dietary glycemic index and glycemic load and risk of colorectal cancer: results 

from the EPIC-Italy study. Int J Cancer 2015;136:2923-31.
101.	 Sieri S, Agnoli C, Pala V, Grioni S, Brighenti F, et al. Dietary glycemic index, glycemic load, and cancer risk: results from the EPIC-

Italy study. Sci Rep 2017;7:9757.
102.	 Abe H, Aida Y, Ishiguro H, Yoshizawa K, Miyazaki T, et al. Alcohol, postprandial plasma glucose, and prognosis of hepatocellular car-

cinoma. World J Gastroenterol 2013;19:78-85.
103.	 Keum N, Yuan C, Nishihara R, Zoltick E, Hamada T, et al. Dietary glycemic and insulin scores and colorectal cancer survival by tumor 

molecular biomarkers. Int J Cancer 2017;140:2648-56.
104.	 Dehghan M, Mente A, Zhang X, Swaminathan S, Li W, et al. Associations of fats and carbohydrate intake with cardiovascular disease 

and mortality in 18 countries from five continents (PURE): a prospective cohort study. Lancet 2017;390:2050-62.
105.	 Augustin LS, Kendall CW, Jenkins DJ, Willett WC, Astrup A, et al. Glycemic index, glycemic load and glycemic response: an in-

ternational scientific consensus summit from the international carbohydrate quality consortium (ICQC). Nutr Metab Cardiovasc Dis 
2015;25:795-815.

106.	 Augustin LS, Libra M, Crispo A, Grimaldi M, De Laurentiis M, et al. Low glycemic index diet, exercise and vitamin D to reduce breast 
cancer recurrence (DEDiCa): design of a clinical trial. BMC Cancer 2017;17:69.

107.	 Takano S, Yokosuka O, Imazeki F, Tagawa M, Omata M. Incidence of hepatocellular carcinoma in chronic hepatitis B and C: a 
prospective study of 251 patients. Hepatology 1995;21:650-5.

108.	 De Vos Irvine H, Goldberg D, Hole DJ, McMenamin J. Trends in primary liver cancer. Lancet 1998;351:215-6.
109.	 Kirkegård J, Mortensen FV, Cronin-Fenton D. Chronic pancreatitis and pancreatic cancer risk: a systematic review and meta-analysis. 

Am J Gastroenterol 2017;112:1366-72.
110.	 Weedon DD, Shorter RG, Ilstrup DM, Huizenga KA, Taylor WF. Crohn’s disease and cancer. N Engl J Med 1973;289:1099-103.
111.	 Tu S, Bhagat G, Cui G, Takaishi S, Kurt-Jones EA, et al. Overexpression of interleukin-1β induces gastric inflammation and cancer and 

mobilizes myeloid-derived suppressor cells in mice. Cancer Cell 2008;14:408-19.
112.	 Correa P, Houghton J. Carcinogenesis of helicobacter pylori. Gastroenterology 2007;133:659-72.
113.	 Hotamisligil GS. Inflammation and metabolic disorders. Nature 2006;444:860-7.
114.	 Lackey DE, Olefsky JM. Regulation of metabolism by the innate immune system. Nat Rev Endocrinol 2016;12:15-28.
115.	 Donath MY, Shoelson SE. Type 2 diabetes as an inflammatory disease. Nat Rev Immunol 2011;11:98-107.
116.	 Chawla A, Nguyen KD, Goh YP. Macrophage-mediated inflammation in metabolic disease. Nat Rev Immunol 2011;11:738-49.
117.	 Hotamisligil GS, Arner P, Caro JF, Atkinson RL, Spiegelman BM. Increased adipose tissue expression of tumor necrosis factor-alpha in 

human obesity and insulin resistance. J Clin Invest 1995;95:2409-15.
118.	 Choe SS, Huh JY, Hwang IJ, Kim JI, Kim JB. Adipose tissue remodeling: its role in energy metabolism and metabolic disorders. Front 

Endocrinol (Lausanne) 2016;7:30.
119.	 Rutkowski JM, Stern JH, Scherer PE. The cell biology of fat expansion. J Cell Biol 2015;208:501-12.
120.	 Montane J, Cadavez L, Novials A. Stress and the inflammatory process: a major cause of pancreatic cell death in type 2 diabetes. 

Diabetes Metab Syndr Obes 2014;7:25-34.
121.	 Wang W, Guo Y, Liao Z, Zou DW, Jin ZD, et al. Occurrence of and risk factors for diabetes mellitus in Chinese patients with chronic 

pancreatitis. Pancreas 2011;40:206-12.
122.	 Ewald N, Kaufmann C, Raspe A, Kloer HU, Bretzel RG, et al. Prevalence of diabetes mellitus secondary to pancreatic diseases (type 

3c). Diabetes Metab Res Rev 2012;28:338-42.
123.	 Bhattacharyya S, Marinic TE, Krukovets I, Hoppe G, Stenina OI. Cell type-specific post-transcriptional regulation of production of the 

potent antiangiogenic and proatherogenic protein thrombospondin-1 by high glucose. J Biol Chem 2008;283:5699-707.
124.	 Bhattacharyya S, Sul K, Krukovets I, Nestor C, Li J, et al. Novel tissue-specific mechanism of regulation of angiogenesis and cancer 

growth in response to hyperglycemia. J Am Heart Assoc 2012;1:e005967.
125.	 Krukovets I, Legerski M, Sul P, Stenina-Adognravi O. Inhibition of hyperglycemia-induced angiogenesis and breast cancer tumor 

growth by systemic injection of microRNA-467 antagonist. FASEB J 2015;29:3726-36.
126.	 Jiménez B, Volpert OV, Crawford SE, Febbraio M, Silverstein RL, et al. Signals leading to apoptosis-dependent inhibition of 

neovascularization by thrombospondin-1. Nat Med 2000;6:41-8.
127.	 Lawler JW, Slayter HS, Coligan JE. Isolation and characterization of a high molecular weight glycoprotein from human blood platelets. 

J Biol Chem 1978;253:8609-16.
128.	 Liu P, Wang Y, Li YH, Yang C, Zhou YL, et al. Adenovirus-mediated gene therapy with an antiangiogenic fragment of thrombospon-

din-1 inhibits human leukemia xenograft growth in nude mice. Leuk Res 2003;27:701-8.
129.	 Xu M, Kumar D, Stass SA, Mixson AJ. Gene therapy with p53 and a fragment of thrombospondin I inhibits human breast cancer in 

vivo. Mol Genet Metab 1998;63:103-9.
130.	 Chan LY, Craik DJ, Daly NL. Cyclic thrombospondin-1 mimetics: grafting of a thrombospondin sequence into circular disulfide-rich 

frameworks to inhibit endothelial cell migration. Biosci Rep 2015; doi: 10.1042/BSR20150210.

Page 12 of 14                                Stenina-Adognravi et al. Vessel Plus 2018;2:30  I  http://dx.doi.org/10.20517/2574-1209.2018.40



131.	 Yap R, Veliceasa D, Emmenegger U, Kerbel RS, McKay LM, et al. Metronomic low-dose chemotherapy boosts CD95-dependent anti-
angiogenic effect of the thrombospondin peptide ABT-510: a complementation antiangiogenic strategy. Clin Cancer Res 2005;11:6678-
85.

132.	 Henkin J, Volpert OV. Therapies using anti-angiogenic peptide mimetics of thrombospondin-1. Expert Opin Ther Targets 2011;15:1369-
86.

133.	 Haviv F, Bradley MF, Kalvin DM, Schneider AJ, Davidson DJ, et al. Thrombospondin-1 mimetic peptide inhibitors of angiogenesis and 
tumor growth: design, synthesis, and optimization of pharmacokinetics and biological activities. J Med Chem 2005;48:2838-46.

134.	 Huang H, Campbell SC, Bedford DF, Nelius T, Veliceasa D, et al. Peroxisome proliferator-activated receptor gamma ligands improve 
the antitumor efficacy of thrombospondin peptide ABT510. Mol Cancer Res 2004;2:541-50.

135.	 Punekar S, Zak S, Kalter VG, Dobransky L, Punekar I, et al. Thrombospondin 1 and its mimetic peptide ABT-510 decrease angiogen-
esis and inflammation in a murine model of inflammatory bowel disease. Pathobiology 2008;75:9-21.

136.	 Rogers NM, Sharifi-Sanjani M, Csányi G, Pagano PJ, Isenberg JS. Thrombospondin-1 and CD47 regulation of cardiac, pulmonary and 
vascular responses in health and disease. Matrix Biol 2014;37:92-101.

137.	 Jeanne A, Sick E, Devy J, Floquet N, Belloy N, et al. Identification of TAX2 peptide as a new unpredicted anti-cancer agent. Oncotarget 
2015;6:17981-8000.

138.	 Jeanne A, Martiny L, Dedieu S. Thrombospondin-targeting TAX2 peptide impairs tumor growth in preclinical mouse models of child-
hood neuroblastoma. Pediatr Res 2017;81:480-8.

139.	 Jeanne A, Boulagnon-Rombi C, Devy J, Théret L, Fichel C, et al. Matricellular TSP-1 as a target of interest for impeding melanoma 
spreading: towards a therapeutic use for TAX2 peptide. Clin Exp Metastasis 2016;33:637-49.

140.	 Li G, Wu H, Cui L, Gao Y, Chen L, et al. CD47-retargeted oncolytic adenovirus armed with melanoma differentiation-associated gene-
7/interleukin-24 suppresses in vivo leukemia cell growth. Oncotarget 2015;6:43496-507.

141.	 Maxhimer JB, Soto-Pantoja DR, Ridnour LA, Shih HB, Degraff WG, et al. Radioprotection in normal tissue and delayed tumor growth 
by blockade of CD47 signaling. Sci Transl Med 2009; doi: 10.1126/scitranslmed.3000139.

142.	 Soto-Pantoja DR, Miller TW, Pendrak ML, DeGraff WG, Sullivan C, et al. CD47 deficiency confers cell and tissue radioprotection by 
activation of autophagy. Autophagy 2012;8:1628-42.

143.	 Soto-Pantoja DR, Terabe M, Ghosh A, Ridnour LA, DeGraff WG, et al. CD47 in the tumor microenvironment limits cooperation be-
tween antitumor T-cell immunity and radiotherapy. Cancer Res 2014;74:6771-83.

144.	 Isenberg JS, Maxhimer JB, Hyodo F, Pendrak ML, Ridnour LA, et al. Thrombospondin-1 and CD47 limit cell and tissue survival of ra-
diation injury. Am J Pathol 2008;173:1100-12.

145.	 Jeanne A, Schneider C, Martiny L, Dedieu S. Original insights on thrombospondin-1-related antireceptor strategies in cancer. Front 
Pharmacol 2015;6:252.

146.	 Krukovets I, Legerski M, Sul P, Stenina-Adognravi O. Inhibition of hyperglycemia-induced angiogenesis and breast cancer tumor 
growth by systemic injection of microRNA-467 antagonist. FASEB J 2015;29:3726-36. 

147.	 Moura R, Tjwa M, Vandervoort P, Van Kerckhoven S, Holvoet P, et al. Thrombospondin-1 deficiency accelerates atherosclerotic plaque 
maturation in ApoE-/- mice. Circ Res 2008;103:1181-9.

148.	 Xing T, Wang Y, Ding WJ, Li YL, Hu XD, et al. Thrombospondin-1 production regulates the inflammatory cytokine secretion in THP-1 
cells through NF-κB signaling pathway. Inflammation 2017;40:1606-21.

149.	 Stein EV, Miller TW, Ivins-O’Keefe K, Kaur S, Roberts DD. Secreted thrombospondin-1 regulates macrophage interleukin-1β 
production and activation through CD47. Sci Rep 2016;6:19684.

150.	 Zhao Y, Xion, Z, Lechner EJ, Klenotic PA, Hamburg BJ, et al. Thrombospondin-1 triggers macrophage IL-10 production and promotes 
resolution of experimental lung injury. Mucosal Immunol 2013;7:440-8.

151.	 Csányi G, Feck DM, Ghoshal P, Singla B, Lin H, et al. CD47 and Nox1 mediate dynamic fluid-phase macropinocytosis of native LDL. 
Antioxid Redox Signal 2017;26:886-901.

152.	 Liu Z, Morgan S, Ren J, Wang Q, Annis DS, et al. Thrombospondin-1 (TSP1) contributes to the development of vascular inflammation 
by regulating monocytic cell motility in mouse models of abdominal aortic aneurysm. Circ Res 2015;117:129-41.

153.	 Li Y, Qi X, Tong X, Wang S. Thrombospondin 1 activates the macrophage toll-like receptor 4 pathway. Cell Mol Immunol 2013;10:506-
12.

154.	 Peter MR, Jerkic M, Sotov V, Douda DN, Ardelean DS, et al. Impaired resolution of inflammation in the endoglin heterozygous mouse 
model of chronic colitis. Mediators Inflamm 2014; doi: 10.1155/2014/767185.

155.	 Wu L, Derynck R. Essential role of TGF-beta signaling in glucose-induced cell hypertrophy. Dev Cell 2009;17:35-48.
156.	 Wheeler SE, Lee NY. Emerging roles of transforming growth factor β signaling in diabetic retinopathy. J Cell Physiol 2017;232:486-9.
157.	 Melzer C, Hass R, von der Ohe J, Lehnert H, Ungefroren H. The role of TGF-β and its crosstalk with RAC1/RAC1b signaling in breast 

and pancreas carcinoma. Cell Commun Signal 2017;15:19.
158.	 Wintrob ZA, Hammel JP, Nimako GK, Gaile DP, Forrest A, et al. Dataset on growth factor levels and insulin use in patients with diabe-

tes mellitus and incident breast cancer. Data Brief 2017;11:183-91.
159.	 Park SY, Kim MJ, Park SA, Kim JS, Min KN, et al. Combinatorial TGF-β attenuation with paclitaxel inhibits the epithelial-to-mesen-

chymal transition and breast cancer stem-like cells. Oncotarget 2015;6:37526-43.
160.	 Kim D, Lee AS, Jung YJ, Yang KH, Lee S, et al. Tamoxifen ameliorates renal tubulointerstitial fibrosis by modulation of estrogen recep-

tor α-mediated transforming growth factor-β1/Smad signaling pathway. Nephrol Dial Transplant 2014;29:2043-53.
161.	 Park CY, Min KN, Son JY, Park SY, Nam JS, et al. An novel inhibitor of TGF-β type I receptor, IN-1130, blocks breast cancer lung me-

Stenina-Adognravi et al. Vessel Plus 2018;2:30  I  http://dx.doi.org/10.20517/2574-1209.2018.40                               Page 13 of 14



tastasis through inhibition of epithelial-mesenchymal transition. Cancer Lett 2014;351:72-80.
162.	 Muppala S, Frolova E, Xiao R, Krukovets I, Yoon S, et al. Proangiogenic properties of thrombospondin-4. Arterioscler Thromb Vasc 

Biol 2015;35:1975-86.
163.	 Muppala S, Xiao R, Krukovets I, Verbovetsky D, Yendamuri R, et al. Thrombospondin-4 mediates TGF-β-induced angiogenesis. Onco-

gene 2017;36:5189-98.
164.	 Murphy-Ullrich JE, Poczatek M. Activation of latent TGF-beta by thrombospondin-1: mechanisms and physiology. Cytokine Growth 

Factor Rev 2000;11:59-69.
165.	 Frolova EG, Drazba J, Krukovets I, Kostenko V, Blech L, et al. Control of organization and function of muscle and tendon by thrombo-

spondin-4. Matrix Biol 2014;37:35-48.

Page 14 of 14                                Stenina-Adognravi et al. Vessel Plus 2018;2:30  I  http://dx.doi.org/10.20517/2574-1209.2018.40



                                                                                                 www.vpjournal.net

Meeting Abstracts Open Access

Vessel Plus 2018;2:31
DOI: 10.20517/2574-1209.2018.58

Vessel Plus

© The Author(s) 2018. Open Access This article is licensed under a Creative Commons Attribution 4.0 
International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 

sharing, adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Selected meeting abstracts of 2018 healthcare and 
cardiology conference

Bangkok, Thailand; September 18-19, 2018; Published: 16 Oct 2018

Correspondence to: Dr. Ahmed Ahmed Fouad Abdelwahab Ahmed, Consultant Cardiac Surgeon, Ain Shams University, 

11566 Cairo, Egypt. E-mail: afouad38@yahoo.com

1.  Evaluation of the role of ischemia reversal therapy in ischemic heart disease using 

     SPECT myocardial perfusion imaging: a pilot study

Rohit Sane1, Rahul Mandole2

1Founder, Madhavbaug Cardiac Care Clinics and Hospital, Mumbai 400603, India.
2Department of R&D, Madhavbaug Cardiac Care Clinics and Hospital, Mumbai 400603, India.

Ischemic heart disease (IHD) incidence has increased in India. Ayurveda, a 3000-year-old Indian traditional 
medicine system along with allopathic medicine can provide a solution to improve myocardial perfusion 
in stable IHD patients. This pilot study involves ischemia reversal programme (IRP), an Ayurvedic treat-
ment modality to aid IHD patients using SPECT-myocardial perfusion imaging (SPECT-MPI) for assess-
ment of myocardial perfusion in IHD patients. The present open-label study involved fourteen IHD pa-
tients who underwent IRP (21 sittings in total, administered twice per week) in Madhavbaug clinics along 
with their standard care therapy. The inclusion criteria were patients with known IHD, age = 40-70 years, 
BMI > 20 kg/m2, and stress test positive for inducible ischemia. SPECT-MPI was performed at enrolment and 
post-IRP (12-week follow-up) from December 2016 to September 2017. VO2max and time to onset of isch-
emia after stress test were also recorded. Seattle angina questionnaire (SAQ) was telephonically completed 
by research coordinators. Observations from SPECT-MPI test showed a significant difference in summed 
stress score (13.5 ± 10.3, baseline vs. 10.7 ± 10.1, post-IRP; P = 0.01) as well as summed difference score (8.9 ± 
6.2, baseline vs. 6.2 ± 6.3, post- IRP; P = 0.03) compared from baseline to post-IRP sittings. And we also ob-
served the increase in VO2max levels (12.8 ± 5.7 to 19.4 ± 7.8) and the time to onset of ischemia (370.7 ± 201.1 
to 597.8 ± 201.9) was observed. SAQ scores showed significant improvement post-IRP (30.2 ± 3.6 to 32.7± 3.5). 
Findings of this study suggest an improvement in myocardial perfusion post-IRP in IHD patients and depict 
the positive role of IRP as an add-on to standard care therapy in IHD management.

http://crossmark.crossref.org/dialog/?doi=10.20517/2574-1209.2018.58&domain=pdf


2.   Tachycardiomyopathy (a diagnosis not to be missed)

Gautam Singal

Interventional Cardiologist, Holy Family Hospital, Okhla, New Delhi 110025, India.

Cardiomyopathy is a myocardial disorder in which the heart muscle is structurally and functionally abnor-
mal in the absence of coronary artery disease, hypertension, valvular disease, and congenital heart disease. 
Tachycardiomyopathy (TCMP) or arrhythmia induced cardiomyopathy is one such sub category and if 
adequately treated leads to improvement in LV function. It is defined as “Atrial and/or ventricular dysfunc-
tion - secondary to rapid and/or asynchronous/irregular myocardial contraction, partially or completely 
reversed after treatment of the causative arrhythmia”. Arrhythmia may be the sole reason for LV dysfunc-
tion or is the reason for exacerbation in a patient with concomitant heart disease. In our case a 45-year-old 
lady (post MVR 1994) presented in emergency with sudden worsening dyspnea. At the time of admission 
she was in acute LVF with her ECG showing atrial fibrillation with fast ventricular rate. Left ventricular 
ejection fraction on echocardiogram was 35% with good prosthetic valve function. She underwent coronary 
angiogram, which showed normal coronaries with fluoroscopy showing good prosthetic valve function after 
stabilization and other precipitating causes were ruled out. She was cardioverted to normal sinus rhythm 
and was discharged from the hospital on guideline directed medical therapy. She is on regular follow-up and 
has remained asymptomatic and arrhythmia-free and her LV function has improved to 55%. The incidence 
and prevalence of TCMP are uncertain. Atrial fibrillation (AF) is present in 10% to 50% of patients with 
HF; many patients with cardiomyopathy and AF have worsening symptoms and LV function solely due to 
poorly controlled ventricular rates. The mechanisms of TCMP are not fully defined but include subclinical 
ischemia, abnormalities in energy metabolism, redox stress and calcium overload. The possibility of TCMP 
should be considered when eliciting a history of any new diagnosis of LV dysfunction, if there is evidence of 
persistent or frequently occurring tachycardia and its timely diagnosis is important given the potential for 
near-complete recovery with appropriate treatment.

3.   Comparison of outcomes of thrombolysis vs. re-preoperation for stuck prosthetic valve in 

      mitral position - 10 year experience

Karthik Raman, Anbarasu Mohanraj, Ravi Agarwal, Ejaz Ahmed Sheriff, Kurian Valikapathalil 
Mathew Kurian, Rajan Sethuratnam

Department of CTVS, Madras Medical Mission, Chennai, Tamil Nadu 600037, India.

Aim: To analyse the outcomes of thrombolysis vs. re-preoperations for stuck prosthetic valves in mitral position.

Methods: From the time period of January 2005 till December 2015, a total of 36 patients had undergone 
thrombolysis and 31 patients had undergone re-preoperations for stuck prosthetic valves in mitral position 
in our institution. The follow up period was 225 patient-years in thrombolysis group and 208 patient-years in 
re-operative group. The prosthetic sizes were 25, 27, 29, 31 in mitral position. Mean functional class was 2.6 ± 
0.8 in thrombolysis and 3.4 ± 0.9 in re-operation group. The peak and mean gradient was 37.5 ± 4.8, 18.2 ± 3.56 
in thrombolysis and 40 ± 2.7, 20 ± 4.3 in re-operation group respectively. Transthoracic and transoesopha-
geal echocardiographs along with fluoroscopy were done for all the patients. The causes of obstruction were 
pannus formation in 7, generation of thrombus in 50, and both pannus and thrombus in 10. Presence of 
pannus was an indication for surgery.
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Results: The analysis of thrombolytic group is as follows: incidence of death was 2% per patient-year, free-
dom from Peripheral embolism 97.3% ± 1.8%, freedom from CNS bleeding 98.2% ± 3.8%, freedom from 
stroke 97.2% ± 2.6%,freedom from TIA 98.1% ± 2.8%, freedom from Coronary embolism 100%, freedom from 
major bleeding with transfusion 96.3% ± 4.8%, freedom from thrombolytic failure 95.4% ± 3.7%. The peak 
and mean gradient was 11.5 ± 4.8, 5.2 ± 3.56 at the end of completed thrombolysis. The analysis of re-oper-
ative group are as follows: incidence of death was 3% per patient-year , freedom from Peripheral embolism 
98.3% ± 4.8%, freedom from CNS bleeding 99.2% ± 2.8%, freedom from stroke 95.2% ± 3.5%, freedom from 
TIA 100%, freedom from Coronary embolism 100%, freedom from major bleeding with transfusion 94.3% ± 
5.4%. The peak and mean gradient was 9.5 ± 4.8, 4.2 ± 3.56 at the end of re-operation on the 7th post-op day, 
10.5 ± 4.8, 4.2 ± 1.56 at the end of first year and 11.5 ± 4.8, 5.2 ± 3.75, at the end of third year respectively.

Conclusion: Re-preoperation and thrombolysis are the widely accepted options for treatment of mechanical 
heart valve thrombosis and both seem to be equally effective. The percentage of embolic events and recur-
rent thrombosis are higher in thrombolysis group while we had almost comparable mortality in both the 
groups. Longer follow-up with a large group of patients is necessary for further results.

4.   Outcome of coronary artery bypass grafting surgery in patients with low ejection fraction

Mohammed Aslam Hossain, Mayank Acharya, Dharmendra Joshi, Niraj Bhattarai, Satish Vaidya, 
Karan Rai, Sanaul Sarker, Samir Azam Sunny

Department of Cardiac Surgery, Bangabandhu Sheikh Mujib Medical University, Shahbag, Dhaka 1000, Ban-
gladesh.

Aim: To analyze the outcome of coronary artery bypass grafting surgery in patients with low ejection frac-
tion. Coronary artery bypass surgery is one of the most frequently performed among various surgeries. 
In recent years the mortality and morbidity related to the procedure has decreased even in the developing 
world. However a significant peri surgical morbimortality burden remains among patients with heart failure 
patients. The factors of this may be due to problems in wound healing, pulmonary complications, post per-
fusion syndrome, poor tissue oxygenation, acute liver and kidney injuries, prolonged ventilation, frequent 
cerebrovascular events, presence of other comorbid conditions, all of which affect the patient more than 
compared to a similar patient with moderate or normal preoperative ejection fraction.

Methods: Data were obtained and analyzed from 102 patients who underwent coronary artery bypass graft-
ing surgery having a preoperative left ventricular ejection fraction ≤ 40%. A subgroup of patients with EF ≤ 
30% (n = 28) were also analyzed separately.

Results: The mean age of our patient was 57.9 ± 7.5 years of which 85 (83.3%) were males and 17 (16.7%) were 
females. 74 (72.5%) patients had LVEF 31-40 and 28 (27.5%) had ≤ 30. Comparison of pre-operative LVEF and 
post-operative LVEF at 1 and 3 months revealed mean LVEF 33.15 against 37.63 (P ≤ 0.001) at 1 month and 
33.09 against 38.04 (P ≤ 0.001) at 3 months. Other per- and post-operative outcome variables were also ana-
lyzed like arrhythmia, inotrope support time, bypass requirement, pulmonary complications, mechanical 
ventilation time, death and other variables. 

Conclusion: Operations on patients with low ejection fraction warrant additional vigilance, albeit with prop-
er precaution the outcome is favorable.
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5.    Rare case of multiple right atrial myxomata with acute pulmonary thromboembolism: a 

       case report

Parin Chandrakant Sangoi, Ramkumar Rajaram, Vignesh Gomathinayagam, Ajit Mullasari

Department of Cardiology, Madras Medical Mission, Chennai 600037, India.

This is a case report of a 56-year-old morbidly obese female who was presented to our emergency room with 
complaints of acute onset progressive breathlessness since 3 days (NYHA class IV) with presyncope and 
palpitation but no history of chest pain. The patient was diagnosed with pulmonary thromboembolism with 
IVC - RA thrombus 4 years back. During examination she was found to be morbidly obese, with presence of 
skin tags and naevi in interscapular and left zygoma region. Her vitals were: HR 118/min, BP 100/70 mmHg 
and SPO2 85% in room air. Cardiopulmonary examination revealed good heart sounds with basal crepts. 
ECG showed Sinus tachycardia (+). Echo revealed a pedunculated right atrial (RA) mass attached to the 
lower intra atrial septum of size 2.9 cm × 1.5 cm protruding through the tricuspid valve in diastole . Another 
mass of size 1 cm × 2 cm was seen in Right Atrium with pedicle attached near IVC-RA junction. The patient 
also had severe Tricuspid Regurgitation with pulmonary hypertension. Further investigations revealed an 
elevated D - Dimer and CT PA confirmed RA mass with acute pulmonary embolism involving both the 
lungs. The patient was treated with low molecular weight heparin and follow-up echo showed decrease in 
Pulmonary artery pressure with improvement in her symptoms. The presence of morbid obesity, cushin-
goid habitus, cutaneous skin tag in the left interscapular area, cutaneous neavi, multiple atrial myomata and 
pulmonary embolism together steered us towards the possible diagnosis of Carney’s Complex. This case has 
been presented because the right atrial mass produces a diagnostic dilemma with differential diagnosis be-
ing thrombus (type A&B), primary tumor of heart commonly myxomas, lipomas, sarcomas and metastatic 
tumours. Hence it is important to differentiate the masses because treatment options and prognosis of each 
lesion vary.

6. Lectin-like oxidized-LDL receptor as the anti-atherosclerosis vaccine candidate

Valentina Yurina

Brawijaya University, Malang 65145, Indonesia.

Cardiovascular disease remains the most burdening health problems worldwide. The disease accounts for 
31.43% mortality globally. Some of the major risk factors for the disease are hypertension (33%), hypercholes-
terolemia (19%), overweight (56%), and current smoking (19%). Hypercholesterolemia indicated by the elevat-
ed low-density lipoprotein (LDL) cholesterol and its oxidized products, which unlike the LDL cholesterol, is 
unrecognizable by its receptor. The oxidized LDL cholesterol (ox-LDL) is taken up by the scavenger receptors 
in the endothelial cells and macrophages.  Lectin-like ox-LDL receptor-1 (LOX-1) remains as the major ox-
LDL scavenger receptor in the endothelial cells. The LOX-1 participates in the early atherosclerosis phase by 
inducing the endothelial dysfunction. However, in the late stage of atherosclerosis, LOX-1 also plays a role 
in the smooth muscle cells apoptosis and foam cells formation. The LOX-1 expression is relatively low in the 
basal level, hence its expression is enhanced by several clinical conditions, such as hypertension, diabetes, 
obesity, atherosclerosis, and myocardial infarction. Several approaches demonstrated that the inhibition of 
LOX-1 reduces the endothelial dysfunction and atherosclerosis development. These studies indicated that 
LOX-1 inhibition is a promising candidate for atherosclerosis prevention. Our study demonstrated LOX-1 ef-
ficacy as the atherosclerosis vaccine candidate through DNA vaccination and subunit vaccination approach.
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After the publication of the article named “Energetic metabolism in cardiomyocytes: molecular basis of heart 
ischemia and arrhythmogenesis”[1], we found that the article by Stanley et al.[2] was unwisely omitted from 
the fourth paragraph of the section titled “Fuel for myocardial contraction: the role of macromolecules”. 
This reference should be cited in the first, third and fourth sentences of this section, namely “The 
metabolic machinery of the heart utilizes oxygen up to 80%-90% of the maximum capacity of the electron 
transport chain; however, at a resting state, the heart operates at only 15%-25% of its maximum oxidative 
capacity”, “Cardiomyocytes show an elevated rate of ATP hydrolysis, which is strongly linked to oxidative 
phosphorylation. Because under non-ischemic conditions, over 95% of these cells’ ATP is produced in this 
process, it is indispensable in order to assure the full replenishment of the cardiomyocytes’ ATP content 
every 10 s, and thus maintain constant concentrations of this molecule, even under conditions of increased 
frequency or force of contractions” and “Of the total energy produced by ATP hydrolysis, approximately 
60%-70% serves as fuel for contraction, while the remaining 30%-40% is used by the Ca2+ ATPase pumps in 
the smooth sarcoplasmic reticulum and other ion pumps”.
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Abstract
One of the notable advances in modern day medicine is organ transplantation. None more so than the heart. A complex 

interaction between physiology, surgery and immunology that spanned decades, involving the hard work of many 

pioneers in their fields. We revisit the contributions of the pioneers as well as marvel at the paradigm shifts in medicine 

that have made heart transplantation safe and reproducible with in excess of 3000 transplants done yearly today.

Keywords: Heart transplantation, history, immunosuppression

ORGAN TRANSPLANTATION AND ANCIENT HISTORY
Organ transplantation is arguably one of the greatest feats of modern medicine of the past century. Initially 
stemming from historical experimentation, it has become a mainstay of treatment for many chronic condi-
tions and continues to do so in spite of improvements in device technology. Organ donation however under-
went several challenges initially with cultural acceptance, ethics and legality, and political pressure. It has 
since evolved with the merging of improvements in the donation-allocation-procurement process, advances 
in technology, refinement of surgical technique, scientific breakthroughs in organ preservation, cognitive 
and methodical improvements in immunology and immunosuppression alongside expertise in managing 
adherent complications of organ transplantation.

In ancient civilisations, the practice of removal of organ/tissues for a multitude of reasons (beautification or 
therapeutic) was initiated. Hindu texts from 3 millennia ago provide detailed accounts of skin grafting from 
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fatty regions (buttocks) or protrusions (chin) for reconstruction of mutilated noses incurred during wars 
or punishments[1].

One of the earliest records of organ transplantation, Bian Que, a reported clairvoyant during Han Dynasty 
in Ancient China reportedly performed an exchange of hearts. He felt that the attainment of balance was 
possible by exchanging organs between men of “strong will” but “weak spirit” with that of one with op-
posite traits by intoxicating a “patient” with fortified wine prior to “cutting their breasts removing their 
hearts and applying numinous medicine”[2].

The New Testament describes several cases of auto-transplantation by today’s definition; Jesus of Nazareth 
reattached the ear of a servant after it had been cut by Simon Peter’s sword. It also describes how Saint 
Mark re-implanted an amputated hand of a soldier[3]. Archaeological records have revealed that in the 
Bronze age, the term “trephination” was first revealed whereby bone segments were temporarily removed 
to decompress brain swelling[4].

Jacopoda Varagine (348 AD) described the “miracle of the black leg” where a gangrenous leg of Justinian 
(Roman deacon) was replaced with that of a dead Ethiopian man[5].

In 1688, Job van Meeneren successfully grafted a segment of bone from the skull of a dog to a defect in a 
human patient’s cranium[6]. A Russian aristocrat had a fragment of canine skull tissue inserted during a 
repair after an injury. He had it explanted due to threats of excommunication from the church[6]. Such ac-
counts of events highlighted the initial inquisitiveness with the concept of transplantation.

THE PRE-TRANSPLANT ERA
Although organ transplantation had not taken place yet, the early 20th century witnessed the first skin and 
corneal transplants. The initial work behind corneal transplant is attributed to Franz Reisinger who experi-
mented with “keratoplasty” in 1818[7]. Twenty years later, Samuel Bigger performed the first successful cor-
neal transplant in a gazelle. The first attempted corneal xenotransplantation on a human was performed in 
1838 was unsuccessful. Improvements in antisepsis, anaesthesiology and surgical technique played a pivotal 
role, alongside ongoing animal experimentation. This subsequently led to the first successful human corneal 
transplant in 1905 by a Eduard Zirm (1887-1948) in Olmutz near Prague[7]. The first successfully grafted tis-
sue however was performed by Jacques-Louis Reverdin, who transplanted small detached skin grafts onto 
a wound and noted hastened granulating of wounds on 8th December 1869[8]. Solid organ transplantation 
would follow a similar path with years of experimentation, before successful results were noted.

French president Marie François Sadi Carnot died from severed portal vein in 1894. This had a profound 
effect on a young surgeon, Alexis Carrell[9]. He mastered vascular anastomotic suturing methods and intro-
duced smaller needles. Carrel coated his needles, instruments and thread with petroleum jelly to reduce the 
thrombogenicity of the foreign material. He also perfected the concept of eversion thereby allowing blood 
within the vessels continuous endothelial contact. He also revolutionised antisepsis in surgery and pioneered 
methods of extracorporeal tissue preservation, by using salt solution at freezing point[10].

In 1902, he successfully performed the first heterotopic kidney transplant by inserting a dog’s kidney into its 
own neck. He noted that the kidney began producing urine immediately[9]. He later successfully transplant-
ed organs, including kidneys, ovaries and thyroid glands between different dogs. In 1912, he became the 
first surgeon to win a Nobel Prize “in recognition of his work on vascular sutures and the transplantation of 
blood vessels and organs”[11].

To prevent blood clotting Carrel coated his needles, instruments and thread with paraffin jelly and he used 
an everting technique, rolling back the cut vessel ends like cuffs and then stitching the turned-back ends 
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together to ensure that the blood would keep contact with the smooth inside of the vessel (endothelium). 
This and the use of strict asepsis to avoid infection allowed him to develop the techniques further by mov-
ing hearts, kidneys and spleens during experiments in dogs and also allowed other groups to begin experi-
mentation in animal models of transplantation. Carrell famously noted that despite success in the technical 
aspects of transplantation, there were consistent hostile host responses to the foreign allografts especially 
during xenotransplantation[12].

“Should an organ, extirpated from an animal and replanted into its owner by a certain technique, continue 
to functionate normally, and should it cease to functionate normally when transplanted into another ani-
mal by the same technique, the physiologic disturbance could not be considered as brought about by the 
organ but would be due to the influence of the host, that is, the biological factors”.

Despite Carrell’s observations, between 1905-1910, several surgical peers such as M Princeteau, Mathieu 
Jaboulay and Ernst Unger in this era attempted xenotransplantation of rabbit, pig and macaque kidneys to 
humans with disastrous results[13].

PRE-IMMUNOSUPPRESSION ERA
Leo Loeb first noted that the strength and timing of rejection in skin homografts on rodents was potentially 
caused by genetic disparity between donor and recipient and highlighted the involvement of lymphocytes in 
the 1930s[14]. He theorised that this genetic disparity did not occur in identical twins thus they would accept 
exchanged skin grafts. Unfortunately, his findings were ridiculed due to his inbreeding of mice. Contempo-
raries such as Peter Medawar dismissed the importance of lymphocytes and adopted the humoral theory of 
rejection[14]. The ensuing two decades were fraught with failed attempts of kidney transplantation in both 
human and animal models by Voronoy (1937), Simonsen (1953) and Dempster (1953) who even used radia-
tion in organ transplant recipients[15]. Medawar’s renewed interest in transplant rejection brought him to the 
Burns Unit at Glasgow Royal Infirmary (Gibson and Medawar, 1943) with Thomas Gibson. He remained 
convinced that skin grafts in burn victims failed because of humoral rather than cellular immunity[16]. His 
work with Rupert Billingham and Hugh Donald revealed that even fraternal twin cows accepted skin grafts, 
not just identical twin cows[17]. Across the Atlantic, Ray Owen at the University of Wisconsin noted a hybrid 
of blood cell types in fraternal twins. He concluded that there was persistence of chimerism from the in-
trauterine transfer of stem cells which was probably responsible for this[14]. Medawar, Billingham and Leslie 
Brent induced chimerism and homograft acceptance in mice by injecting inoculating intrauterine fetuses 
with donor strain spleen cell[18]. This was ultimately successful and resulted in a Nobel Prize in 1966 for Peter 
Medawar. They later discovered that some of the immunocompetent cells from the splenic tissues “attacked” 
the lymphoid tissue of the host (Graft-Versus-Host-Disease), thereby proving the role of cellular immunity as 
first theorised by Loeb[14].

Meanwhile, Joseph Murray and his team performing the first successful kidney transplant in 1954 using as 
a donor the recipient’s identical twin bypassing the issues with immunity[19]. This generated a lot of interest 
in the field of transplantation. Joan Main and Richmond Prehn attempted to recreate Medawar’s stem cell 
inoculation. They radiated mice to allow induction of bone marrow from a donor. Murray’s team used this 
method with poor outcomes as 11 of the 12 patients who underwent kidney transplantation with total body 
irradiation died within a month[14]. The survivor maintained adequate function of his fraternal twin’s kidney 
for 20 years thereby becoming the first successful non-identical twin kidney transplantation. Jean Ham-
burger and René Küss from Paris performed 4 successful transplants using total body irradiation without 
marrow inoculation[15].
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EARLY IMMUNOSUPPRESSION
Robert Schwartz and William Dameshek discovered that 6-mercaptopurine (6-MP), which was primarily 
used for treatment of malignancies, also reduced the antibody response of rabbits to bovine albumin[14]. 
Roy Calne used 6-MP on canine kidney homografts and noted that it significantly prolonged survival[20]. 
His findings however were not replicated when 3 kidney transplant recipients treated with 6-MP died. 
Calne began a research fellowship with Joseph Murray and despite the trend of total body irradiation, pur-
sued work with 6-MP and later azathioprine[14].

In 1963, at a National Research Council conference in Washington, the preliminary results of total body 
irradiation versus immunosuppressive drugs had reached equipoise with few patients surviving beyond 1 
year. The practice of transplantation was questioned due to its poor long-term survival. Every represented 
centre demonstrated poor survival bar one. Thomas Starzl, combining azathioprine with prednisone 
achieved > 70% survival at 1-year follow up[21]. He noted that large doses of prednisone could reverse early 
rejection that occurred and this could then be tapered down. This led to the formation of 50 new trans-
plant centres in the United States alone that year[16] and remained the mainstay of immunosuppression for 
the next 20 years. Immunosuppression also brought a new pathology, opportunistic infections and malig-
nancy. Starzl himself noted that there were a high rate of bacterial, viral, fungal and protozoal infections 
found in post-mortem examination[22].

Antilymphocyte serum (ALS) was first discovered by Elie Metchnikoff in 1899. In 1961, Byron Waksman 
identified that lymphocytic depletion could suppressed delayed hypersensitivity reactions[23]. Combining 
the two concepts, Michael Woodruff demonstrated that ALS administration alongside thoracic duct drain-
age via a fistula extended skin allograft survival in rodents, a finding later replicated by Medawar[24,25]. In 
1966, Polyclonal antilymphocyte globulin (ALG) was successfully synthesized from human leukocyte in-
oculated horses and became the staple of a triple regimen alongside steroids and azathioprine[26].

HISTORY OF CARDIAC SURGERY AND TRANSPLANTATION
Unlike its other surgical counterparts, cardiac surgery was a relatively unknown subspecialty in the early 
20th century. In 1881 at the Vienna Medical Society, Theodore Billroth once proclaimed.

“No surgeon who wished to preserve the respect of his colleagues would ever attempt to suture a wound of 
the heart”[27].

The first cardiac procedure of the modern era was performed by Henry C. Dalton in St. Louis to repair a 
pericardial wound in a victim of a stabbing[28]. In 1923, Elliot Carr Cutler and Samuel A. Levine success-
fully relieved a stenotic mitral valve in a 12-year-old girl. F. John Lewis, performed the first successful re-
pair of an atrial septal defect in 1952 using hypothermia to protect the myocardium[29]. C. Walton Lillehei 
performed 45 open heart surgeries utilizing a technique called controlled cross-circulation using parents of 
the children as “pump oxygenators”[30].

The introduction of the cardiopulmonary bypass circuit revolutionised cardiac surgery. John Gibbon per-
fected the device in 1953 and subsequently perfored the successfully performed an atrial septal defect clo-
sure[31]. John Kirklin modified the pump and achieved relative success in small series of patients at the Mayo 
Clinic[32]. However it was Richard DeWall’s cardiopulmonary bypass device with a disposable bubble oxy-
genator and simple pump action that enabled the correction of cardiac conditions under direct vision[33].

The ensuing period saw numerous attempts to correct myocardial ischaemia until the Robert Hans Goetz suc-
cessful grafted the right internal mammary artery to the right coronary artery, thereby performing the first 
coronary artery bypass graft in 1960, much to the chagrin of the medical and surgical fraternity at the time[34].
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Inspired by the work of Carrel and Loeb, Frank C Mann identified 2 techniques for heterotopic cardiac 
transplantation[35]. In his experimental model, he described using either a distal or proximal end of a di-
vided carotid artery to supply blood to the aorta and assist circulation. The coronary sinus blood returned 
to the right atrium with both the vena cavae closed off and drained into the right ventricle. The pulmonary 
artery was anastomosed to the jugular vein. They noted that the pulse generated by the heart gradually 
faded with the longest lasting heart failing after 8 days.

Vladimir Demikhov, a visionary surgeon developed a mechanical device too large to be inserted entirely 
within the thorax of a dog, but it functioned as a substitute for the heart for as long as 5.5 h. Till 1946, 
intrathoracic transplantation had never been accomplished in a warm-blooded animal. The first issue en-
countered was ongoing nourishment of the heart using arterialised blood. He ligated of the aorta, venae ca-
vae, azygos, and brachiocephalic and left subclavian arteries perfused the heart with arterialised blood was 
returned to the left atrium after passing through the pulmonary circuit and delivered by the left ventricle 
into the coronaries. He used this method in around 300 experiments and maintained the heart in good 
condition for up to 4 h[36].

Despite multiple initial failures of intrathoracic transplant of the heart, one dog survived for 32 postopera-
tive days. Perhaps his greatest achievement was a series of orthotopic heart transplants that he performed 
without hypothermia or the use of a cardiopulmonary bypass machine. He performed and end-to-side 
anastomosis of the donor aorta, pulmonary artery and venae cavae to the corresponding recipient vessels 
and reattached the pulmonary veins to the recipients left atrium and closed off with a purse strings. He 
reported survival times of up to 15.5 h, thereby creating the first model of an orthotopic heart transplant 
providing the entirety of the pumping function[37]. Demikhov’s research was not published in English 
until 1962.

Interest in Frank C Mann’s work was rekindled in 1951. Marcus et al created a technique using 3 dogs, a 
donor, a recipient and a receptacle for the donor heart when disconnected from the circulation[38]. The final 
model was not to dissimilar to the cross-circulation utilized by Lillihei. This “interim parabiotic perfusion” 
was used to place the heart in the 2 previously mentioned configurations as described by Mann. In 1953, 
Marcus and associates managed to achieve a survival time of 48 h for heterotopic heart transplantation[39]. 
Wilfred Neptune and colleagues were the first to utilise hypothermia with a heart-lung block and achieved 
a survival time of 6 h in a canine model[40].

Webb, Howard and Neely produced 12 successful orthotopic heart transplants surviving as long as 7.5 h us-
ing a different method of anastomosing the pulmonary veins of the donor to recipient compared to Demik-
hov[41]. The first involvement of British cardiac surgeons occurred in 1959 when Cass and Brock described 
a series of methods for autotransplantation while including leaving the recipients atria and septal crest 
behind to avoid pulmonary vein and vena cavae anastomosis[42].

In 1960, Lower and Shumway published results of their experiments with orthotopic homotransplantations 
using an oxygenator and partial atrial preservation as described by Cass and Brock. They yielded excellent 
results with 5 of the 8 dogs experimented on surviving between 6-21 days[43]. To date, the bi-atrial anasto-
mosis is still noted as the Shumway Technique. 

Shumway paid meticulous attention to surgical technique and myocardial protection using isotonic saline at 
4 °C. In addition they introduced the concept of assistance time whereby the recipient dogs were left on the 
cardiopulmonary bypass for a short period of time to ease the heart into assuming the circulatory load[44].

Shumway’s group also described initial issues such as the incidence of complete atrioventricular block. On 
learning lessons from rejection in renal transplant patients, Reemtsa et al attempted to use methotrexate 
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for heterotopic heart transplantation in 21 canines, and prolonged survival up to 26 post-operative days[45]. 
Blumenstock mimicked the findings of Reemtsma’s group with one canine in their cohort surviving for up 
to 42 days in 1963[46].

The first ethical dilemma faced by the fraternity was the concept of the donor as “the definition of irrevers-
ible coma” was only established in 1968 by an Ad Hoc Committee of Harvard Medical School on Brain 
Death[47]. The likelihood of a potential donor dying at exactly the same time as a recipient needing a heart 
was minute and a decision was made that the team would not halt ventilation of the patient in January 
1964, but instead would utilise a chimpanzee as a donor[48]. A patient presented with a large thrombus that 
had embolised to the left side of the heart and placed on mechanical coronary perfusion. The chimpanzee 
heart was explanted and implanted into the patient. Despite initially beating well, it became apparent that 
the heart was not able to support the larger volume of a human circulation and the patient died within an 
hour of weaning from cardiopulmonary bypass.

Dr. Christiaan Barnard had worked alongside Shumway in Minnesota. He had also performed the first 
successful kidney transplant in South Africa to understand transplant immunology and geared for a heart 
transplantation. On 14th September 1967, Louis Washkansky was admitted in the Groote Schuur Hospital 
in Cape Town, South Africa. Dr. Velva Schrire (Chief Cardiologist) recommended Washkansky as the ap-
propriate case for transplant. On 2nd December 1967, a 24-year-old female, Denise Ann Darvall was pro-
nounced dead after sustaining a massive cerebral injury following a collision. Both patients were brought 
to theaters A and B where and mutual consent was obtained[49].

“If you can’t save my daughter, you must try and save this man.” Edward Darvall (Denise’s Father).

On 3rd December 1967, Dr. Christiaaan Barnard performed the first successful human-to-human or-
thotopic heart transplantation. Her heart was taken via the Shumway technique with the heart cooled to 
10 °C. He used a combination of local irradiation, azathioprine, prednisone, and actinomycin C as his im-
munosuppression regime. The post-operative course of the patient was very promising, he contracted Pseu-
domonas pneumonia and died on the 18th post-operative day[50].

Dr. Adrian Kantrowitz and his team performed the 2nd heart transplant (the first in a paediatric patient) 
in Brooklyn. Kantrowitz was already well known for designing the first intra-aortic balloon pump and 
had conducted considerable laboratory experiments in puppy hearts believing that the immune system of 
a younger heart may offer less allogenic resistance. On 6th December 1967, He transplanted a anenceph-
alic donor heart into a 3 week-old patient diagnosed with tricuspid atresia. He performed the operation in 
hypothermic conditions under circulatory arrest. Despite initial recovery into sinus rhythm, the recipient 
developed irreversible acidosis and died[51].

Norman Shumway and his team performed their first heart transplant a month after Kantrowitz. The re-
cipient developed chronic and progressive heart failure after “post-viral myocardial fibrosis” and coronary 
artery disease. The procedure was complicated by size mismatch with the donor heart being much smaller 
than the recipient’s. The recipient received a combination of methylprednisolone and azathioprine preop-
eratively and post-operatively with the addition of prednisolone. However, the patient did not succumb to 
rejection. Shumway noted that in the initial post-operative period the patient was mildly hypotensive and 
oliguric into the second postoperative day despite administration of isoproterenol and temporary digitali-
zation. The patient developed a consumptive coagulopathy before succumbing to multiorgan dysfunction 
and bronchopneumonia[52].

Across the Atlantic, Dr. Donald Ross, who trained under Lord Russell Brock, performed the first heart 
transplant in the United Kingdom. The patient, a 45-year-old man, survived for 46 days before succumbing 
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to infection. He performed 2 more unsuccessful transplants before a moratorium was declared[53].

Denton Cooley’s group reported moderate success early on at Baylor with 7 of 10 patients surviving 
4.5 months[54]. To reduce the risk of rejection, they used blood-group compatibility, lymphocyte crossmatch 
studies (histocompatibility) as described by Dr. Paul Terasaki, and developed a matching system to predict 
the likelihood of a good outcome post-transplant[55]. They also administered anti-lymphocyte globulin in 
addition to the other anti-rejection medications.

EARLY ISSUES WITH HEART TRANSPLANTATION
Within a year of the Barnard’s feat, 102 heart transplantations were performed internationally[56]. Shumway 
famously quipped “Suddenly heart transplants were being done in places where one would hesitate to have 
his atrial septal defect closed”.

The early promise of heart transplantation however soon diminished asthe number of transplants rapidly 
fell from 100 (1968) to 18 (1970), with many inexperienced units abandoning the procedure. Kantrowitz, 
who was on the review panel for the National Institute of Health agreed to support Shumway and his unit 
in their ongoing research[57]. In 1971, they identified several identifiers of acute rejection[58]:
(1) Electrocardiographic findings: i. Increased QRS voltage; ii. Arrhythmia; iii. Right axis deviation; iv. 
ST-T wave changes;
(2) Clinical Findings: i. Appearance of gallop rhythm; ii. Decreased precordial activity; iii. Hypotension;
(3) Echocardiography findings: i. Increased thickness of left ventricular wall; ii. Increased right ventricular 
diameter.

Using the above-mentioned criteria, they successfully treated 57 of 60 patients with methylprednisolone, 
actinomycin D and ALG. As the experience of long-term survival in heart transplants increased, Shumway 
noted a condition he titled “chronic rejection”[59]. It manifested as diffuse allograft vasculopathy and led to 
episodes of sick sinus syndrome or myocardial infarction, usually proving fatal.

In 1962, Dr. Souji Konno developed the catheter-type endomyocardial biopsy (EMB) allowing samples 
of myocardium of patients suspected of having intrinsic musculature abnormality to be taken using a 
bioptome inserted via a peripheral vein or arterial cutdown[60]. It was initially developed for diagnoses of 
cardiomyopathies as opposed to limited thoracotomy approaches. The biotome usually provided samples 
containing endocardium and myocardium, usually sufficient for microscopic examination.

In 1971, a young cardiothoracic surgeon, Dr. Philip Caves undertook a British American Research Fellow-
ship to Stanford to work with Shumway. While here, he worked with instrument maker, Werner Schulz 
to create the Stanford-Caves Schulz bioptome which transformed the management of heart transplant pa-
tients. There were 2 Stanford bioptomes that differed in size and length. The longer and thinner bioptome 
was used for left ventricular biopsy and the shorter and thicker one for right ventricular biopsy[61,62]. The 
samples obtained were between 1-3 mm in diameter. He noted that changes seen in endomyocardial speci-
mens matched those seen in grafts at post-mortem examinations. The samples taken from the endomyocar-
dial surface were also free of post-operative inflammatory changes that complicated sub-epicardial samples 
taken during thoracotomy. Finally, he noted that the pathologic changes of cardiac allograft rejection were 
more prominent in the endomyocardial surface (as the graft came in direct contact with the host’s circula-
tion). Philip Caves also worked with Margaret Billingham who was a pathologist at Stanford. In 1974, they 
developed a standardised histological scale to pathologically grade the severity of cardiac rejection based 
on the extent of infiltrates[63]. This was incorporated into routine practice and significantly improved the 
survival of heart transplant recipients at Stanford.
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IMMUNOSUPPRESSION IN HEART TRANSPLANTATION
Ciclosporin
Another notable feat in transplantation during this era was the discovery of Ciclosporin A. In 1976, J.F 
Borel reported the immunosuppressive effects of a fungal metabolite (Tolypocladium inflatum) isolated 
from Swiss soil samples. He noted that skin graft rejection in mice and graft-versus-host disease in mice 
and rats were considerably delayed by cycloporin A. He also noted that it had a direct antilymphocytic ef-
fect by targeting an early stage of mitogenic triggering of the immunocompetent lymphoid cell and lacked 
the myelosuppressive effects of cytostatic drugs used at the time[64]. Roy Calne, who previously worked on 
azathioprine, conducted in vivo immunosuppression with ciclosporin A on porcine cardiac allografts. His 
group stated that “Ciclosporin A is more effective in suppressing rejection than any other drug that we 
have used in pigs with orthotopic cardiac allografts”[65].

Terence English, a South African born surgeon who previously worked with Lord Russell Brock and Don-
ald Ross, nearly abandoned medicine to be a mining engineer. He visited Stanford on advice of his friend 
Philip Caves in 1973[66]. He was truly impressed with the outcomes of heart transplant recipients at the 
unit. In 1978, Terence English, sought approval from the Transplant Advisory Panel of the Department of 
Health but was informed that there were no funds for a transplant programme[67]. Given the moratorium, 
the panel were not keen on “one-off” operations. He duly persisted but his initial attempt was unsuccessful 
as the donor had arrested prior to implantation and sustained an irreversible brain injury. He persevered 
and in July 1979, performed the first successful heart transplant in the United Kingdom. The recipient, 
Keith Castle lived for 5 and a half years[68].

“He subsequently became the best possible advertisement for cardiac transplantation except for his inabil-
ity to give up smoking” Sir Terence English on Keith Castle[68].

Although initial reports on Ciclosporin were favourable, the improvements came with a price. Ciclosporin 
was nephrotoxic when used over a long period[69]. Other side effects include hypertension, hepatotoxicity, 
gingival hyperplasia, hypertrichosis, involuntary tremor, and an increased risk of malignancy[70]. With the 
improvements in survival after the initial transplantation, the recipients were at risk of nephrotoxicity and 
morbidities associated with immunosuppression primarily infections. These drawbacks however did not 
offset positive impact Ciclosporin offered over previous methods. Immunosuppression formed the initial 
challenges in cardiac transplantation with suboptimal immunosuppressive regimens either causing al-
lograft rejection or infectious complications from over-immunosuppression.

A European Multicentre trial evaluating renal graft survival at 1-year showed that Ciclosporin alone as a 
first-line immunosuppressive agent was more effective than with azathioprine and steroids[71]. Stanford’s 
group meanwhile reported 1 and 5-year survival rates of 83% and 55%, respectively using a 3-drug protocol 
of Ciclosporin A, azathioprine, and prednisone[72].

Tacrolimus
Tacrolimus (Tradename: Prograf®, Astellas Pharma US, Inc. Northbrook, IL) a calcineurin inhibitor like 
Ciclosporin was discovered from a soil sample from the foot of Mount Tsukuba in Tokyo in 1984. It was 
cultured from an actinobacter, Streptomyces tsukubaensis[73]. It suppresses interleukin-2 production associ-
ated with T-cell activation, thus inhibiting the differentiation and proliferation of cytotoxic T cells. Thomas 
Starzl once again led research into safety and efficacy of Tacrolimus at University of Pittsburgh Medical 
School[74]. Tacrolimus had a more limited adverse effect profile and comparative studies suggest superiority 
over Ciclosporin in preventing allograft rejection while causing less antibody suppression[75,76]. The phar-
macokinetics were far more predictable than for micro-emulsion Ciclosporin[77].
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Numerous randomized controlled trials comparing tacrolimus to Ciclosporin have been done. Two mul-
ticentre studies comparing tacrolimus to oil-based Ciclosporin (Tradename: Sandimmune® Oral Solu-
tion, Novartis Pharmaceuticals Corporation, East Hanover, New Jersey) showed no significant difference 
between the groups at 12 months. Graft survival, renal function and infection rates were not significantly 
different between the groups although more patients in the Ciclosporin group developed hypertension and 
hypercholesterolaemia[78,79].

A micro-emulsion formulation of Ciclosporin (Tradename: Neoral® Oral Solution, Novartis Pharmaceuticals 
Corporation, East Hanover, New Jersey 07936) was developed and was shown to have a better bioavail-
ability profile with more predictable pharmacokinetics compared to the oil-based preparations[80]. A multi-
center, randomized study of both preparations of Ciclosporin revealed fewer episodes of rejection requiring 
antilymphocyte antibodies and fewer study discontinuations for treatment failures in the micro-emulsion 
based Ciclosporin cohort of patients compared to those treated with oil-based Ciclosporin without any ad-
verse events[81].

When compared to tacrolimus, micro-emulsion based Ciclosporin (alongside cytolytic induction) and a 
tapered steroid regime showed equivalent patient and graft survival at 19 months. However, there was an 
increased incidence of biopsy proven acute rejection in the Ciclosporin group at 6 months. Tacrolimus was 
associated with a higher incidence of new-onset diabetes mellitus, lower rates of post-transplant hyperten-
sion and lower incidences of dyslipidaemia[82]. Similar findings were noted in another trial without cyto-
lytic induction[83].

Mycophenolate mofetil
Another agent that is commonly used is [mycophenolate mofetil (MMF); CellCept, Roche Laboratories, 
Nutley, NJ]. It is an effective anti-proliferative agent that improves rejection and survival when used as part 
of combination therapy. Its active metabolite, mycophenolic acid, is a non-competitive inhibitor of inosine 
monophosphate dehydrogenase in the de novo pathway for purine synthesis[84]. Therefore, MMF has some 
selectivity for lymphocytes over other cell types as lymphocytes rely on this pathway for DNA replication 
and proliferation. Studies have shown that heart transplant patients receiving MMF therapy had lower lev-
els of C-reactive protein, circulating B lymphocytes, activated T lymphocytes and natural killer (NK) cells 
compared to patients receiving azathioprine[85].

Mechanistic target of rapamycin inhibitors
Everolimus (Tradename: Certican, Novartis Pharma Schweiz AG, Bern, Switzerland) and Sirolimus (Trade-
name: Rapamune, Wyeth Europa Ltd., Maidenhead, UK) are mechanistic target of rapamycin inhibitors[86]. 
They work by inhibiting proliferation signals by suppressing the cytokine-driven T-lymphocyte prolifera-
tion, resulting in an arrest of the cell cycle. Unlike the calcineurin inhibitors, they demonstrate little or no 
nephrotoxic side effects. Recent studies have even shown a reduction in the incidence of chronic allograft 
vasculopathy(CAV) with Everolimus as measured by IVUS among heart-transplant recipients after 1 
year[87,88]. Sirolimus however is linked to an increase in total cholesterol and triglyceride levels[89,90]. Everoli-
mus on the other hand, is linked with an increase in total cholesterol levels, without increased triglyceride 
levels, but a significant increase in HDL which may explain its attenuation of CAV[91].

Cytolytic induction therapy
Cytolytic Induction therapy comprises of immunosuppressive drugs that have been introduced into clini-
cal transplantation directed against human lymphoid cells. Several different forms of cytolytic induction 
therapy have been used as identified in Table 1. 

In heart transplantation especially, kidney dysfunction has been demonstrated to be risk factors for early 
death[93,94]. Cytolytic induction allows post-operative renal recovery from a pre-renal aetiology without the 
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negative impact of high nephrotoxic ciclosporinCiclosporin/tacrolimus levels. It effectively allows bridg-
ing of immunosuppression until a steady state is reached for the regular immunosuppression medications. 
Most centres use a combination of the abovementioned immunosuppressants to achieve adequate im-
munosuppression. In 2006, Kobashigawa led a trial comparing 3 different immunosuppression regimes, 
micro-emulsion Ciclosporin with MMF, tacrolimus with MMF or tacrolimus with sirolimus[95].

The 343 heart transplant recipients in this trial were randomized to receive corticosteroids and on of the 
mentioned regimes. Cytolytic induction therapy was used for up to 5 days. The primary endpoint of moder-
ate rejection or haemodynamic compromise rejection requiring treatment showed no significant difference 
between the three groups at 6 months and 1 year. The probability of treated rejection was significantly lower 
in both the tacrolimus groups compared with the micro-emulsion Ciclosporin/mycophenolate mofetil group. 
The tacrolimus/sirolimus group had more fungal infections and more impaired wound healing. 

On the other hand, recent trials involving combinations with everolimus have shown promising results 
including reduced cytomegalovirus infections[96], reduced cutaneous cancer incidence[97], and CAV attenua-
tion effects[98].

CURRENT STATUS OF HEART TRANSPLANTATION
Heart transplantation is considered to be the “gold-standard treatment” for refractory advanced heart 
failure in carefully selected patients[99-101]. A major limiting factor of transplantation is the emerging gap 
between the number of donors (available grafts) and the number of patients on the waiting list. This issue 
is apparent even in the neighbouring France[102]. The utilization of marginal donors or expanded-criteria 
donors has steadily increased over the decades. Part of the decision-making process currently between 
physician, surgeon and patient includes discussing the potential options available. Currently, the choices 
include continued medical therapy (5% to 10% weekly mortality risk), mechanical circulatory support (10% 
to 15% operative risk), or a transplant which may or may not include a clause for marginal organs.

The “Standard Donor” or “Traditional Criteria” for a donor as suggested by Copeland[103] is as follows: (1) 
age < 50 years; (2) echocardiogram showing no important segmental abnormalities or global hypokinesis, 
ejection fraction greater than 50%, and normal valves; (3) inotropes less than 15 µg/kg/min of dopamine; 
(4) donor to recipient weight ratio 1.5 to 0.7; (5) cold ischemic time less than 4 h; (6) no donor infection; (7) 
negative serology for hepatitis B, hepatitis C, and human immunodeficiency Virus; and (8) normal electro-
cardiogram or minor ST-T wave abnormalities, with no conduction system disease.

The rising number of patients listed for heart transplantation has resulted in an increased number of do-
nors from beyond the “standard criteria” pool as a result of the undersupply of available organs. “Marginal 
Donors” as they are termed would, under conventional transplant guidelines, be declined as potential or-
gan donors[104]. Median waiting times in the UK for hearts on the non-urgent list is currently 1280 days and 
26 days for the urgently listed[105] [Figure 1].

Substance Origin Dosages applied Routes investigated Monoclonal/polyclonal

Antilymphocyte-Globulin ATGAM Horse Various 7-14 days IM Polyclonal
Antithymocyte-Globulin Bieber-ATG Tecelac Rabbit 1, 5-3 mg/kg per day 

1-10 days
IM/IV Polyclonal

OKT III antibody Mouse 5-10 mg/day
4-14 days

IV Monoclonal

BMA 031 antibody Mouse Experimental IV Monoclonal
Anti-LFA antibody Synthetic Experimental IV Monoclonal

Table 1. Different types of cytolytic induction therapy available (adapted with permission from Wahlers[92])
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Forays into xenotransplantation as a potential pool of organs to solve the problem of donor-organ supply 
were also touted but to date, these remain in the experimental phase[106].

The decision to accept a marginal donor organ is made on a recipient focused individualized basis rather 
than specific values, parameters or conditions [Figure 2].

The number of “standard donors” for kidney transplants were first notably reduced after the implementa-
tion of the compulsory wearing of seat belts in the United Kingdom which was approved by parliament 
in 1982 and became law on 1 February 1983[107]. Other legislations include zero-tolerance drinking-and-
driving law resulting in fewer traffic accidents with fatal victims[108]. During this time period the United 
Kingdom Transplant Support Service Authority demonstrated a 12% increase in the number of cardiac do-
nors aged greater than 41 years between 1988 and 1995[109]. The initial reluctance to use organs from older 
donors especially the heart was due to longstanding dogma that older hearts were thought to more suscep-
tible to the catecholamine flood that accompanies brain death[110]. Internationally, gun crime has also been 
closely associated with donor organ availability. Studies in Brazil have shown a direct correlation between 
urban violence and gun crime to organ donors[111,112].

Initial studies exploring the extended age criteria showed no significant difference in terms of left ventricu-
lar function and the incidence of infection and rejection[109,113]. The risk of dying on the waiting list out-
weighed that of receiving an organ from an older donor[114].

Figure 1. Deceased donor heart programme in the UK, 1 April 2007 - 31 March 2017, number of donors, transplants and patients on the 
active transplant list at 31 March
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Some surgeons also opted to accept hearts with mild-to-moderate mitral or tricuspid insufficiency or 
secundum-type atrial septal defects as these could be repaired immediately or post-operatively with 
good results[115].

As the understanding of myocardial protection improved, the use of mildly hypertrophic left ventricles 
with short ischaemic times were also proposed with the caveat that there were no ECG changes[116].

Patients with underlying malignancies were previously never considered donor candidates. However, the 
risk of metastasis from a primary intracranial tumour is low. A German study in one of the earliest studies 
evaluating the outcomes of recipients receiving organs from donors with intracranial malignancies showed 
good follow up outcomes of more than 5 years[117].

Transplantation also requires commitment from the patients and health care providers as it involves a 
long-term programme of treatment including pharmacological immunosuppression and regular surveil-
lance[118]. Clinical decisions therefore should consider a patient’s ability to adhere to the demands of ongo-
ing treatment. Alternatives to transplantation include the use of Ventricular Assist Devices (VADs). These 
are however limited in the National Health Service (NHS) due to the limited health care funding. In North 
America, the Food and Drug Administration recently approved VADs as destination therapy[119]. In its cur-
rent form, heart transplantation confers a significant survival advantage with a 1-year survival of 84.5% 
and a 5-year survival of 72.5% which is significantly improved as compared to the 76.9% 1-year survival 
and 62.7% 5-year survival in the 1980s[120,121].

PRIMARY DIAGNOSTIC INDICATIONS FOR TRANSPLANT
The most frequent indications for heart transplantation in adults are chronic heart failure second-
ary to dilated cardiomyopathy or ischaemic heart disease[118]. There is also a significant number of 
patients(approximately 3%) with adult congenital heart disease who present with advanced heart failure 
in adulthood[122]. These patients are slightly more complex to manage both surgically (due to the abnormal 
anatomy, complex adhesions) and medically (due to human leucocyte antigen sensitisation, potentially 
elevated pulmonary vascular resistance secondary to univentricular circulations and erythrocytosis sec-
ondary to cyanosis)[118,122]. Coronary artery disease is the most important contributor to heart failure with 
a population-attributable risk of 65% in men and 48% in women[123]. Most of the patients however can be 
classified into ischaemic or non-ischaemic cardiomyopathies.

Figure 2. Timeline of events where modifications of “Standard criteria” toward more marginal donors were implemented
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Abstract
Type 2 diabetes mellitus (DM) is a risk factor for the progression of cardiovascular mortality, exacerbated by the 

development of chronic renal failure secondary to diabetic nephropathy, which requires long-term hemodialysis (LTH). 

However, in the case of LTH cardiovascular mortality exceeds that in the general population, especially in patients with 

diabetes. The identification of risk factors for the progression of atherosclerosis and vascular calcification in patients 

with DM on LTH is of great importance for finding a more effective approach to the prevention of cardiovascular 

mortality in a given cohort of patients. The presented review contains analysis of current literature data on the evaluation 

of both traditional and non-traditional risk factors for cardiovascular morbidity in order to improve the effectiveness of 

therapeutic and diagnostic tactics.

Keywords: Diabetes mellitus, vascular calcification, diabetic nephropathy, cardiovascular mortality, haemodialysis

INTRODUCTION
According to the latest data, the number of patients with diabetes in the world over the past 10 years has more 
than doubled, and according to the forecasts of the International Diabetes Federation, by the year 2,040, 642 
million people will suffer from diabetes. In the Russian Federation, as in all countries of the world, there is a 
high rate of increase in the incidence of diabetes. The most dangerous consequences of the global epidemic 
of diabetes are its systemic vascular complications: diabetic nephropathy (DN), retinopathy, atherosclerotic 
lesions[1], which are the main cause of disability and mortality in patients with diabetes. According to the 
World Health Organization, more than 75% of patients with type 2 diabetes die due to vascular accidents[2].
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It is well known that patients with diabetes often have clinically proven ischemic heart disease (IHD) and 
heart failure (HF) compared to a group of the same age without diabetes[3-5].

According to the American Heart Association, DN ranks second among the leading causes of death in 
patients with type 2 diabetes[6]. In the United States and Japan, DN is most common among all kidney 
diseases (35%-45%), eclipsing such kidney pathologies as glomerulonephritis, polycystic kidney disease, 
pyelonephritis, etc. In Europe, the prevalence of DN is less threatening, but the demand for extracorporeal 
treatment continues to grow[7].

According to the National Kidney Foundation of Japan (1998) there is a high prevalence of cardiovascular 
morbidity in patients with chronic kidney disease (CKD), and cardiovascular mortality is higher in dialysis 
patients than in the general population[8].

Patients with CKD and diabetes are considered the highest risk group for the development of cardiovascular 
complications[9], which require appropriate preventive measures. The complex clinical profile of patients 
with diabetes on long-term hemodialysis (LTH) has prompted the search for new markers of cardiovascular 
risk, determined the tactics of therapy and the importance of prevention measures for cardiovascular 
complications. The purpose of the review is to analyze literature data on the evaluation of both traditional 
and non-traditional risk factors for cardiovascular morbidity in patients with diabetes on LTH, in order to 
find a more effective approach to therapeutic and diagnostic tactics.

ATHEROSCLEROSIS, KIDNEY DISEASE AND CARDIOVASCULAR DISEASES IN PATIENTS 

WITH TYPE 2 DIABETES MELLITUS
Atherosclerosis is a multifaceted disease, with traditional risk factors such as diabetes, obesity, dyslipidemia 
and hypertension, smoking and low physical activity.

Tanaka et al.[10] showed that the low glomerular filtrate rate and proteinuria are independently associated 
with the development of atherosclerosis, which is facilitated by various pathogenetic mechanisms. CKD is 
a risk factor for the development of cardiovascular morbidity, and it also contributes to the development 
of dyslipidemia. Depending on the stage of the process, the nature of dyslipidemia in patients with CKD 
is different[11]. In the initial stages of CKD hypertriglyceridemia (HTG) develops because the enzymatic 
breakdown of triglycerides decreases due to a reduction in lipoprotein lipase activity.

CKD is also characterized by a decrease in the concentration of high-density anti-atherogenic lipoproteins 
(HDL), due to a low concentration and a decrease in the activity of lecithin-cholesterol acyltransferase, which 
leads to a disruption in the synthesis and transport of HDL and their accelerated degradation[12].

It was shown that in patients with significant proteinuria and nephrotic syndrome, lipid metabolism disorders are 
associated with the increase of low-density lipoproteins (LDL), HTG and hypercholesterolemia[13]. Kato et al.[14] 
showed that cardiovascular events are the main cause of death in patients on LTH. The index of intima-
media thickness (IMT) was significantly higher in patients who died from cardiovascular diseases and 
correlated with age and calcification of the aorta, showing the importance of measuring the IMT index as a 
predictor of the progression of cardiovascular mortality in patients on LTH.

Gluba et al.[15] demonstrated that end-stage renal disease and type 2 diabetes are associated with the 
accelerated development of atherosclerosis. It was shown that atherosclerosis in the carotid and coronary 
arteries is an independent prognostic factor of mortality in patients with end-stage of CKD[16]. In DN and 
manifested atherosclerosis, altered LDL are detected, which undergo oxidative modification[17].
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MULTIPLE MODIFICATION OF LDL IN BLOOD PLASMA
Modification of LDL occurs due to glycation, desialylation and oxidation of lipid and protein components of 
LDL, which, as shown in the studies, can eventually lead to their aggregation and the formation of immune 
complexes (IC). As a result, LDL become atherogenic, which increases their capture by macrophages and 
subsequent development of atherosclerosis. It was shown that modified LDL (m-LDL) are characterized 
by numerous changes in carbohydrate, protein and lipid constituents[18]. m-LDL, which were isolated from 
the blood of patients with IHD, are able to accumulate cholesterol and are atherogenic. It is indicated that 
m-LDL undergo changes in a particle of lipoprotein, undergo desialylation, increase electronegative charge 
and become smaller and denser[19]. Desialylated LDL stimulate intracellular esterification of free cholesterol, 
which leads to the accumulation of cholesterol esters (cholesterol). When studying a number of chemical and 
physical parameters, a reliable inverse correlation was found between the atherogenic LDL and the content 
of sialic acid in them.

M-LDL are: cytotoxic for endothelial cells, chemotoxic for monocytes, inhibit the migration of macrophages; 
induce endothelial expression of macrophage colony-stimulating factor, which is the main regulator of 
macrophage survival, proliferation and differentiation; increase the synthesis of collagen in smooth muscle 
cells; inhibit lipopolysaccharide-induced expression of nuclear factor-kappaB; induce apoptosis; inhibit the 
release and/or functions of nitric oxide (vasospasm); increase the expression of adhesion molecules on blood 
vessels; increase the tissue factor activity in endothelial cells (which leads to thrombosis); cause the synthesis 
of a wide range of pro-inflammatory cytokines in macrophages; and cause an increase in circulating levels 
of antibodies[20]. Multiple modification of lipoprotein particles involves the formation of antigens against 
which antibodies can be formed[21]. It has been shown that in the blood of most patients with coronary 
atherosclerosis there are circulating IC, consisting of LDL and anti-LDL antibodies[22]. An increase in 
the level of m-LDL and a high titer of antibodies to them in patients with diabetes with an existing 
cardiovascular pathology was revealed in comparison with the control group[23].

Diabetes is a proven risk factor for developing atherosclerosis. Atherosclerotic vascular wall lesions progress 
in diabetes. Numerous data indicate that blood of type 2 diabetes mellitus (DM) patients contains m-LDL 
that undergo glycation. It provides non-enzymatic oxidation of LDL. It has been established that m-LDL in 
the blood of patients with diabetes induce intracellular accumulation of cholesterol, which is associated with 
a different modification, both with desialylation and non-enzymatic glycation[21].

Lankin et al.[24] estimated the effect of the carbonyl modification of LDL on the properties of particles that 
determine their increased atherogenicity, such as the formation of intermolecular crosslinks in ApoB100, 
the oxidability of LDL particles and their ability for subsequent aggregation. With concomitant diabetes, 
a sharp progression of atherosclerotic vascular lesions was noted. In addition, it has been shown that the 
level of lipohydroperoxides in plasma LDL in patients with diabetes is 3 times higher than in patients with 
ischemic heart disease; it has also been demonstrated that desialylation is observed in the serum of patients 
with diabetes.

Borodachev et al.[25] showed that in diabetic patients, the content of low-density l ipoprotein 
cholesterolincreases, which produces a direct atherogenic effect, while m-LDL have a small size, a greater 
density than the native ones, and carry an electronegative charge, i.e., become desialylated (have a reduced 
content of sialic acid) and glycated.

Bucala et al.[26] showed a significant increase in the level of the end products of glucose oxidation and the 
formation of m-LDL in the blood of patients with diabetes and CKD compared with a healthy control group.
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Thus, hyperglycemia induces oxidative stress, which contributes to the accumulation of toxic products, 
which in turn leads to atherogenic modification of m-LDL, endothelial dysfunction and atherosclerosis 
progression in patients with diabetes.

NON-TRADITIONAL RISK FACTORS
Non-traditional risk factors in patients with diabetes on LTH, which play a huge role in the development of 
vascular calcification (VC) and cardiovascular pathology in this group of patients, should not be overlooked.

CKD is more associated with non-traditional risk factors. They include impaired calcium-phosphate 
metabolism, which can lead to VC. VC was found in patients receiving long-term dialysis, who also 
demonstrated impaired calcium-phosphate metabolism[27]. Secondary hyperparathyroidism (SHPT), 
hypercalcemia and hyperphosphatemia are important links in the pathogenesis of VC in patients on LTH.

VC is a widespread complication of CKD and may lead to an increase in cardiovascular morbidity. VC is 
divided into two types according to the localization of calcifications: calcification of the inner membrane 
(intima) and the medial membrane (media)[28]. Calcification of the intima is associated with an atherosclerotic 
process. Risk factors for the development of atherosclerosis have been discussed above. Calcification of the 
media (mediacalcinosis, Menkberg sclerosis) is observed in patients on LTH in the absence of risk factors for 
atherosclerosis. The severity of VC may depend on many factors: the duration of hemodialysis therapy, the age 
and degree of disorders in calcium-phosphate metabolism[29]. In the works of Rumberger et al.[30] hemodynamic 
consequences of VC are presented: loss of elasticity of arteries, increase in pulse pressure, development of left 
ventricular hypertrophy (LVH), HF, lower coronary artery perfusion and myocardial ischemia, which are the 
main causes of death of the majority of patients with CKD. According to Ribeiro et al.[31], the prevalence of 
calcification of the mitral and aortic valves (MVC and AVC) in patients on LTH is much higher than in the 
control group comparable in age and sex. Thus, according to the results of Kalpakian et al.[32], coronary artery 
calcification (CAC) was found in 53%-92% of patients with CKD. Raggi et al.[33] showed that CAC is a predictor 
of cardiovascular morbidity in elderly patients with CKD. The degree of CAC was associated with male sex, 
diabetes and an increase in calcium-phosphate ratio.

It was revealed that CAC was much more common among patients on LTH, in comparison with patients 
without CKD. A possible reason for this may be impaired calcium-phosphate metabolism, rather than 
traditional risk factors, as previously believed[34,35].

Komaba et al.[36], summarized the results of long-term follow-up study of patients on LTH, 38% of whom had 
diabetes and had elevated levels of calcium (Ca), phosphorus (P), and intact parathyroid hormone (iPTH). 
Patients with Ca, P and iPTH levels exceeding target ones showed the highest cardiovascular mortality.

Research by Bellasi et al.[37] included patients with end-stage CKD. All patients underwent electron beam 
computed tomography (CT) for quantitative evaluation of CAC and calcification of the AVC on the Agatston 
scale. Calcification of heart valves was assessed by two-dimensional echocardiography (echo). As a result, the 
researchers concluded that patients who had valvular calcification or CAC had a higher risk of developing 
cardiovascular diseases. Lee et al.[38] studied factors that are associated with the calcification of the aortic 
arch in patients on LTH. Calcification of the aortic arch was identified by X-ray. Patients were followed-
up for 10 years. The increase in calcification was associated with age, higher levels of Ca and blood glucose. 
During the follow-up period, the authors found that the degree of calcification of the aortic arch was directly 
related to cardiovascular mortality. According to the data of instrumental studies, Volkov et al.[39] have 
shown that coronary heart disease in 55.6% of patients and HF in 50.0% of patients on LTH. Combination of 
MVC and AVC was predominant. Valve calcification was more often observed in older patients, with longer 
dialysis treatment, more pronounced SHPT, inflammatory changes, and atherosclerosis. Calcification of 

Page 4 of 10                                               Archakova et al. Vessel Plus 2018;2:34  I  http://dx.doi.org/10.20517/2574-1209.2018.52



valves was combined with a greater frequency of IHD, HF and dilatation of the left atrium[39]. Taking into 
account the research data, one can come to the conclusion that hyperphosphataemia, hypercalcemia and an, 
increase in the level of calcium-phosphate ratio are risk factors for the development of VC.

Other potential mechanisms of VC are associated with fibroblast growth factor-23 (FGF-23) and the 
activity of the transmembrane Klotho protein, which play an important role in the systemic regulation of 
phosphate homeostasis[40].

FGF-23 is a protein consisting of 251 amino acids (32 kDa molecular weight), which is secreted from 
osteocytes, mainly from osteoblasts[41]. FGF-23 exerts its biological effects through the activation of FGF 
receptors. FGF1s receptors, binding to the Klotho protein, become 1000 times more sensitive to interaction 
with FGF-23 than other FGF receptors or Klotho protein alone. Klotho is a 130 kDa transmembrane 
protein. In the kidneys, FGF-23 induces phosphaturia, suppressing the expression of the sodium-phosphate 
cotransporter type IIa and IIc in the proximal tubule[42].

The correlation between elevated levels of FGF-23 and adverse clinical outcomes in patients with CKD, such 
as cardiovascular morbidity and mortality[43], has been shown. The relationship between an increase in the 
concentration of FGF-23 and the progression of CKD from stage I to V was revealed; a higher level of FGF-23 
was observed in the group of patients on LTH. The same correlation was observed between the elevated FGF-
23 level in the blood serum and the Pourcelot resistive index (according to Doppler ultrasound)[44]. Jean et al.[45] 
obtained data indicating that mortality in dialysis patients is directly correlated with the level of FGF-23.
Basic research of Grabner et al.[46] convincingly showed that FGF-23 can directly lead to the development 
of LVH. The study revealed that the increase in FGF-23 led to LVH of de novo, and a high level of FGF-23 
caused an increase in the frequency of LVH irrespective of the presence or absence of hypertension. FGF-23 
causes LVH independently of the Klotho coreceptor, which is expressed predominantly in the kidneys and 
parathyroid glands and is absent in the cardiomyocytes. High levels of FGF-23 were also independently 
associated with endothelial dysfunction.

Inaba et al.[47] studied the effect of FGF-23 on the development of aorta and peripheral artery calcification in 
men on LTH suffering from diabetes, and without diabetes. It was shown that an elevated level of FGF-23 in 
plasma in type 2 diabetes is significantly correlated with VC compared to patients without diabetes.

Chan et al.[48], confirmed the link between an increase in FGF-23 concentration in plasma, diabetes and the 
calcification of coronary arteries.

Gutiérrez et al.[49] studied mortality associated with elevated levels of phosphorus and FGF-23 in patients on 
LTH. The researchers concluded that an elevated level of FGF-23 is independently correlated with mortality 
among patients on LTH. Studies put forward the main role of FGF-23 as a future biomarker of cardiovascular 
morbidity and mortality.

Hyperphosphatemia is one of the main risk factors for the development of cardiovascular pathology and 
mortality among patients with chronic renal failure.

Hyperphosphatemia directly associates with HF and cardiomyopathy, which can explain the direct 
correlation between phosphorus levels, cardiovascular morbidity and mortality. Hyperphosphatemia is 
associated with densification of the vascular wall, increased pulse wave velocity, LVH, decreased coronary 
blood flow and cardiovascular mortality[50]. In recent years, it has been proven that HF is an active and 
regulated process (similar to bone mineralization), in which various bone-related proteins participate. 
In addition to decreasing arterial compliance and their increased stiffness, hyperphosphatemia is closely 
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involved in the mechanisms of development and progression of VC involving mineralization of vascular 
smooth muscle cells (VSMC) by phosphorus flux through sodium-dependent transporters, VSMC apoptosis. 
Cell death in the vascular wall leads to development of cell membrane debris and apoptotic cells, which 
can become the primary foci of apatite deposits. Increasing concentration of P and Ca, on the one hand, 
leads to the growth of apatite crystals by passive precipitation, and on the other, can apparently activate 
cellular and tissue mechanisms of calcification: suppressing differentiation of monocytes/macrophages in 
osteoblast-like cells with increased FGF-23 levels and change in Klotho protein expression. Consequently, 
hyperphosphatemia and rebalancing inducers and inhibitors of calcification, the presence of systemic 
inflammation and oxidative stress contribute to the medial calcification in CKD. Osteogenic mechanisms 
involve changes in the phenotype of vascular wall cells. Proteins characteristic for bone tissue (osteopontin, 
osteocalcin, bone morphogenetic protein-2 (Run 2), as well as ectopic foci of typical bone and cartilage tissue 
formation were found in VC foci[51].

A study of Kestenbaum[52], conducted among patients with CRF, showed that the presence of phosphorus in 
the blood serum exceeding 3.5 mg/dL (1.13 mmol/L) was associated with a significant increase of mortality 
risk, and for each increase of 1 mg/dL raised the risk of death by 18%.

The CKD Outcomes and Practice Patterns Study showed that hyperphosphatemia (PO4 > 6.1 mg/dL) was 
associated with an increase in total and cardiovascular mortality by 1.18[53].

In 10% of participants in the 15 years prospective study it was noted that the initial level of serum 
phosphorus had a tight association with the calcification of the coronary arteries[54]. A close correlation of 
hyperphosphataemia and LVH has been identified, the development of which is a predictor of the CKD 
patients mortality.

When assessing the effect of elevated levels of PTH and calcium-phosphate product on cardiovascular mortality, 
Coen et al.[55] concluded that the mortality of patients on LTH is higher due to non-traditional risk factors.

It was shown that hyperphosphatemia is an independent factor determining the unfavorable prognosis, 
accelerating the progression of IHD, aggravating systolic hypertension and LVH, increasing the risk of 
arrhythmia, as well as acute and congestive HF in patients on LTH[56].

DIABETES MELLITUS AND VC
Type 2 diabetes is one of the main independent risk factors for the development of cardiovascular pathology 
that is the cause of death of more than 60% of patients with type 2 diabetes[57]. In case of combined pathology 
(diabetes and atherosclerosis), the vascular wall is subject to changes that lead to a decrease in the effective 
lumen of the artery or thromboembolic complications.

However, in patients with diabetes in addition to atherosclerosis, calcification occurs. It was shown that the 
intensity of calcification increases in cases of diabetes, as confirmed by Peter Lanzer et al.[58]. Scientists have 
concluded that Menkeberg sclerosis is x4.5 time more likely to be present in women and x1.8 in men with 
diabetes than in individuals of appropriate age and sex who do not suffer from diabetes. Pathogenesis of VC 
in diabetes is similar to pathogenetic processes occurring in CKD.

Ishimura et al.[59] compared the factors influencing the calcification of peripheral vessels in patients on long-
term dialysis suffering from type 2 diabetes and without type 2 diabetes. It was revealed that the prevalence 
of VC in patients with diabetes was higher than in patients without diabetes. DM often combines with 
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calcification of the arteries, the presence of which is a reliable marker of future cardiovascular events due to 
a combination of pathogenetic mechanisms in CKD and DM. There was also a high prevalence of CAC in 
patients with diabetes with CKD at stages 2-5[60].

It was shown that patients with diabetes before dialysis have a greater risk of developing VC. CAC was 
calculated by CT. The prevalence of CAC and calcification of peripheral arteries were significantly higher 
in patients with diabetes and CKD at the pre-dialysis stage compared with the group of CKD stages 4-5 
without diabetes[61].

According to CT, the aortic calcification index was also significantly higher in patients with diabetes on 
hemodialysis than without diabetes[62].

Qu et al.[63] studied the importance of coronary Ca according to CT in the development of cardiovascular 
morbidity and mortality in patients with diabetes for 6 years. They found that in patients with diabetes 
and coronary calcification, a fourfold increase in mortality was noted. It was concluded that the risk of 
developing cardiovascular pathology increases with the presence of diabetes, age and VC.

CONCLUSION
Thus, the analysis of literature data indicates a high occurrence of diabetes, especially in the terminal 
stage of CKD patients on LTH. At the same time, the influence of both m-LDL and atherosclerosis to LDL 
(traditional risk factors in the development of cardiovascular morbidity and mortality in patients), as well 
as FGF-23 and the Kloth protein, and P-Ca ratio (non-traditional factors) that contribute to VC in diabetes 
mellitus, which is very important the study of these changes will allow developing more optimal approaches 
to the prevention of cardiovascular morbidity and mortality in patients with diabetes complicated by DN.
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Abstract
Aim: The aim of the study was to perform a comparative evaluation of the use of various methods of reconstructive 

assistance in the repair of the femoral-tibial segment in patients with peripheral arterial disease.

Methods: Two hundred and fifty-three patients with atherosclerotic lesions of arteries below the inguinal ligament 

were examined and revascularized. According to the type of reconstruction performed, the patients were divided into 3 

groups: 98 patients underwent open operative interventions; 116 patients underwent endovascular interventions; 39 had 

hybrid reconstructions performed.

Results: Minor blood loss, and stability of hemodynamics in the perioperative context positively characterize hybrid 

effects. The time spent in the resuscitation department and the shorter hospitalization of patients after hybrid 

revascularization methods were revealed in comparison with open methods. The absence of dangerous complications 

and the primary patency of the operated segment in the early postoperative period, approaching 100%, characterize 

hybrid techniques as an effective method of treating patients with infrainguinal arterial disease.

Conclusion: Hybrid technologies are characterized by a shorter duration of surgical intervention, a low amount of blood 

loss and a lower incidence of complications in the early periods. The primary patency of the operated segment after 

hybrid techniques was higher than after open and endovascular surgical interventions.

Keywords: Peripheral arterial disease, hybrid intervention, claudication
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INTRODUCTION
The comparative evaluation of the outcome after infrainguinal arterial disease (IAD) revascularization 
demonstrates controversial results[1].

Bypass operations are the method of choice in the treatment of patients with IAD on the background 
of critical ischemia of the lower extremities[2,3]. However, open interventions for distal segment are not 
always effective; there is a great deal of blood loss and the risk of infectious complications in comparison 
with minimally invasive interventions (balloon angioplasty and stenting)[4,5]. The latter are now becoming 
increasingly common[6]. Often endovascular interventions are used in the tibial artery reconstructions due to 
the high risk of poor wound healing after open operations[7]. But the use of endovascular technologies at the 
level of the femoro-tibial segment is difficult with extensive stenotic and occlusive lesions, as well as arteries 
with wall calcification[8].

The ascending spread of hybrid techniques has allowed the improvement of the results of surgical 
interventions at both proximal and distal segments, including patients with multilevel lesions, since the 
combined use of open and endovascular methods of revascularization allows to summarize the positive 
sides of each technique and to reduce the number of possible complications due to minimal trauma[9].

Aim: to make a comparative assessment of the use of various reconstructive methods in the atherosclerotic 
lesions of the femoro-tibial segment.

METHODS
Two hundred and fifty-three patients with atherosclerotic lesions of arteries below the inguinal ligament 
were examined. According to the type of performed reconstruction, the patients were divided into 3 groups: 
the first group consisted of 98 patients who underwent open operative (OO) interventions; the second group 
consisted of 116 people who underwent endovascular procedures (EP): balloon angioplasty of femoral, 
popliteal or tibial arteries; the third group consisted of 39 patients, who had undergone hybrid surgery 
techniques (HS).

The primary endpoint was development of thrombosis of the operated segment, bleeding and surgical site 
infection, the need for re-interventions and amputations within 30 days after primary revascularization.

All patients underwent carbohydrate and lipid metabolism analysis: fasting glucose level, a day glucose 
fluctuations; for assessing of lipid metabolism the level of total cholesterol and its fractions were analyzed, as 
well as the atherogenicity coefficient value. The measurement of blood pressure in the perioperative period 
was carried out by direct and indirect methods.

Diabetes was diagnosed in accordance with the WHO recommendations. The evaluation of hypertension was 
carried out according to the WHO and the International Society for Hypertension classifications. The analysis 
of chronic heart failure (CHF) was carried out according to the New York Heart Association classification. 
All patients underwent a measurement of the ankle-brachial index before and after surgery; duplex scanning, 
CT angiography to determine the features of atherosclerotic lesion of the lower extremities arteries.

The frequency of patient concomitant disease is presented in Table 1.

Variants of the performed operations are presented in Table 2.

The evaluation of the operation time duration, blood loss volume, length of stay in the intensive care unit, in-
hospital stay days, fluctuations in blood pressure and blood glucose level. In the postoperative period the 
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following criteria were assessed: the primary patency of the operated segment, the incidence of complications 
(thrombosis of the surgical site, bleeding, infectious complications, myocardial infarction, stroke, acute renal 
failure), the need for re-intervention on the operated segment and the number of amputations in the first 30 
days after primary intervention.

Statistical processing of the obtained results was carried out using the Stata Statistica 10 data analysis 
package. We used the Kolmogorov-Smirnov criterion for determining the normality of the quantitative 
data distribution. The quantitative characteristics were presented in the following form: mean ± standard 
deviation. The identification of differences between groups was detected using the nonparametric Mann-
Whitney U test (t-test). The description of qualitative features was carried out in the form of relative 
frequencies and expressed as a percentage. The reliability of the distribution of qualitative characteristics was 
determined using the χ2 criterion. Differences between groups are considered reliable at P < 0.05.

RESULTS
Among the patients from the EP group, the greatest number of people with CHF and cerebrovascular 
disease were present. The group with hybrid operations contained the greatest proportion of people with 
postinfarction cardiosclerosis, that indicating a minimal invasive of this intervention. Among patients with 
open reconstruction were persons of the oldest age, and they were associated with a significant degree of 
calcification and prolonged occlusive-stenotic lesion [Table 1].

The degree of ischemia and features of atherosclerotic lesions were differentiated based on Transatlantic 
Intersociety Classification II (TASC II) in Figures 1 and 2.

Nikolay et al. Vessel Plus 2018;2:35  I  http://dx.doi.org/10.20517/2574-1209.2018.45                                                     Page 3 of 8

Table 1. Patient characteristics and concomitant disease

Table 2. Surgical interventions

*CVD: cerebrovascular disease; CHF: chronic heart failure; NYHA: New York Heart Association; CAD: coronal arterial disease; OO: open 
operative; EP: endovascular procedures; HS: hybrid surgery techniques

OO: open operative; EP: endovascular procedures; HS: hybrid surgery techniques

Criteria OO EP HS P
Sex, female, n  (%) 26 (26.53%) 50 (43.1%) 12 (30.77%) 0.03
Age, year 70.47 ± 9.1 65.87 ± 10.3 65.45 ± 11.9 0.001
Diabetes, n  (%) 37 (37.76%) 13 (11.21%) 10 (25.64%) 0.001
Hypertonic disease (HD), n  (%) 85 (86.73%) 101 (87.07%) 28 (71.79%) 0.06
2 stage of HD, n  (%) 59 (60.20%) 74 (75.51%) 23 (58.97%) 0.43
3 stage of HD, n  (%) 23 (23.47%) 20 (17.24%) 5 (12.82%)
CHF*, n  (%) 37 (37.76%) 89 (76.72%) 17 (43.59%) 0.001
CHF, 2st by NYHA, n  (%) 23 (23.47%) 72 (62.07%) 10 (25.64%) 0.08
CHF, 3st by NYHA, n  (%) 11 (11.23%) 17 (14.65%) 7 (17.95%)
CAD*, n  (%) 81 (82.65%) 104 (89.66%) 28 (71.79%) 0.10
CAD, F/Class 1-2, n  (%) 60 (61.23%) 61 (52.59%) 14 (35.89%) 0.075
CAD, F/Class 3-4, n  (%) 21 (21.43%) 43 (37.07%) 10 (25.64%)
Myocardial infarction, n  (%) 8 (8.16%) 9 (7.76%) 12 (30.77%) 0.001
Chronic kidney disease, n  (%) 21 (21.43%) 23 (19.83%) 6 (15.38%) 0.72
Smoking, n  (%) 69 (70.41%) 58 (50%) 10 (25.64%) 0.001
CVD*, n  (%) 27 (27.55%) 45 (38.79%) 7 (17.95%) 0.009

Type of surgery OO EP HS

Superficial femoral artery loop endartherectomy 27 - 2
Femoro-popliteal bypass above knee 17 - 30
Femoro-popliteal bypass under knee 49 - 7
Femoro-tibial bypass 5 - -
Balloon angioplasty of the superficial femoral artery, popliteal or tibial arteries - 116 39



The greatest number of patients with critical ischemia was recorded in the HS group, the lowest in the OO 
group, which is due to the restriction on performing open reconstructions against the background of trophic 
changes (according to Rutherford).

The maximum number of persons with C/D lesions by TASC II were noted in the HS group; the minimum 
is in the EP group.

Analyzed metabolic changes in patient groups are shown in Table 3.
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Figure 1. Patient distribution with different ischemia level in clinical groups, y-axis - %

Figure 2. Distribution of atherosclerotic lesions A/B and C/D according to TASC II between clinical groups, y-axis - %
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It should be noted that significant metabolic changes were registered in all analyzed groups, including 
significant disturbances of carbohydrate and lipid metabolism. But with a severe lipid balance violation, the 
method of choice for intervention was conventional.

The blood loss during hybrid interventions was significantly less than in the case of open reconstruction 
operations: this circumstance is especially significant considering the comorbid characteristics of patients 
from the OO group.

The time of patients’ stay in the intensive care unit was shortest after endovascular interventions and longest 
after open methods of reconstruction. Hemodynamic instability was often noted after open operations.

As a result of hybrid surgery, there was no need for re-intervention and amputations. The primary patency of 
the operated segment in this group in the early postoperative period was 100%.

The postoperative period after open reconstructions was characterized by a relatively high incidence 
of complications: thrombosis of the operated segment and surgical site infection. Among patients who 
underwent hybrid interventions such negative outcomes were not recorded.

The number of perioperative myocardial infarctions were not different in groups of OO and EP with 
significant invasiveness of open surgery.

Features of the perioperative period are indicated in Table 4.

When analyzing the results of revascularization, depending on the degree of ischemia according to Fontein-
Pokrovsky classification, the complicated course of the postoperative period prevailed in cases of critical 
ischemia [Table 5].

DISCUSSION
Data on the effectiveness of various revascularization techniques for lesions of the femoral-popliteal segment 
are ambiguous: some authors state the best primary patency of shunting surgeries and the worst results of 
endovascular techniques: low values of primary patency (58%), high percentage of limb loss one year after 
surgery[10]. Other authors consider endovasal interventions as the method of choice in the distal type of 
lesion[11,12]. Data from several studies did not reveal a difference in the immediate outcomes of open and 
endovascular surgical interventions[13].
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Table 3. Patients metabolic disorders in clinical groups

sBP: systolic blood pressure; dBP: diastolic blood pressure; ABI: ankle-brachial index; OO: open operative; EP: endovascular procedures; 
HS: hybrid surgery techniques

Metabolic changes OO EP HS P
Fasting glucose level, mmol/L 7.13 ± 1.9 7.32 ± 1.9 6.34 ± 2.5 0.02
Cholesterol, mmol/L 6.79 ± 1.1 7.73 ± 1.6 6.66 ± 1.7 0.001
Triglycerides, mmol/L 1.77 ± 0.8 2.08 ± 1.4 3.33 ± 1.4 0.001
Low-density lipoproteins, mmol/L 4.08 ± 1.1 4.49 ± 1.2 3.77 ± 1.5 0.02
High-density lipoproteins, mmol/L 0.92 ± 0.3 1.08 ± 0.4 1.05 ± 0.3 0.06
Atherogenicity coefficient 7.23 ± 2.7 6.67 ± 2.6 5.38 ± 2.8 0.01
Body mass index 27.88 ± 3.6 28.48 ± 3.6 28.17 ± 2.7 0.43
sBP, mmHg 148.45 ± 18.1 153.47 ± 20.5 156.00 ± 20.3 0.03
dBP, mmHg 86.29 ± 8.3 79,64 ± 13.2 85.88 ± 7.1 0.001
ABI 0.40 ± 0.1 0.43 ± 0.1 0.39 ± 0.1 0.28



The advantages of endovasal techniques include minimal invasiveness and, accordingly, good tolerability 
of the operation, which is especially important for patients with combined lesions of the lower extremity 
arteries and arteries of the coronary or carotid pool[14]. Among the shortcomings of EP, there is the risk 
of restenosis and thrombosis at the level of the operated segment, as well as limitations due to anatomical 
features[15]. According to the results of this study, endovascular techniques are characterized by a lower 
primary patency compared to open and hybrid interventions within 30 days after the intervention.

The main disadvantages of open methods are: a significant probability of infectious complications, a longer 
surgical time and a significant surgical risk[13]. In this study, a significant frequency of so-called “large” 
complications in the group of open operations was noted in the early period after the intervention.

Hybrid surgical interventions were characterized by positive outcomes at an early stage, combining the 
advantages of open and endovascular techniques[16]. As a result, hybrid operations are characterized by a 
lower incidence of limb loss[17]. According to the present study there were no amputations recorded in the 
early period after hybrid interventions.

Advantages of hybrid techniques in comparison with open reconstructions are reduced duration of 
hospitalization and blood loss[18]. It is also interesting to note that the difference between hybrid and 
endovascular reconstructions was in the smaller amount of contrast used and the lesser occurrence of 
bleeding in the puncture zone[19]. All this contributes to reducing the risk of contrast-induced nephropathy, 
as well as other complications, reducing the cost of hybrid surgical interventions compared with open 
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Table 4. Characteristics of the perioperative period

Table 5. Features of the operating period depending on the degree of ischemia

*ICU: intensive care unit; OO: open operative; EP: endovascular procedures; HS: hybrid surgery techniques; BP: blood pressure

CLI: critical limb ischemia; OO: open operative; EP: endovascular procedures

Perioperative period OO EP HS P
Durations of the OO, min 206.17 ± 84.73 - 175.00 ± 92.95 0.19
Durations of the EP, min - 90.63 ± 53.36 77.50 ± 66.22 0.22
BP fluctuation during the operation, mmHg 40.62 ± 23.33 30.55 ± 14.15 35.83 ± 14.48 0.001
Blood loss, mL 790.93 ± 244.32 - 473.91 ± 177.01 0.001
ICU* staying, h 29.76 ± 18.79 15.63 ± 7.03 25.88 ± 9.73 0.001
Myocardial infarction, n  (%) 2 (2.04%) 2 (1.72%) - 0.68
Stroke, n  (%) 1 (1.02%) - - 0.45
Operated segment thrombosis, n  (%) 8 (8.16%) 2 (1.72%) - 0.02
Bleeding, n  (%) 4 (4.08%) 3 (2.59%) - 0.30
Surgical site infection, n  (%) 10 (10.2%) 4 (3.45%) - 0.02
Primary patency, n  (%) 83 (84.69%) 113 (88.79%) 39 (100%) 0.01
Re-intervention, n  (%) 15 (15.31%) 13 (11.21%) - 0.04
Amputations, n  (%) 8 (8.163%) 6 (5.17%) - 0.16

Operation Degree of ischemia OO EP P
Operated segment thrombosis, n  (%) Claudication 2 (3.6%) - 0.04

CLI 6 (11.6%) 2 (2.02%) 0.006
Bleeding, n  (%) Claudication 1 (1.8%) - 0.156

CLI 3 (5.8%) 3 (3.03%) 0.307
Surgical site infection complication, n  (%) Claudication 4 (8.7%) 1 (6.25%) 0.421

CLI 6 (14.0%) 3 (3.03%) 0.006
Re-intervention in 30 days, n  (%) Claudication 3 (6.5%) 1 (6.25%) 0.775

CLI 11 (21.2%) 12(12.12%) 0.087
Amputations, n  (%) Claudication 1 (1.8%) - 0.156

CLI 7 (13.5%) 6 (6.06%) 0.06



methods due to shorter hospitalization times and insignificant time spent in the intensive care unit[20]. 
According to the present study, the length of hospitalization and the amount of blood loss were less in HS 
than in the group of open operations.

Quantitative differences between the analyzed groups should be considered as the limitation of this study, as 
well as the lack of information on the long-term results.

Conclusion: hybrid technologies are characterized by a shorter duration of surgical intervention, a low 
amount of blood loss and a lower incidence of complications in the early periods. These findings open new 
prospects for revascularization in persons with severe comorbid pathology.
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Abstract
Vascular smooth muscle cells (VSMCs) are the predominant cell type in the arterial wall and normally adopt a 

quiescent, contractile phenotype to regulate vascular tone. In the arterial wall, VSMCs are exposed to multiple 

mechanical cues, including stretch and matrix stiffness, which regulate VSMC contraction. However, during ageing 

and in vascular disease, such as atherosclerosis, hypertension and vascular calcification, the arterial wall stiffens and 

VSMC contraction contributes to this process. VSMCs display remarkable plasticity and changes in their mechanical 

environment promote VSMCs to adopt a proliferative, synthetic phenotype. VSMC phenotypic modulation is associated 

with altered expression of contractile proteins that generate actomyosin-based force. However, our understanding of 

precise mechanisms whereby altered mechanical landscape and mechanotransduction influence VSMC contraction 

remains limited. In this review, we discuss the present literature describing how VSMCs sense and respond to changes 

in their mechanical environment and how these changes influence VSMC contraction.

Keywords: Matrix stiffness, mechanotransduction, vascular smooth muscle cell, contraction

INTRODUCTION
Cardiovascular disease (CVD) remains one of most prevalent risk factors to health worldwide, and is the 
second highest cause of mortality within the UK[1]. The aberration of health caused from CVD places a heavy 
burden on the health-care of developing countries as well as representing a major cause of death and morbidity 
in industrialised countries[2,3]. CVD is an umbrella term, which holds host to multiple related diseases, 
including peripheral arterial disease, coronary heart disease and stroke[4]. The risk factors of each vary 
depending on the specificity of the disease, however many present common symptoms, providing a crucial 

http://crossmark.crossref.org/dialog/?doi=10.20517/2574-1209.2018.51&domain=pdf


link in treatment methods. Common physiological risk factors are hypertension, obesity, a rise in cholesterol 
and diabetes with treatment of each providing a larger scale preventative therapy of CVD[5]. Despite this, the 
largest risk factor associated with CVD is ageing, an inevitable process that all individuals undergo.

Ageing causes an increase in CVD incidence and prevalence due to wide array of changes that occurs as a 
person becomes older. The cause of ageing requires a diverse and intricate investigation into the crosstalk 
between multiple genetic and environmental (i.e., diet, exercise and smoking) factors[6]. A key modification 
observed is the structural and functional alterations within the vasculature. This includes the stiffening 
of the arteries, in particular the aorta. The function of the aorta is crucial in converting the large output 
of oxygenated blood from the left ventricle into a more controlled f low within the smaller arterioles 
and capillaries[7]. Stiffening ultimately reduces aortic compliance and increases systolic arterial pressure 
that augments the overall vascular resistance[8]. To compensate, the left ventricle adopts a compensatory 
mechanism creating a change in the end-systolic volume as well as prolonging systolic contraction. A 
direct consequence of this is the thickening of the left ventricle, which causes an aberrant hypertrophic 
physiology[9]. Coupled to this, ageing also causes defects in the repair mechanisms of the vasculature which 
further drives the diseased-phenotypic changes[10]. This, in turn, diminishes the capability of the vascular 
system to overcome the increased workload that is generated as a repercussion. Thus, ageing presents as the 
most predicative cause of CVD.

ARTERIAL STIFFNESS: CAUSE AND RELEVANCE IN CVD
Arterial stiffness is a predicative biomarker in ageing and CVD, including atherosclerosis, hypertension 
and obese populations[11-13]. Normally, pulse pressure expands the elastic arteries, transferring energy from 
the blood to the arterial wall and slowing pulse velocity. In conditions of enhanced arterial stiffness, pulse 
pressure is no longer able to expand the artery, increasing pulse velocity, and pulse pressure is transmitted 
to the microcirculation of organs such as the heart and lungs[14]. Vessels of the microcirculation are more 
fragile, resulting in damage to the microcirculation. The current gold standard method in assessing arterial 
stiffness is pulse wave velocimetry (PWV)[15]. A higher PWV is linked to individuals who have greater risk 
of CVD[16]. As a result, this method can be utilised to provide a predictive analysis of CVD independent of 
standard blood pressure measurements of the brachial artery[17].

ARTERIAL STRUCTURE
Elastic arteries, including the aorta, are structurally composed of three layers; the tunica intima is the 
innermost layer [Figure 1]. It is comprised of a sheet of endothelial cells along with a basal membrane 
and collagen fibrils. The tunica media neighbours the tunica intima as the middle layer and is primarily 
composed of vascular smooth muscle cells (VSMCs) reinforced with elastin and collagen fibrils. The final 
and outermost layer is the tunica adventitia, containing largely connective tissue as a means to provide 
reinforcement to the structure of the aorta[18]. This allows the aorta to act as an “elastic buffering chamber” 
in order to store and transmit blood to the peripheral circulation during systole and diastole, respectively[19].

This function becomes aberrant when aortic stiffness increases. Stiffness augmentation of the aorta is 
ultimately driven by changes in extracellular matrix (ECM) composition, in particular enhanced elastic 
degradation as well as augmented collagen deposition[20,21]. All three arterial layers are mechanoresponsive 
and remodel during vascular disease progression[22-24]. In this review, we focus on the response of the VSMC 
layer to enhanced matrix stiffness. Elastin in small arteries and the aorta allows for vascular distensibility 
and in normal conditions, is found in high abundance within these vessels[21]. However, this dogmatic 
view on arterial stiffness was recently found to be misleading, as an in depth analysis of the published data 
on hypertension found collagen levels to be inconsistent[25]. Due to this, several studies have now found 
multiple contributing factors towards aortic stiffness, ranging from, but not limited to, mechanical stimuli, 
inflammatory cytokines and compositional changes in the ECM[25]. The existing treatment therapies of aortic 
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stiffness involve different anti-hypertensive drugs, which have an indirect effect on arterial stiffness[25]. These 
drugs block calcium-channels and angiotensin II receptors, both of which modulate VSMC contraction and 
vascular tone, as opposed to ECM composition. Therefore, VSMCs have a fundamental role in the aortic 
stiffness and much of the focus has now shifted onto VSMC structure and function[26].

VSMC PHENOTYPIC MODULATION AND THE CYTOSKELETON
VSMC are the predominant cell type within the arterial wall. They are arranged in a fibrous helix and 
regulate vessel diameter and vascular tone[27]. Within a mature artery, VSMCs exist in a quiescent, 
contractile state and regulate vascular tone via vessel constriction[28]. However, VSMCs retain phenotypic 
plasticity and can dedifferentiate into a proliferative, synthetic state[29,30]. VSMC phenotypic modulation is 
associated with developmental and disease associated vessel remodeling, where VSMCs exhibit higher rates 
of proliferation, migration and altered ECM deposition[29,30].

The key filamentous components of the VSMC cytoskeleton are the intermediate filaments, microtubules 
and actin. Intermediate filaments, including vimentin and desmin, maintain VSMCs 3D structure[31]. In 
contrast, the properties of microtubules are not as clearly defined due to variable tissue types and staining 
methods. Actin filaments transmit mechanical signals to dense plaques which act as signalling hubs and 
are found dispersed within the cytoplasm[24]. Three different isoforms of actin exist, alpha, beta and gamma 
actin, with alpha actin being the abundant isoform typical within contractile VSMCs[24,32]. Changes in both 
extracellular and intracellular tension, alter actin cytoskeletal organisation and regulate cell contraction, 
migration and survival[33].

VSMC phenotypic modulation is commonly associated with altered contractile marker expression[34]. 
Contractile VSMCs possess smooth muscle myosin II (SM-myosin II), smoothelin and smooth muscle-
actin and these are downregulated in models where arterial injury[35]. SM-myosin II is the dominant myosin 
isoform found within contractile VSMC and is composed of both two heavy and light chains. There are 
two different types of light chains identified as myosin light chain-20 (MLC-20) and MLC-17, with the 
phosphorylation of the former regulating VSMC contraction[36]. In contrast, synthetic VSMCs contain non-
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Figure 1. Schematic representation of arterial structural organisation



muscle myosin II (NM-myosin II), which is upregulated in the proliferative state[35]. NM-myosin II is also 
expressed in the differentiated state, albeit at lower levels. Once phosphorylated, myosin associates with 
actin filaments to form the actomyosin complex. The ATPase activity of the myosin then results in rapid 
cycling of the cross-bridges formed between actin and myosin, thus causing a pulling of the actin thin 
filaments[36]. The physiological function of the two myosin isoforms vary and the SM-myosin II has a higher 
immune-reactivity in tissue areas where faster phasic VSMC contractions were occurring[37]. This is in 
contrast to NM-myosin II, which primarily regulates the slower tonic phase of VSMC contraction[37]. The 
tonic contraction induced from NM-myosin II generates less force than phasic contraction produced from 
SM-myosin II[37,38].

VSMC CONTRACTION
Calcium-dependent pathway
VSMC contraction occurs via two interlinked pathways that contribute synergistically to the contractile 
properties of VSMCs [Figure 2]. The first pathway, more commonly known as the calcium-dependent 
pathway, primarily involves augmenting cytoplasmic calcium levels to induce phasic contraction. Increased 
intracellular calcium can be triggered by mechanical, electrical and chemical stimuli, either by calcium 
influx from channels located on the plasma membrane or by release of calcium from the sarcoplasmic 
reticulum (SR)[39]. Calcium entry from the extracellular space usually occurs via voltage gated calcium 
channels (VGCCs) or non-selective cation channels. Sub-populations of L-type, P/Q-type and T-type 
VGCCs are all found within VSMCs and are activated via depolarization[40]. In addition, non-selective cation 
channels, found to predominantly be members of the transient receptor potential canonical family, allow for 
Na+ and Ca2+ influx following receptor occupancy or capicitative calcium entry[40].

Release of calcium from the SR is predominantly mediated by the activation of G-protein coupled receptors 
(GPCRs) (i.e., the AT1 receptor) coupled to the Gaq G-protein. The Gaq protein, when in its GTP-bound 
state, causes activation of phospholipase C which hydrolyses phosphatidylinositol 4,5-bisphosphate 
(PIP2) into inositol triphosphate (IP3) and diacylglycerol[41,42]. IP3 binds to the IP3 receptors present on 
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Figure 2. Calcium dependent and independent regulation of VSMC contraction. The two pathways work synergistically. Calcium 
dependent regulation is associated with transient phasic contraction whereas RhoA/ROCK regulation is associated with the prolonged 
tonic contraction of VSMCs. GPCR: G-protein coupled receptor; IP3: inositol triphosphate; SR: sarcoplasmic reticulum; Rho GEF: 
RhoGTPase guanine nucleotide exchange factors; ROCK: Rho-associated protein kinase; MLC: myosin light chain; VSMC: vascular 
smooth muscle cell



the sarcolemma, which causes opening of the calcium channels and subsequent depletion of calcium 
intracellular store.

After an increase of cytoplasmic calcium concentration has been established, calmodulin becomes bound by 
4 calcium ions. The resulting calcium-calmodulin complex interacts with and activates myosin light chain 
kinase (MLCK)[43]. Next, MLCK phosphorylates MLC-20 (also known as the regulatory light chain) on the 
serine-19 and threonine-18 residues. The phosphorylation of serine-19 causes a resulting increase in the 
activity of the Mg2+-ATPase and this effect is further enhanced by the phosphorylation of the latter residue. 
From this, the cross-bridge cycling is initiated and the myosin head can actively pull on the thin filament of 
the actin to induce contraction of the muscle[44].

Rho/Rho-associated protein kinase pathway
In the absence of external contractile stimuli, the MLC-20 light chain remains phosphorylated at a low level. 
This low level leads to a slower tonic form of contraction, which regulates the vascular tone[36]. A calcium-
independent pathway that involves Rho/Rho-associated protein kinase (ROCK) signalling regulates VSMC 
tonic contractions [Figure 2]. This pathway not only caters to contractile function, but also extends to 
smooth muscle cell migration, proliferation and apoptosis[45]. RhoA, part of the Ras superfamily, is a GTPase 
which can act as a molecular switch between a GTP/GDP bound state[46]. In resting conditions, the Rho GDP 
dissociation inhibitor targets GDP-Rho for binding, as a means to localise the GTPase from the membrane 
to the cytosol. However, activation of GPCR receptors, in particular Ga12/13 subtypes, can catalyse GTP for 
GDP exchange in RhoA by binding to p115 RhoGTPase guanine nucleotide exchange factors[47]. In its GTP 
bound form, RhoA can interact with target proteins by utilising its C-terminal geranyl-geranylated tail to 
anchor itself to the plasma membrane[47].

One of the target proteins activated by RhoA is ROCK[48]. ROCK is a member of the protein kinase A, G 
and C family of protein kinases, and is characterised as a serine/threonine kinase. There are two isoforms 
of this kinase, referred to as ROCK1 and ROCK2, with expression of both present in VSMCs[49]. Its 
structure is composed of an N-terminal kinase domain, a central coiled-coil domain and a C-terminal 
pleckstrin homology domain that associates with the Rho GTPase[47]. ROCK has many effects within 
VSMCs and inf luences actomyosin activity by two main pathways. Firstly, ROCK actively regulates 
cytoskeletal organisation by preventing actin filament depolymerisation[48]. Secondly, ROCK inhibits 
myosin light chain phosphatase (MLCP). MLCP has a structure that is composed of three subunits; a 37 
kDa catalytic subunit, a variable subunit and a myosin-binding subunit[36]. The myosin-binding site is 
crucial for its regulation and is subject to phosphorylation, specifically at residues. Threonine-695/697 (major 
site), serine-849/854 and threonine-850/855[47,50]. Phosphorylation prevents MLCP from regulating the MLC 
phosphorylation state and increases the basal phosphorylated MLC level, stimulating VSMC contraction 
and augmenting vascular tone[50].
 
MEMBRANE ANCHORS TO THE ACTIN CYTOSKELETON
VSMCs make connective junctions to their surrounding environment, which includes the ECM and 
neighboring cells within the vasculature. These adhesions play a vital role in determining morphology 
and VSMC function. The adhesion molecules that are utilised by VSMCs can be separated, despite their 
structural and functional similarities[51].

Cell-cell adhesions
Cadherins are the primary molecules in cell-cell adhesion formation. The most abundant isoforms are E 
(epithelial)-, P (placental)- and N (neuronal)-cadherins, all of which belong to the type I classical cadherin 
family[52,53]. N-cadherin is the predominant cadherin in VSMCs and mediates cell-cell adhesion formation 
with neighbouring endothelial cells as well as other VSMCs[53]. The N-cadherin adhesion plays important roles 
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in regulating VSMC function. N-cadherin adhesions suppress both VSMC proliferation and apoptosis[54,55]. 
N-cadherin is also involved in VSMC migration; however, its exact role currently remains unclarified[56].

N-cadherin is composed of a large extracellular N-terminal domain, flanked by a single trans-membrane 
anchoring domain and a small cytoplasmic tail[52]. The large extracellular domain consists of five cadherin 
(EC) repeat regions that are important in coupling N-cadherin into a parallel homodimer via linkage 
between adjacent EC repeats[52,53]. EC repeats require calcium binding which stabilises the interaction 
between the parallel cadherin molecules[56,57]. The cadherin homodimer of one cell interacts with the 
homodimer of an adjacent cell by interchanging a specific beta strand, referred to as the A* strand, found 
in the EC1 domain[58]. This interaction, referred to as trans-binding, is necessary for the formation of cell-
cell adhesions[53]. The cytoplasmic tail of N-cadherin is linked to the actin cytoskeleton via a number of 
cytoskeleton-associated proteins, including β-catenin, p120-catenin and α-catenin. α-catenin is recruited to 
the adhesion structure via β-catenin and plays a crucial role in providing a link between the N-cadherin-based 
junction and the actin cytoskeleton[59].

Cadherin-based mechanotransduction is observed in multiple cell types and induces adhesion and 
cytoskeletal remodelling, altered adhesion strength and changes in actomyosin activity. Evidence suggests 
that N-cadherin-based adhesions are important for VSMC contraction and mechanotransduction; β-catenin 
recruitment to N-cadherin-based adhesions is necessary for VSMC contraction, and N-cadherin is essential 
for VSMC myogenic response to changes in pressure. Despite this evidence, our understanding of the role of 
N-cadherin-based mechanotransduction in VSMC function remains poorly defined.

Cell-matrix adhesions
Cell-matrix adhesions possess integrin receptors at their core[60]. Integrins span the plasma membrane and 
physically associate with different ECM components[61]. Integrin receptors perform both structural and 
mechanosensing signalling functions within cell-matrix adhesions. Integrins form heterodimers, consisting 
of an alpha and beta subunit[62] and are structurally comprised of an extracellular ligand-binding domain, 
which binds the ECM, and a cytosolic domain, which is anchored to the actin cytoskeleton[63]. Before 
transducing intracellular tension to the ECM, the integrin receptors must mature via the recruitment of 
further integrin receptors as well as other cytoskeletal components[64]. Talin and alpha-actinin bind directly 
to the cytosolic domain of integrin and talin binding promotes the recruitment of additional components 
to cell matrix adhesions, including vinculin, paxillin and focal adhesion kinase[62,65]. Vinculin consists of 
3-stuctural regions known as the head, neck and tail domain[66]. The vinculin binding site is auto-inhibited 
by interactions between its head and tail domain[66]. This interaction is disrupted by talin/alpha actinin, via 
individual binding or cooperatively with PIP2[67]. Once disrupted, the activated form can then associate with 
cell-matrix adhesions via talin[67]. Physical stress induces exposure of vinculin binding sites on talin’s rod 
domain allowing vinculin binding. In addition, the vinculin molecule also associates with actin filaments, 
thereby crosslinking the actin cytoskeleton to the integrin receptors. This allows force transduction from the 
contractile machinery of VSMCs to be transmitted to the ECM[66].

The linker of nucleoskeleton and cytoskeleton complex
The nuclear envelope (NE) is a double lipid bilayer that consists of an outer nuclear membrane (ONM) and 
an inner nuclear membrane (INM), separated by a perinuclear space [Figure 3]. The ONM and INM are 
continuous and join at nuclear pores[68]. A meshwork of A-type and B-type lamin intermediate proteins 
and lamina associated proteins, collectively known as the nuclear lamina, underlies the INM and provides 
structural support to the NE[68]. The linker of nucleoskeleton and cytoskeleton (LINC) complex, comprised 
of nesprin-family members and SUN-domain containing proteins, spans the NE. Giant nesprin-1/2 
isoforms reside on the ONM and associate with filamentous actin via N-terminal calponin homology 
(CH) domains[69]. Within the perinuclear space, binding of the nesprin Klarsicht, Anc-1, Syne-1 homology-
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domain to the SUN-domain of SUN1/2 maintains LINC complex stability[70,71]. At the INM, SUN1/2 interact 
with lamins A/C[71], allowing the plasma membrane and nucleus to function as a mechanically coupled 
system [Figure 3].

The LINC complex is a regulator of cytoskeletal organisation and directly transmits biophysical signals 
into the nucleus. The LINC complex is subjected to mechanical tension and actomyosin-generated forces 
are directly transduced across the NE to the nuclear lamina[72,73]. However, the LINC complex exists in 
mechanical balance with mechanotransduction and LINC disruption triggers cell-matrix adhesion, cell-
cell adhesion and cytoskeletal reorganisation[74,75]. LINC complex disruption also alters actomyosin activity, 
nesprin disruption enhances actomyosin activity in skeletal muscle progenitor and endothelial cells, whereas 
lamin A disruption in skeletal muscle progenitor cells enhanced actomyosin activity and reduced actomyosin 
activity in fibroblast cells[76,77]. This suggests that the LINC complex plays cell-specific roles in regulating 
actomyosin activity and disruption of the nuclear lamin A during ageing alters VSMC morphology and cell-
matrix organisation[78]. However, the role of the LINC complex in VSMC actomyosin regulation remains 
unknown. Although the mechanism of this LINC complex/actomyosin feedback remains unknown, lamin 
A/C and SUN2 regulate Rac1 and RhoA activity, respectively[78,79].

MECHANOTRANSDUCTION AND THE ECM
Sensing the extracellular environment
Extracellular mechanical cues directly regulate VSMC function, including actomyosin activity, 
adhesion, differentiation and migration[66]. To achieve this, VSMCs must convert mechanical signals into 
biochemical response via a process known as mechanotransduction. Mechanosensors range from stretch-
sensitive channels, cytoskeletal filaments, cytosolic proteins and nuclear proteins, all of which undergo 
conformational changes when encountering intra/extracellular tension[80].

Conformational changes induced by tension alters mechanosensors modification, interactions and 
localisation within the cell[81]. Vinculin, in particular, acts as a regulator of mechanical stress in addition 
to its role as a mechano-coupler. As a result, cells regulate their function by actively exerting and resisting 
forces both to and from the ECM as a means to adjust their mechanical properties[82]. Force is transmitted 
via cell-matrix adhesions, which serve as bidirectional signalling conduits, enabling “inside-out” and 
“outside-in” signalling[82]. This is crucial for the maintenance of normal physiology as well as injury-repair, 
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inner nuclear membrane; ECM: extracellular matrix; LINC: linker of nucleoskeleton and cytoskeleton; VSMC: vascular smooth muscle cell



by offsetting signalling pathways that induce appropriate gene expression. Due to this, the cell can enable 
structural remodelling of the cytoskeleton, which allows for correct adjustment of the vascular tone and in 
turn the blood flow[24].

Mechanotransduction: role of stretch
The cyclical process of the cardiac pumping creates numerous mechanical stimuli, all of which the vascular 
smooth muscle is exposed to. Examples are transmural pressure, circumferential wall tension and vascular 
shear strain[24]. Shear stress predominantly acts on the tunica intima, where endothelial cells reside. In the 
tunica media, VSMCs are subjected to cyclic stretch that originates from the pulsatile blood pressure[27]. 
Pulsatile stretch is cyclical in nature due to a rise in blood flow during the systolic phase and then a gradual 
decrease when in the diastolic phase[83]. This form of pressure induces rapid cell-matrix and actin filament 
reorganisation[24]. Stretch also physically opens mechanically gated cation channels, promoting Ca2+ ion entry 
and VSMC contraction[84,85]. Stretch signals also regulate activity of several important signalling molecules, 
including protein kinase C and Akt. Therefore stretch signals regulate a range of VSMC functions, including 
proliferation, migration and apoptosis[27].

CVD and the role of matrix stiffness
VSMCs can sense the stiffness of their surrounding matrix and respond by exerting actomyosin-generated 
tension on the ECM. As the stiffness of a material increases, its elasticity decreases[86]. Therefore, as matrix 
stiffness is augmented, vessel stretch signals decrease and there is a switch from transient stretch signals 
to sustained stiffness signalling. Decreased arterial compliance is commonly found in the early stages of 
numerous CVDs such as atherosclerosis, restenosis and aneurism. Atherosclerosis is an inf lammatory 
CVD that acts as the underlying cause of heart attack, stroke and cardiac death[87]. The development of this 
disease primarily involves the endothelial intimal layer and the vascular smooth muscle medial layer[88] 

and results in the formation of an atherosclerotic plaque, containing a lipid core surrounded by a fibrous 
cap. Atherosclerosis decreases aortic compliance and the stiffness of the individual components of an 
atherosclerotic plaque has been measured by atomic force microscopy, which displays a range of stiffness, 
from the soft lipid core (~5 kPa), to the relatively healthy cellular regions (~10 kPa), to the stiff fibrous cap 
(60-250 kPa)[89].

VSMC phenotypic modulation, proliferation and migration is prevalent in atherosclerosis and there is a 
clear coloration between changes in arterial compliance and atherosclerotic disease progression[11,90]. Yet our 
understanding of the influence of matrix stiffness on VSMC function remains limited. VSMCs exposed to 
enhanced matrix stiffness display increased intracellular tension and form larger cell-matrix adhesions[25,91]. 
VSMC stiffness is also augmented in hypertension and diabetes[25,26]. Importantly, treatment with actin 
inhibitors reduce VSMCs stiffness, suggesting that the stiffer aortic environments increase actomyosin force 
generation in VSMCs[26].

In addition to altered actomyosin activity, matrix stiffness also potentially influences VSMC differentiation. 
VSMC phenotype is regulated by numerous environmental cues, including the ECM[92]. Atherosclerotic 
plaques display reduced levels of elastin and collagen-I accumulation[93]. Fetal aortic VSMCs display 
enhanced traction forces and actomyosin activity when matrix stiffness is increased from 10 kPa to 25 kPa[93]. 
However, they fail to produce sufficient force to displace a 135 kPa matrix[93], suggesting that VSMCs lose the 
ability to contract and deform their surrounding ECM under enhanced matrix stiffness. In agreement with 
this notion, VSMCs lose the ability to contract and deform the ECM when surrounded by stiff collagen-I 
fibrils in 3D models[94]. In stiff environments, VSMCs exert higher levels of mechanical tension, which 
directs a proliferative change to the synthetic phenotype[94]. Expression levels of key contractile marker 
proteins, such as alpha smooth muscle actin, are reduced when collagen-I gel concentration is increased[92]. 
Furthermore, VSMCs transition to the synthetic state when stiffness and nanotopography of the substrate is 
increased[95]. Therefore, ECM stiffness influences VSMC phenotypic modulation.
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As described above, matrix stiffness influences both the expression of VSMC contractile proteins and the 
ability of VSMCs to physically contract and deform their surrounding ECM. Therefore, stiffened ECM is 
no longer remodeled by the intrinsic actomyosin activity of the VSMCs[96]. However, this does not explain 
whether the absence of substrate deformation is due to a decline in VSMC actomyosin response or because 
the ECM has become too stiff to be manipulated. For example, a recent study investigated the ex-vivo vaso-
constrictor response of young and old soleus muscle feed arteries. Despite an upregulation of ROCK activ-
ity, there was a decreased constrictor response in the aged vessels[96]. Aged VSMCs were incapable of gen-
erating sufficient force to induce matrix remodeling[96]. However, ECM deformation was used to assess the 
vasoconstrictor response and given that aged arteries are stiffer than their younger counterparts, VSMC 
actomyosin activity may remain intact[97]. In agreement with this, cell-matrix adhesions were subjected to 
increased mechanical load in aged arteries, compared to their younger counterparts[96]. Further investiga-
tion is now required to assess whether the mechanisms of VSMC actomyosin signaling is influenced by 
matrix stiffness.

Finally, directional cellular migration is also induced by gradients of ECM stiffness, known as durotaxis. Du-
rotaxis contrasts from chemotaxis and haptotaxis due to an absence of soluble chemical signals or adhesive 
ligand density, respectively[98]. Both healthy and diseased tissues possess heterogeneity in their mechanical 
stiffness indicating the presence of gradients[89,99-102]. VSMC directional migration is prevalent in atheroscle-
rosis and VSMCs are exposed to low (~5 kPa) and high matrix stiffness (> 200 kPa) within the atherosclerotic 
plaque. VSMCs orientate in the direction of an ECM stiffness gradient[98] and show a directed migration 
towards a mechanical gradient when plated on gels coated with fibronectin as opposed to laminin[103]. Fibro-
nectin is found in high concentrations in atherosclerotic lesions, suggesting that ECM composition is a key 
component of VMSC durotaxis. It remains unknown whether durotaxis, chemotaxis and haptotaxis work co-
operatively to regulate VSMC migration in atherosclerosis, however, matrix stiffness gradients may participate 
in the enhanced VSMC migration observed in vascular diseases such as atherosclerosis.

CONCLUSION
Evidence clearly dictates that matrix stiffness plays a crucial role in CVD. However, its effects on VSMCs, 
the predominant cell type within the aorta, remains poorly defined. The majority of VSMC research has 
been performed on tissue culture plastic or glass, which are over 1000 times stiffer than an arterial wall. 
There is a pressing need to utilise materials that more closely replicate both physiological and pathological 
stiffness in VSMC research. Several important questions remained unanswered: (1) the signalling pathways 
regulating VSMC function in response to matrix stiffness remain to be fully elucidated; (2) do VSMCs from 
different vascular beds possess unique force generating capabilities in response to matrix stiffness; and (3) 
how do other cell types, including endothelial cells, tune VSMC actomyosin activity in response to matrix 
stiffness? Answering these questions will facilitate an understanding of the aetiology of arterial stiffness on 
VSMC function that will potentially allow development of new therapeutic avenues for the treatment of a 
wide range of CVDs.

DECLARATIONS
Authors’ contributions
Responsible for the design, literature review, writing and editing of this manuscript: Ahmed S, Warren DT

Availability of data and materials
Not applicable.

Financial support and sponsorship
A British Heart Foundation (BHF) Non-Clinical PhD Studentship (FS/17/32/32916) funded this work.

Ahmed et al. Vessel Plus 2018;2:36  I  http://dx.doi.org/10.20517/2574-1209.2018.51                                                    Page 9 of 13



Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2018.

REFERENCES
1.	 Bhatnagar P, Wickramasinghe K, Wilkins E, Townsend N. Trends in the epidemiology of cardiovascular disease in the UK. Heart 

2016;102:1945-52.
2.	 Islam AM, Mohibullah A, Paul T. Cardiovascular disease in Bangladesh: a review. Bangladesh Heart J 2016;31:80-99.
3.	 Ness AR, Powles JW. Fruit and vegetables, and cardiovascular disease: a review. Int J Epidemiol 1997;26:1-13.
4.	 Stewart J, Manmathan G, Wilkinson P. Primary prevention of cardiovascular disease: a review of contemporary guidance and literature. 

JRSM Cardiovasc Dis 2017;6:2048004016687211.
5.	 Sun LY, Lee EW, Zahra A, Park JH. Risk factors of cardiovascular disease and their related socio-economical, environmental and health 

behavioral factors: focused on low-middle income countries-a narrative review article. Iran J Public Health 2015;44:435-44.
6.	 Södergren M. Lifestyle predictors of healthy ageing in men. Maturitas 2013;75:113-7.
7.	 Jani B, Rajkumar C. Ageing and vascular ageing. Postgrad Med J 2006;82:357-62.
8.	 Cecelja M, Chowienczyk P. Role of arterial stiffness in cardiovascular disease. JRSM Cardiovasc Dis 2012; doi: 10.1258/

cvd.2012.012016.
9.	 Strait JB, Lakatta EG. Aging-associated cardiovascular changes and their relationship to heart failure. Heart Fail Clin 2012;8:143-64.
10.	 Ungvari Z, Kaley G, de Cabo R, Sonntag WE, Csiszar A. Mechanisms of vascular aging: new perspectives. J Gerontol A Biol Sci Med 

Sci 2010;65:1028-41.
11.	 Palombo C, Kozakova M. Arterial stiffness, atherosclerosis and cardiovascular risk: pathophysiologic mechanisms and emerging 

clinical indications. Vascul Pharmacol 2016;77:1-7.
12.	 Mitchell GF. Arterial stiffness and hypertension. Hypertension 2014;64:13-8.
13.	 Safar ME, Czernichow S, Blacher J. Obesity, arterial stiffness, and cardiovascular risk. J Am Soc Nephrol 2006;17:S109-11.
14.	 Mitchell GF, Hwang SJ, Vasan RS, Larson MG, Pencina MJ, et al. Arterial stiffness and cardiovascular events: the Framingham heart 

study. Circulation 2010;121:505-11.
15.	 Sethi S, Rivera O, Oliveros R, Chilton R. Aortic stiffness: pathophysiology, clinical implications, and approach to treatment. Integr 

Blood Press Control 2014;7:29-34.
16.	 Shirwany NA, Zou MH. Arterial stiffness: a brief review. Acta Pharmacol Sin 2010;31:1267-76.
17.	 DeLoach SS, Townsend RR. Vascular stiffness: its measurement and significance for epidemiologic and outcome studies. Clin J Am Soc 

Nephrol 2008;3:184-92.
18.	 Tsamis A, Krawiec JT, Vorp DA. Elastin and collagen fibre microstructure of the human aorta in ageing and disease: a review. J R Soc 

Interface 2013;10:20121004.
19.	 Belz GG. Elastic properties and windkessel function of the human aorta. Cardiovasc Drugs Ther 1995;9:73-83.
20.	 Steed MM, Tyagi N, Sen U, Schuschke DA, Joshua IG, et al. Functional consequences of the collagen/elastin switch in vascular 

remodeling in hyperhomocysteinemic wild-type, eNOS-/-, and iNOS-/- mice. Am J Physiol Lung Cell Mol Physiol 2010;299:L301-11.
21.	 Wagenseil JE, Mecham RP. Vascular extracellular matrix and arterial mechanics. Physiol Rev 2009;89:957-89.
22.	 Jufri NF, Mohamedali A, Avolio A, Baker MS. Mechanical stretch: physiological and pathological implications for human vascular 

endothelial cells. Vasc Cell 2015;7:8.
23.	 Humphrey JD. Mechanisms of arterial remodeling in hypertension: coupled roles of wall shear and intramural stress. Hypertension 

2008;52:195-200.
24.	 Ye GJ, Nesmith AP, Parker KK. The role of mechanotransduction on vascular smooth muscle myocytes cytoskeleton and contractile 

function. Anat Rec (Hoboken) 2014;297:1758-69.
25.	 Sehgel NL, Vatner SF, Meininger GA. “Smooth muscle cell stiffness syndrome”-revisiting the structural basis of arterial stiffness. Front 

Physiol 2015;6:335.
26.	 Qiu H, Zhu Y, Sun Z, Trzeciakowski JP, Gansner M, et al. Short communication: vascular smooth muscle cell stiffness as a mechanism 

for increased aortic stiffness with aging. Circ Res 2010;107:615-9.

Page 10 of 13                                                    Ahmed et al. Vessel Plus 2018;2:36  I  http://dx.doi.org/10.20517/2574-1209.2018.51



27.	 Haga JH, Li YS, Chien S. Molecular basis of the effects of mechanical stretch on vascular smooth muscle cells. J Biomech 
2007;40:947-60.

28.	 Brozovich FV, Nicholson CJ, Degen CV, Gao YZ, Aggarwal M, et al. Mechanisms of vascular smooth muscle contraction and the basis 
for pharmacologic treatment of smooth muscle disorders. Pharmacol Rev 2016;68:476-532.

29.	 Alexander MR, Owens GK. Epigenetic control of smooth muscle cell differentiation and phenotypic switching in vascular development 
and disease. Annu Rev Physiol 2012;74:13-40.

30.	 Owens GK. Molecular control of vascular smooth muscle cell differentiation and phenotypic plasticity. Novartis Found Symp 
2007;283:174-91.

31.	 Yamin R, Morgan KG. Deciphering actin cytoskeletal function in the contractile vascular smooth muscle cell. J Physiol 
2012;590:4145-54.

32.	 Skalli O, Ropraz P, Trzeciak A, Benzonana G, Gillessen D, et al. A monoclonal antibody against alpha-smooth muscle actin: a new 
probe for smooth muscle differentiation. J Cell Biol 1986;103:2787-96.

33.	 Papakonstanti EA, Stournaras C. Cell responses regulated by early reorganization of actin cytoskeleton. FEBS Lett 2008;582:2120-7.
34.	 Rzucidlo EM, Martin KA, Powell RJ. Regulation of vascular smooth muscle cell differentiation. J Vasc Surg 2007;45:A25-32.
35.	 Rensen SS, Doevendans PA, van Eys GJ. Regulation and characteristics of vascular smooth muscle cell phenotypic diversity. Neth 

Heart J 2007;15:100-8.
36.	 Webb RC. Smooth muscle contraction and relaxation. Adv Physiol Educ 2003;27:201-6.
37.	 Eddinger TJ, Meer DP. Myosin II isoforms in smooth muscle: heterogeneity and function. Am J Physiol Cell Physiol 2007;293:C493-508.
38.	 Löfgren M, Ekblad E, Morano I, Arner A. Nonmuscle myosin motor of smooth muscle. J Gen Physiol 2003;121:301-10.
39.	 Woodrum DA, Brophy CM. The paradox of smooth muscle physiology. Mol Cell Endocrinol 2001;177:135-43.
40.	 Martinsen A, Dessy C, Morel N. Regulation of calcium channels in smooth muscle: new insights into the role of myosin light chain 

kinase. Channels (Austin) 2014;8:402-13.
41.	 Fridlyand LE, Philipson LH. Pancreatic beta cell G-protein coupled receptors and second messenger interactions: a systems biology 

computational analysis. PloS One 2016;11:e0152869.
42.	 Inagami T, Eguchi S, Tsuzuki S, Ichiki T. Angiotensin II receptors AT1 and AT2: new mechanisms of signaling and antagonistic effects 

of AT1 and AT2. In: Dhalla NS, Zahradka P, Dixon IMC, Beamish RE, editors. Angiotensin II receptor blockade physiological and 
clinical implications. Boston: Springer; 1998. pp. 129-39.

43.	 Walsh MP. Calmodulin and its roles in skeletal muscle function. Can Anaesth Soc J 1983;30:390-8.
44.	 Lee S, Kumar S. Actomyosin stress fiber mechanosensing in 2D and 3D. F1000Res 2016; doi: 10.12688/f1000research.8800.1.
45.	 Schwartz MA. Integrins and extracellular matrix in mechanotransduction. Cold Spring Harb Perspect Biol 2010;2:a005066.
46.	 Bar-Sagi D, Hall A. Ras and Rho GTPases: a family reunion. Cell 2000;103:227-38.
47.	 Fukata Y, Amano M, Kaibuchi K. Rho-Rho-kinase pathway in smooth muscle contraction and cytoskeletal reorganization of non-muscle 

cells. Trends Pharmacol Sci 2001;22:32-9.
48.	 Amano M, Nakayama M, Kaibuchi K. Rho-kinase/ROCK: a key regulator of the cytoskeleton and cell polarity. Cytoskeleton (Hoboken) 

2010;67:545-54.
49.	 Liao JK, Seto M, Noma K. Rho kinase (ROCK) inhibitors. J Cardiovasc Pharmacol 2007;50:17-24.
50.	 Murányi A, Derkach D, Erdodi F, Kiss A, Ito M, et al. Phosphorylation of Thr695 and Thr850 on the myosin phosphatase target subunit: 

inhibitory effects and occurrence in A7r5 cells. FEBS Lett 2005;579:6611-5.
51.	 Burute M, Thery M. Spatial segregation between cell-cell and cell-matrix adhesions. Curr Opin Cell Biol 2012;24:628-36.
52.	 Lodish H, Berk A, Zipursky SL, Matsudaira P, Baltimore D, et al. Cell-cell adhesion and communication. Molecular cell biology. New 

York: W. H. Freeman; 2000.
53.	 Sun Z, Parrish AR, Hill MA, Meininger GA. N-cadherin, a vascular smooth muscle cell-cell adhesion molecule: function and signaling 

for vasomotor control. Microcirculation 2014;21:208-18.
54.	 Lyon CA, Johnson JL, White S, Sala-Newby GB, George SJ. EC4, a truncation of soluble N-cadherin, reduces vascular smooth muscle 

cell apoptosis and markers of atherosclerotic plaque instability. Mol Ther Methods Clin Dev 2014;1:14004.
55.	 Lyon CA, Wadey KS, George SJ. Soluble N-cadherin: a novel inhibitor of VSMC proliferation and intimal thickening. Vascul 

Pharmacol 2016;78:53-62.
56.	 Lyon CA, Koutsouki E, Aguilera CM, Blaschuk OW, George SJ. Inhibition of N-cadherin retards smooth muscle cell migration and 

intimal thickening via induction of apoptosis. J Vasc Surg 2010;52:1301-9.
57.	 Perez TD, Nelson WJ. Cadherin adhesion: mechanisms and molecular interactions. Handb Exp Pharmacol 2004; doi: 10.1007/978-3-

540-68170-0_1.
58.	 Shapiro L, Weis WI. Structure and biochemistry of cadherins and catenins. Cold Spring Harb Perspect Biol 2009;1:a003053.
59.	 Weis WI, Nelson WJ. Re-solving the cadherin-catenin-actin conundrum. J Biol Chem 2006;281:35593-7.
60.	 Wozniak MA, Modzelewska K, Kwong L, Keely PJ. Focal adhesion regulation of cell behavior. Biochim Biophys Acta 2004;1692:103-19.
61.	 Berrier AL, Yamada KM. Cell-matrix adhesion. J Cell Physiol 2007;213:565-73.
62.	 Suki B, Parameswaran H, Imsirovic J, Bartolák-Suki E. Regulatory roles of fluctuation-driven mechanotransduction in cell function. 

Physiology (Bethesda) 2016;31:346-58.
63.	 Bachir AI, Zareno J, Moissoglu K, Plow EF, Gratton E, et al. Integrin-associated complexes form hierarchically with variable 

stoichiometry in nascent adhesions. Curr Biol 2014;24:1845-53.

Ahmed et al. Vessel Plus 2018;2:36  I  http://dx.doi.org/10.20517/2574-1209.2018.51                                                  Page 11 of 13



64.	 Romer LH, Birukov KG, Garcia JG. Focal adhesions: paradigm for a signaling nexus. Circ Res 2006;98:606-16.
65.	 Chorev DS, Volberg T, Livne A, Eisenstein M, Martins B, et al. Conformational states during vinculin unlocking differentially regulate 

focal adhesion properties. Sci Rep 2018;8:2693.
66.	 Mierke CT. The role of vinculin in the regulation of the mechanical properties of cells. Cell Biochem Biophys 2009;53:115-26.
67.	 Carisey A, Ballestrem C. Vinculin, an adapter protein in control of cell adhesion signalling. Eur J Cell Biol 2011;90:157-63.
68.	 Burke B, Ellenberg J. Remodelling the walls of the nucleus. Nat Rev Mol Cell Biol 2002;3:487-97.
69.	 Warren DT, Zhang Q, Weissberg PL, Shanahan CM. Nesprins: intracellular scaffolds that maintain cell architecture and coordinate cell 

function? Expert Rev Mol Med 2005;7:1-15.
70.	 Haque F, Lloyd DJ, Smallwood DT, Dent CL, Shanahan CM, et al. SUN1 interacts with nuclear lamin A and cytoplasmic nesprins to 

provide a physical connection between the nuclear lamina and the cytoskeleton. Mol Cell Biol 2006;26:3738-51.
71.	 Crisp M, Liu Q, Roux K, Rattner JB, Shanahan C, et al. Coupling of the nucleus and cytoplasm: role of the LINC complex. J Cell Biol 

2006;172:41-53.
72.	 Guilluy C, Osborne LD, Van Landeghem L, Sharek L, Superfine R, et al. Isolated nuclei adapt to force and reveal a mechanotransduction 

pathway in the nucleus. Nat Cell Biol 2014;16:376-81.
73.	 Lombardi ML, Jaalouk DE, Shanahan CM, Burke B, Roux KJ, et al. The interaction between nesprins and sun proteins at the nuclear 

envelope is critical for force transmission between the nucleus and cytoskeleton. J Biol Chem 2011;286:26743-53.
74.	 Stewart RM, Zubek AE, Rosowski KA, Schreiner SM, Horsley V, et al. Nuclear-cytoskeletal linkages facilitate cross talk between the 

nucleus and intercellular adhesions. J Cell Biol 2015;209:403-18.
75.	 Chambliss AB, Khatau SB, Erdenberger N, Robinson DK, Hodzic D, et al. The LINC-anchored actin cap connects the extracellular 

milieu to the nucleus for ultrafast mechanotransduction. Sci Rep 2013;3:1087.
76.	 Schwartz C, Fischer M, Mamchaoui K, Bigot A, Lok T, et al. Lamins and nesprin-1 mediate inside-out mechanical coupling in muscle 

cell precursors through FHOD1. Sci Rep 2017;7:1253.
77.	 Chancellor TJ, Lee J, Thodeti CK, Lele T. Actomyosin tension exerted on the nucleus through nesprin-1 connections influences 

endothelial cell adhesion, migration, and cyclic strain-induced reorientation. Biophys J 2010;99:115-23.
78.	 Porter LJ, Holt MR, Soong D, Shanahan CM, Warren DT. Prelamin a accumulation attenuates rac1 activity and increases the intrinsic 

migrational persistence of aged vascular smooth muscle cells. Cells 2016; doi: 10.3390/cells5040041.
79.	 Thakar K, May CK, Rogers A, Carroll CW. Opposing roles for distinct LINC complexes in regulation of the small GTPase RhoA. Mol 

Biol Cell 2017;28:182-91.
80.	 Alonso JL, Goldmann WH. Cellular mechanotransduction. AIMS Biophys 2016;3:50-62.
81.	 Belaadi N, Aureille J, Guilluy C. Under pressure: mechanical stress management in the nucleus. Cells 2016; doi: 10.3390/cells5020027.
82.	 Wrighton KH. Cell adhesion: the ‘ins’ and ‘outs’ of integrin signalling. Nat Rev Mol Cell Biol 2013;14:752.
83.	 Anwar MA, Shalhoub J, Lim CS, Gohel MS, Davies AH. The effect of pressure-induced mechanical stretch on vascular wall differential 

gene expression. J Vasc Res 2012;49:463-78.
84.	 Ducret T, El Arrouchi J, Courtois A, Quignard JF, Marthan R, et al. Stretch-activated channels in pulmonary arterial smooth muscle cells 

from normoxic and chronically hypoxic rats. Cell calcium 2010;48:251-9.
85.	 Zou H, Lifshitz LM, Tuft RA, Fogarty KE, Singer JJ. Visualization of Ca2+ entry through single stretch-activated cation channels. Proc 

Natl Acad Sci U S A 2002;99:6404-9.
86.	 Humphrey JD, Harrison DG, Figueroa CA, Lacolley P, Laurent S. Central artery stiffness in hypertension and aging: a problem with 

cause and consequence. Circ Res 2016;118:379-81.
87.	 Tabas I, García-Cardeña G, Owens GK. Recent insights into the cellular biology of atherosclerosis. J Cell Biol 2015;209:13-22.
88.	 Kher N, Marsh JD. Pathobiology of atherosclerosis--a brief review. Semin Thromb Hemost 2004;30:665-72.
89.	 Tracqui P, Broisat A, Toczek J, Mesnier N, Ohayon J, et al. Mapping elasticity moduli of atherosclerotic plaque in situ via atomic force 

microscopy. J Struct Biol 2011;174:115-23.
90.	 Bennett MR, Sinha S, Owens GK. Vascular smooth muscle cells in atherosclerosis. Circ Res 2016;118:692-702.
91.	 Hytönen VP, Wehrle-Haller B. Mechanosensing in cell-matrix adhesions - converting tension into chemical signals. Exp Cell Res 

2016;343:35-41.
92.	 Timraz SBH, Rezgui R, Boularaoui SM, Teo JCM. Stiffness of extracellular matrix components modulates the phenotype of human 

smooth muscle cells in vitro and allows for the control of properties of engineered tissues. Procedia Eng 2015;110:29-36.
93.	 Sazonova OV, Isenberg BC, Herrmann J, Lee KL, Purwada A, et al. Extracellular matrix presentation modulates vascular smooth 

muscle cell mechanotransduction. Matrix Biol 2015;41:36-43.
94.	 McDaniel DP, Shaw GA, Elliott JT, Bhadriraju K, Meuse C, et al. The stiffness of collagen fibrils influences vascular smooth muscle 

cell phenotype. Biophys J 2007;92:1759-69.
95.	 Chaterji S, Kim P, Choe SH, Tsui JH, Lam CH, et al. Synergistic effects of matrix nanotopography and stiffness on vascular smooth 

muscle cell function. Tissue Eng Part A 2014;20:2115-26.
96.	 Seawright JW, Sreenivasappa H, Gibbs HC, Padgham S, Shin SY, et al. Vascular smooth muscle contractile function declines with age 

in skeletal muscle feed arteries. Front Physiol 2018;9:856.
97.	 Kohn JC, Lampi MC, Reinhart-King CA. Age-related vascular stiffening: causes and consequences. Front Genet 2015;6:112.
98.	 Isenberg BC, Dimilla PA, Walker M, Kim S, Wong JY. Vascular smooth muscle cell durotaxis depends on substrate stiffness gradient 

strength. Biophys J 2009;97:1313-22.

Page 12 of 13                                                    Ahmed et al. Vessel Plus 2018;2:36  I  http://dx.doi.org/10.20517/2574-1209.2018.51



99.	 Berry MF, Engler AJ, Woo YJ, Pirolli TJ, Bish LT, et al. Mesenchymal stem cell injection after myocardial infarction improves 
myocardial compliance. Am J Physiol Heart Circ Physiol 2006;290:H2196-203. 

100.	 Liu F, Tschumperlin DJ. Micro-mechanical characterization of lung tissue using atomic force microscopy. J Vis Exp 2011; doi: 
10.3791/2911.

101.	 Lopez JI, Kang I, You WK, McDonald DM, Weaver VM. In situ force mapping of mammary gland transformation. Integr Biol (Camb) 
2011;3:910-21.

102.	 Plodinec M, Loparic M, Monnier CA, Obermann EC, Zanetti-Dallenbach R, et al. The nanomechanical signature of breast cancer. Nat 
Nanotechnol 2012;7:757-65.

103.	 Hartman CD, Isenberg BC, Chua SG, Wong JY. Vascular smooth muscle cell durotaxis depends on extracellular matrix composition. 
Proc Natl Acad Sci U S A 2016;113:11190-5.

Ahmed et al. Vessel Plus 2018;2:36  I  http://dx.doi.org/10.20517/2574-1209.2018.51                                                  Page 13 of 13



                                                                                                 www.vpjournal.net

Original Article Open Access

Nedogoda et al. Vessel Plus 2018;2:37
DOI: 10.20517/2574-1209.2018.36

Vessel Plus

© The Author(s) 2018. Open Access This article is licensed under a Creative Commons Attribution 4.0 
International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 

sharing, adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Blood pressure control and vascular protection with 
a fixed-dose combination of lisinopril + amlodipine + 
rosuvastatin in hypertensive patients
Sergey V. Nedogoda, Elena V. Chumachek, Alla A. Ledyaeva, Vera V. Tsoma, Alla S. Salasyuk, Victoria O. 
Smirnova, Victoria Yu. Hripaeva, Roman V. Palashkin, Ekaterina A. Popova

Department of Therapy and Endocrinology, Volgograd State Medical University, Ministry of Healthcare of the Russian Federation, 
Volgograd 400066, Russian Federation.

Correspondence to: Dr. Sergey V. Nedogoda, Department of Therapy and Endocrinology, Tsiolkovskogo str, 1, Volgograd 400001, 
Russian Federation. E-mail: nedogodasv@rambler.ru

How to cite this article: Nedogoda SV, Chumachek EV, Ledyaeva AA, Tsoma VV, Salasyuk AS, Smirnova VO, Hripaeva VY, 
Palashkin RV, Popova EA. Blood pressure control and vascular protection with a fixed-dose combination of lisinopril + amlodipine + 
rosuvastatin in hypertensive patients. Vessel Plus 2018;2:37. http://dx.doi.org/10.20517/2574-1209.2018.36

Received: 23 May 2018    First Decision: 27 Aug 2018    Revised: 26 Sep 2018    Accepted: 1 Oct 2018    Published: 6 Nov 2018

Science Editor: Alexander D. Verin    Copy Editor: Cui Yu    Production Editor: Zhong-Yu Guo

Abstract
Aim: Assessment of the possibility of the fixed-dose combination of lisinopril + amlodipine + rosuvastatin (Equamer) to 
achieve further angioprotection in patients with arterial hypertension and high pulse wave velocity (PWV) despite the 
previous combination antihypertensive therapy (AHT).

Methods: The 24-week open-label multi-center observational study involved 60 patients who received dual 
combination AHT for 6 months. All patients underwent 24 h blood pressure (BP) monitoring, applanation tonometry 
(determination of the augmentation index and central BP), measurement of the pulse wave velocity and laboratory 
tests [blood lipids, fasting glucose test, homeostasis model assessment of insulin resistance (HOMA-IR), leptin, 
ultra-sensitive C-reactive protein (us-CRP)] before and after switching to the fixed-dose combination of lisinopril + 
amlodipine + rosuvastatin (Equamer).

Results: According to the office BP measurements, switching the patients from the dual combinations to the fixed-dose 
combination of lisinopril + amlodipine + rosuvastatin has resulted in a further decrease of 14.3% in systolic BP (SBP) and 
18.5% in diastolic BP (DBP). According to the 24 h BP monitoring data, the SBP has decreased by 16.1% and the DBP by 21.8%. 
The combination of lisinopril + amlodipine + rosuvastatin has reduced the SBP by 14.4%, the augmentation index by 14.5% 
and the central SBP by 8.1% (P  < 0.01 vs.  baseline). The fixed-dose combination of lisinopril + amlodipine + rosuvastatin has 
provided a 44%-decrease in low-density lipoproteins, a 36.1%-decrease in triglycerids and a 10.3%-increase in high-
density lipoproteins (P  < 0.01 vs.  baseline). The use of the fixed-dose combination of lisinopril + amlodipine + rosuvastatin 
has provided a definite decrease in the insulin resistance, as well as levels of us-CRP and leptin.

http://crossmark.crossref.org/dialog/?doi=10.20517/2574-1209.2018.36&domain=pdf


Conclusions: The fixed-dose combination of lisinopril + amlodipine + rosuvastatin provides improved BP control, better 
vessel elasticity indicators (augmentation index, PWV, central BP), boosts the lipid and carbohydrate metabolism and 

helps to reduce the inflammation and leptin resistance in patients who initially received a dual combination AHT.

Keywords: Arterial hypertension, pulse wave velocity, central blood pressure, augmentation index, leptin, inflammation, 

combination antihypertensive therapy, lisinopril, amlodipine, rosuvastatin

INTRODUCTION
Analysis of trends in the development of the modern concept of reduction in cardiovascular risk and 
mortality reveals several important directions.

First, there is a trend today to “tighten” the blood pressure (BP)[1] and lipid[2] targets, which should lead to 
a further reduction in total and cardiovascular mortality in patients with arterial hypertension (AH) and 
atherosclerosis. Second, the co-relation of the improved indicators of elasticity of different caliber vessels, 
survival rate, and reduced risk of cardiovascular complications of AH can now be considered proven[3]. 
Principal differences have been found among the classes of antihypertensive drugs in the angioprotective 
effect (influence on the augmentation index, central systolic and pulse pressure) and, ultimately, in the 
influence on the typical end points (total and cardiovascular mortality, stroke, myocardial infarction)[4,5]. 
The same refers to individual representatives of antihypertensive classes[6-13] and various combinations of 
antihypertensive drugs[14-16]. It has been shown that, upon achievement of the same BP level, lower mortality 
occurs in the hypertensive patients with a decreased pulse wave velocity (PWV)[17]. Third, low-intensity non-
infectious inflammation becomes an important and independent target of pharmacotherapy[18-20], because 
its reduction [first of all, in ultra-sensitive C-reactive protein (us-CRP)] allows not only to reduce the risk 
of cardiovascular complications, but also to solve the problem of vascular comorbidity[21]. Fourth, there is a 
growing awareness that polypill is not only an opportunity to increase the patient’s medication adherence by 
reducing the number of tablets taken, but also an effective multi-target pharmacotherapy option intended to 
achieve the BP and lipid targets[22] and hence maximally reduce the risk of cardiovascular complications.

In this respect, it would be practically important to assess the possibilities of a fixed-dose combination of 
antihypertensive drugs with statins to provide a more pronounced angioprotection, to achieve the BP and 
lipid targets and to suppress the inflammation in those hypertensive patients who previously underwent a 
combination antihypertensive therapy (AHT).

The aim of this study was to assess the possibility of the fixed-dose combination of lisinopril + amlodipine + 
rosuvastatin (Equamer, “Gedeon Richter”) to achieve further angioprotection in patients with AH and high 
PWV despite the previous combination AHT.

METHODS
The purpose of the study was to assess changes in the indicators characterizing the elasticity of different 
caliber vessels [PWV, wave reflection index (AI), central BP (CBP), intima-media thickness of the common 
carotid artery, flow-dependent vasodilation], insulin resistance and inflammation after switching the patients 
from the two-component antihypertensive combinations to the fixed-dose combination of lisinopril + 
amlodipine + rosuvastatin. The target was considered to be BP < 140/90 mmHg.

The open-label study included patients who met all of the following criteria: age from 18 to 65 years, previous 
combined AHT conducted for at least 6 months, PWV above 10 m/s, age-standardized; signed informed 
consent of the patient to participate in the study.
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Patients with at least one of the following criteria could not be involved in the study: increased sensitivity 
to angiotensin-converting enzyme inhibitors (ACEI), angiotensin receptor blockers (ARBs), calcium 
antagonists (CAs) and hydrochlorothiazide; instable angina, recent myocardial infarction less than 1-month-
old, cardiogenic shock, clinically significant aortic stenosis; decompensated heart failure; severe AH (BP 
above 170/100 mmHg) that requires a 3-component combination AHT, severe comorbidities; alcohol abuse, 
pronounced impairments of the kidney function (level of creatinine in the blood 2 times higher than the 
upper normal limit), liver function (activity of alanine and aspartate aminotransferases in the blood 2 times 
higher than the upper normal limit); malignant neoplasms; pregnancy or lactation; inability to understand 
the essence of the programme and give informed consent to participate therein.

The study involved 60 patients (26 men and 34 women, mean age 55.2 ± 6.5 years and body mass index 
28.8 ± 4.6 kg/m2).

The study included 4 patients visits to the physician: V1 - entry visit, V2, V3, V4 - follow-up visits 4, 12 and 
24 weeks after the entry visit. At the first visit, the previous AHT was discontinued and the fixed-dose 
combination of lisinopril 10 mg + amlodipine 5 mg + rosuvastatin 10 mg was prescribed to every patient. 
In the course of the study, the physician had the opportunity to intensify the lipid-lowering therapy by 
prescribing the fixed-dose combination of lisinopril 10 mg + amlodipine 5 mg + rosuvastatin 20 mg in 
cases when the target low-density lipoproteins (LDL) of ≤ 2.5 mmol/L was not reached for the high-risk 
patientsafter 4 weeks of therapy (at Visit 2).

Initially and after the course therapy, all the patients underwent 24 h BP monitoring, examination of the 
vessel wall elasticity, echocardiography and laboratory testing.

The 24 h BP monitoring was performed using the Spacelabs 90207 device (USA). During the daytime hours 
(from 7 to 23 o’clock), measurements were made every 15 min, during the night (from 23 to 7 o’clock) - every 
30 min. A special cuff was used to measure the BP in the patients with excessive body weight.

The PWV, AI and central aortic pressure were determined using the SphygmoCor device[23,24].

In 2010, a group of Spanish researchers published modified SCORE scales for the calculation of vascular 
age for European countries with high and low cardiovascular disease levels[25]. The method of vascular age 
calculation from these scales involves calculating the absolute cardiovascular risk (ACVR) from the standard 
SCORE scales and then comparing the percentage of ACVR with the age of the vessels from the modified 
SCORE scale. To perform these calculations, the following data are required: patient’s gender, passport age, 
smoking status, levels of systolic BP and total cholesterol (TC).

Serum adipocytokines were determined by enzyme immunoassay using Mediagnost kits, leptin high 
sensitive (0.05-5 ng/mL) and BCM diagnostics adiponectin. Blood was drawn into a plastic test tube 
without a stabilizer. After centrifugation at 1000 RPM for 10 min, 1 mL of serum was collected. Before the 
determination of leptin and adiponectin levels, the samples were stored at -20 °C.

The insulin resistance was estimated by the homeostasis model assessment (HOMA) index. The study was 
conducted strictly on an empty stomach, after an 8-12 h period of night fasting. Plasma glucose and plasma 
insulin were studied. The glucose level was determined by the hexokinase method (La Roche reagents, La 
Roche automatic analyzer). Plasma insulin was determined by enzyme immunoassay [Insulin ELISA (Mercodia 
AB, Sweden)]. The homeostasis model assessment of insulin resistance (HOMA-IR) index was calculated using 
the following formula: HOMA-IR = fasting glucose (mmol/L) × fasting insulin (μIU/mL)/22.5.
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CRP was determined by immunoturbidimetric analysis [hs-CRP ELISA (Biomerica, USA)].

The statistical processing of the data obtained was carried out using the bio-medical data package statistical 
software package. The continuous quantitative initial and demographic characteristics were tested using 
the independent samples t-test. When the characteristic values were not normally distributed, the Mann-
Whitney test was used. For the qualitative characteristics, either Fisher’s exact test or χ2 test was applied 
depending on the number of observations in each cell of the contingency table. The data were presented in 
the form of M ± m, where М is the mean and m is the standard error. To validate the changes before and 
after the treatment, Student’s paired t-test was used.

The study design did not include randomization or calculation of the sample size since a limited number 
of patients with the characteristics required attend our outpatient clinic, considering this a limitation 
of the study, and thus an observer-dependent bias, carrying out the daily clinical practice according to 
clinical guidelines.

The study was conducted in accordance with the good clinical practice standards and the principles of the 
Helsinki Declaration. The study protocol was approved by the Regional Ethics Committee. Written informed 
consent was obtained from all the participants prior to their involvement in the study.

RESULTS
The clinical and demographic characteristics of the patients involved in the study are presented in Table 1.

Initially, the patients were treated with the following dual antihypertensive combinations: (1) ACEI + di-
uretic - 58.9%; (2) ARB + diuretic - 23.1%; (3) β-blocker (BB) + ARB - 3.6%; (4) CA + ACEI - 3.6%; (5) BB + 
ACEI - 3.6%; (6) CA + diuretic - 1.8%; (7) BB + diuretic - 1.8%; (8) CA + ARB - 1.8%; and (9) imidazoline 
receptor agonist + ACEI - 1.8%.

At the time of entry into the study, statins were received by 21.4% (atorvastatin 40 mg by 25.1% and 20 mg 
by 41.6%; rosuvastatin 5 mg by 16.7% and 10 mg by 8.3%; simvastatin 20 mg by 8.3%). After 4 weeks of 
treatment, 23.2% of the patients needed doubling the dose of rosuvastatin.

According to the office BP measurements [Table 2], switching the patients from the dual antihypertensive 
combinations to the fixed-dose combination of lisinopril + amlodipine + rosuvastatin has resulted in a 
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Indicator

Age, years 55.2 ± 6.5
BMI, kg/m2 28.8 ± 4.6
WC, cm 86.9 ± 13.0
Body fat % 38.7 ± 7.6

Table 1. Clinical and demographic characteristics of the cohort involved in the study

Table 2. Changes in BP and HR after 6 months

BMI: body mass index; WC: waist circumference

*P  < 0.05 vs.  baseline; BP: blood pressure; SBP: systolic blood pressure; DBP: diastolic blood pressure; HR: heart rate

Indicator Initially 6 months

SBP, mmHg 156.2 ± 10.0 133.7 ± 9.3*
DBP, mmHg 97.6 ± 11.7 79.6 ± 4.5*
HR, bpm 74.6 ± 7.7 71.7 ± 8.8



decrease of 14.4% in systolic BP (SBP) and 18.4% in diastolic BP (DBP) (P < 0.05 vs. baseline) in the absence 
of changes in the heart rate.

The data of the 24 h BP monitoring have confirmed that switching to the fixed-dose combination of lisinopril + 
amlodipine + rosuvastatin makes it possible to reduce the average daily SBP by 16.1% and DBP by 21.8%, the 
average nightly SBP by 14.5% and DBP by 19.1% (P < 0.05 vs. baseline). At the same time, in all the groups of 
the initial therapy, switching to the fixed-dose combination has been accompanied by a definite decrease in 
the BP variability [Table 3].

The rate of achieving the target BP of < 140/90 mmHg with the use of the fixed-dose combination of 
lisinopril + amlodipine + rosuvastatin has been 73.2%, whereas 23.2% of these patients have achieved a BP 
level of < 130/80 mmHg.

Table 4 shows the trends in the indicators characterizing the state of the arterial wall of the vessels belonging 
to the elastic or muscular type, as well as amortizing vessels, after switching the patients to the fixed-dose 
combination of lisinopril + amlodipine + rosuvastatin: there has been a decrease of 14.7% in the PWV (P < 0.05), 
14.4% in the augmentation index (P < 0.05) and 8.1% in the CBP (P < 0.05), which has reduced the vascular 
age by 10.2% (P < 0.05).

The fixed-dose combination therapy of lisinopril + amlodipine + rosuvastatin provides favorable perfor-
mance of the lipid metabolism indicators: there has been a decrease of 29.4% in the TC (P < 0.05), a de-
crease of 31.9% in the triglycerids (P < 0.05), a decrease of 38.1% in LDL (P < 0.05), and an increase of 10.5% 
in high-density lipoproteins (P < 0.05). The rate of achieving the LDL target of ≤ 2.5 mmol/L with the use of 
the fixed-dose combination of lisinopril + amlodipine + rosuvastatin has been 71.4%. After switching to 
the fixed-dose combination, all the groups have shown positive trends in the studied biochemical indica-
tors characterizing the functions of the liver and kidneys, although it has not been statistically significant 
[Table 5].

Switching the patients to the fixed-dose combination of lisinopril + amlodipine + rosuvastatin has been 
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Table 3. Changes in the data of the 24 h BP monitoring after 6 months

Table 4. Changes in the indicators of the vessel wall elasticity after 6 months

*P  < 0.05 vs.  baseline; BP: blood pressure; SBP: systolic blood pressure; DBP: diastolic blood pressure; HR: heart rate

*P  < 0.05 vs.  baseline; IMT: intima-media thickness; PWV: pulse wave velocity; SBP: systolic blood pressure

Indicator Initially 6 months

Day SBP, mmHg 153.1 ± 8.2 128.6 ± 17.1*
Day DBP, mmHg 94.5 ± 9.8 73.9 ± 6.0*
Day HR, bpm 80.6 ± 11.5 76.3 ± 13.2
Night SBP, mmHg 138.9 ± 26.3 118.8 ± 9.3*
Night DBP, mmHg 82,2 ± 11,8 66.5 ± 6.0*
Night HR, bpm 68.2 ± 12.9 67.2 ± 14.9
SBP time index - 24 h, % 35.5 ± 11.3 21.0 ± 8.3*
DBP time index - 24 h, % 23.2 ± 10.5 16.2 ± 6.8*

Indicator Initially 6 months

IMT, mm 1.07 ± 0.22 1.03 ± 0.2
Carotid-femoral PWV 12.5 ± 1.3 10.7 ± 1.4*
Central SBP, mmHg 143.1 ± 15.2 131.4 ± 8.5*
Augmentation index 27.5 ± 9.1 23.5 ± 9.2*
Vascular age, years 60.8 ± 10.0 54.6 ± 8.9*



accompanied by an improvement in the carbohydrate metabolism indicators [Table 6]: a decrease of 11.1 % 
in the insulin (P < 0.05) and 22.9% in the HOMA index (P < 0.05).

Particular attention should be paid to the possibility of the fixed-dose combination of lisinopril + 
amlodipine + rosuvastatin to have a positive effect on the level of key adipokines: the average leptin level 
has become lower by 10.7% (P < 0.05), us-CRP - by 11.8% (P < 0.05) and the adiponectin level has increased 
by 9.9% (P < 0.05) [Table 7].

There have been no statistically significant changes in the anthropometric indicators revealed during the 
study [Table 8].

DISCUSSION
The importance of assessing the possibility of further angioprotection with the use of the fixed-dose 
combination of lisinopril + amlodipine + rosuvastatin in patients with AH undergoing a two-component 
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Table 5. Changes in the studied biochemical indicators after 6 months

Table 6. Changes in the indicators of carbohydrate metabolism after 6 months

Table 7. Trends in the adipokin levels after 6 months

Table 8. Changes in the anthropometric indicators after 6 months

*P  < 0.05 vs.  baseline; TC: total cholesterol; HDL: high-density lipoproteins; TG: triglycerids; LDL: low-density lipoproteins; ALT: alanine 
transaminase; AST: aspartate aminotransferase

*P  < 0.05 vs.  Baseline; HOMA: homeostasis model assessment

*P  < 0.05 vs.  baseline; us-CRP: ultra-sensitive C-reactive protein

BMI: body mass index; WC: waist circumference; HC: hip circumference

Indicator Initially 6 months

TC, mmol/L 6.4 ± 1.0 4.5 ± 1.0*
HDL, mmol/L 1.2 ± 0.3 1.3 ± 0.3*
TG, mmol/L 2.5 ± 0.7 1.7 ± 0.5*
LDL, mmol/L 4.1 ± 1.1 2.5 ± 1.1*
ALT, u/L 27.9 ± 10.8 24.8 ± 7.8
AST, u/L 29.3 ± 8.1 24.3 ± 6.8
Creatinine, μmol/L 81.6 ± 9.5 72.7 ± 8.3

Indicator Initially 6 months

Fasting plasma glucose, mmol/L 7.0 ± 1.3 6.2 ± 1.0*
Insulin, μIU/mL 15.5 ± 5.9 13.8 ± 6.3*
HOMA index, μIU/mL 4.8 ± 2.1 3.7 ± 1.5*

Indicator Initially 12 weeks

Leptin, ng/mL 16.3 ± 7.7 14.6 ± 7.9*
Adiponectin, μg/mL 6.9 ± 2.6 7.6 ± 2.8*
us-CRP, mg/L 3.1 ± 1.6 2.7 ± 1.5*

Indicator Initially 6 months

Weight, kg 82.8 ± 9.2 81.6 ± 8.4

BMI, kg/m2 28.8 ± 3.5 28.4 ± 3.4
WC, cm 86.9 ± 13.0 83.1 ± 11.5

HC, cm 104.1 ± 13.6 100.1 ± 13.5

Body fat % 38.7 ± 7.7 37.7 ± 8.2



AHT is confirmed by the initiation of The LOW CBP study (Targeted LOWering of CBP in patients with 
hypertension: a randomised controlled trial) and the findings that the combinations of perindopril + 
amlodipine, valsartan + amlodipine, azelnidipine + olmesartan have a more pronounced positive effect 
on aortic elasticity than the combinations of atenolol + hydrochlorothiazide, atenolol + amlodipine, 
olmesartan + hydrochlorothiazide[12-13]. We must also add the trend to a “tighter” control of BP, lipids 
and inflammation[1,2,18-21]. Therefore, it is appropriate to try to solve these problems using the fixed-dose 
combination of lisinopril + amlodipine + rosuvastatin which is also able to perform the task of a multi-
target pharmacotherapy.

First of all, it should be noted that switching patients from different two-component antihypertensive 
combinations (mainly the renin-angiotensin-aldosterone system blockers and diuretics) therapy which they 
underwent for at least 6 months to the fixed-dose combination of lisinopril + amlodipine + rosuvastatin 
has provided the achievement of the target BP in 7 out of 10 patients, given the fact that the study did 
not involve the use of maximum doses of antihypertensive drugs in this combination. This is apparently 
explained by an enhancement of the hypotensive potential due to the statins[26]. The decrease in BP has been 
confirmed by the data of the 24 h BP monitoring, and all the groups of the initial therapy have shown a 
positive effect of the fixed-dose combination of lisinopril + amlodipine + rosuvastatin on the BP variability, 
which can be considered as an important component in the correction of systemic hemodynamic 
atherothrombotic syndrome[27].

The improved control of BP after the use of the fixed-dose combination of lisinopril + amlodipine + 
rosuvastatin and the lipid target achievement in 7 out of 10 patients has been naturally accompanied by 
positive changes in the indicators of vessel wall elasticity (PWV, CBP, AI, vascular age). These favorable 
changes should be explained not only by the achievement of the BP and lipid targets, but also the positive 
effect on adipokines (leptin and adiponectin) and low-intensity non-infectious inflammation (us-CRP), 
which represents an additional factor of angioprotection[28-30].

It is important to emphasize that the use of rosuvastatin in combination with lisinopril and amlodipine 
has been accompanied by a decrease in the insulin resistance and a positive effect on the carbohydrate 
metabolism, which removes all the questions about the diabetogenic potential of statins when used in this 
therapy option.

Thus, it can be said that switching patients from two-component antihypertensive combinations to the 
fixed-dose combination of lisinopril + amlodipine + rosuvastatin provides better control of BP, lipids, 
angioprotection and reduction of inflammation in combination with improved carbohydrate metabolism 
and balance of adipokines.
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Abstract
This article summarizes the current research on endoscopic technique of radial artery harvesting as a graft for 

coronary artery bypass grafting (CABG) surgery. Based on the available data, we reviewed various grafts available for 

CABG. Radial artery as a graft in CABG surgery has recently gained popularity. We sought to investigate the impact of 

radial artery harvesting techniques on clinical outcomes. Endoscopic harvest approach was found to be feasible in all 

patients when performed by skillful surgeon while local arm complications were found to be infrequent. However, when 

compared to open approach for harvest, it takes longer but provides higher patient satisfaction and cosmetic result.

Keywords: Endoscopic radial artery harvesting, coronary artery bypass grafting, harvesting techniques, wound complication, 

endoscopic technique cost, patency rates

INTRODUCTION
Coronary artery bypass graf t ing (CABG) is considered one of the mainstays of myocardia l 
revascularization particularly in patients with left main coronary artery disease, multi-vessel coronary 
artery disease, and diabetes[1,2].

http://crossmark.crossref.org/dialog/?doi=10.20517/2574-1209.2018.62&domain=pdf


Conduits available in CABG can be broadly classified into arterial and venous grafts. Saphenous vein (SV), 
Internal Thoracic Artery (ITA), Radial Artery (RA), Ulnar Artery (UA), and right gastroepiploic artery can 
be used as grafts[3,4]. Venous grafts have been found to be more prone to thrombosis, intimal hyperplasia, 
and atherosclerosis in comparison with arterial grafts[5]. Arterial grafts are thus more widely preferred over 
venous grafts[6].

The RA has been suggested as a suitable conduit for CABG in the 70’s[7] in virtue of advantages like uniform 
size and easy availability[8]. Its use was initially abandoned due to concerns of vasospasm, but progressively 
reconsidered in light of the positive long-term results described in the last decade. At least 6 randomized 
clinical trials and several observational studies have positively compared patency rates and outcomes of RA 
vs. RITA and saphenous vein graft (SVG), and very recent evidence from a large patient-level meta-analysis 
has declared the actual “renaissance” of the RA[9]. Bilateral internal thoracic artery (BITA) grafting is not 
widely used due to a higher incidence of sternal complications when compared to single internal thoracic 
artery grafting (SITA) (0.6% vs. 1.9%, 95% CI: 1.5-6.8) which necessitates additional measures to improve 
prognosis. Current recommendations are:

Use of ITA in left anterior descending (LAD) bypass in patients where benefits greatly outweigh risks, i.e., 
when the procedure has to be performed.

An alternative to LITA should be used in patients where benefits outweigh risks, i.e., when additional studies 
with broad objectives are required.

BITA should be considered in cases where risk of sternal complications is minimal and benefits outweigh 
risks, i.e., when additional studies with broad objectives are required.

Risk of infection with BITA, should be reduced by skeletonizing the grafts, encouraging smoking cessation, 
having tight glycemic control, and ensuring adequate sternal stabilization[10].

Both endoscopic and open techniques are available options for RA harvesting and carry different advantages 
and complications.

This review will focus on RA and will examine the main features of this conduit along with the impact of 
the available harvesting techniques on clinical outcomes.

PREOPERATIVE CONSIDERATIONS
While there are no major absolute contraindications to the use of RA, some disadvantages include its 
increased tendency to spasm owing to a thick tunica media. It is also associated with higher risk of 
atherosclerosis and intimal hyperplasia compared to ITA[3]. Despite initial reports of lower patency rate 
of RA grafts in diabetic patients when compared to SVG at 1 year (89.28% were patent in RA vs. 97.05% 
patent in SVG)[11], the more recent literature and the results of a large patient-level meta-analysis confirm 
the suitability of RA in diabetics and its theoretical advantage in terms of sternal wound infections when 
compared to BITA[9,12,13].

Pre-operative suitability of the radial artery is most commonly assessed by the modified Allen’s test which is 
used to determine the patency of the vessels supplying the hand. If the patient’s hand flushes within 5-15 s after 
the examiner releases the occlusive pressure applied on both the RA and the UA, it is considered a positive 
modified Allen’s test. If the hand takes longer than 15 s the test is considered negative. A positive modified 
Allen’s test translates into good blood circulation in the forearm[14]. However, the reliability of this test has 
been repeatedly questioned. Jarvis et al.[15] recommended a Doppler ultrasound to be the gold standard. They 
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determined the sensitivity and specificity of the modified Allen’s test to be 54.5% and 91.7% respectively with 
a diagnostic accuracy of 81.7% at the conventional cut off value of 6 second. Doppler ultrasound, on the other 
hand had sensitivity and specificity of 100% and 27% respectively with a diagnostic accuracy of 52%[15,16]. 
Starnes et al.[17] raised concerns that the high false negative rate of the modified Allen’s test could lead to 
unnecessary exclusion of some patients by placing some patients at an incorrectly high risk of digit ischemia. 
They recommended direct digit pressure measurement, which is simpler and more accurate to determine the 
adequacy of collateral circulation in the hand prior to CABG.

In 1998, Buxton et al.[18] were the first to describe the successful use of the ulnar artery as a conduit in a 
series of 8 patients. The idea of collateral circulation to the hand allowing the use of either the radial or ulnar 
artery for harvest was reiterated in a larger, more recent study of 25 patients described by Newcomb et al.[19] 
in 2006. Although, both studies conclude that routine use of the ulnar artery is not recommended due to its 
close proximity to the ulnar nerve with significant potential for resultant motor and sensory deficits in the 
hand along with the fact that the ulnar artery tends to be the dominant artery to the hand[18,19].

Another factor to be considered before choosing the RA for graft is the previous use of the conduit for 
invasive diagnostic procedures, which exposes the artery to post trans-radial access (TRA) occlusion. 
Interventional cardiologists commonly use the radial artery as access during procedures like percutaneous 
cardiovascular intervention (PCI) and angiography[20]. Our group previously reported significant endothelial 
damage in the vessel post-TRA leading to reduced vasodilatory function of the vessel with no clear evidence 
of return of baseline function with time. Along with the biological dysfunction, the risk of RA thrombotic 
occlusion has been estimated at 7.7% at 1 day and 5.5% at > 7 days after the procedure in a recent large 
meta-analysis with specific clinical factors (i.e., age, diabetes, reduced artery size, female gender, peripheral 
vascular disease, smoking, low body weight and lack of statin use) and procedural factors (i.e., use of 
non-hydrophilic catheters, prolonged postprocedural high pressure compression, etc.) being described as 
mainly responsible for occurrence of RA occlusion[21]. Additionally, an association between TRA and graft 
occlusion has been described, leading to the recent recommendations on the use of non-punctured RA as 
graft for CABG and on the preservation of the RA during angiographic diagnostic procedures in surgical 
candidates[20,22]. In situations with limited graft options, it is recommended that the surgeon should perform 
Doppler ultrasound preoperatively to positively determine the patency and the diameter of the vessel. The 
use of the distal end of the artery should also be avoided[22].

It was found that the incidence of the RA graft not being suitable for use after findings of non-satisfactory 
collateral circulation pre-operatively was around 5%[23-25]. This does not take away from the versatility of the 
RA graft which can be used as a single free graft, as a Y graft, or as a sequential graft[21].

Apart from the previously mentioned reasons for graft failure amongst venous and arterial grafts, another 
very important aspect to address is the degree of native artery stenosis when considering the RA for use as 
conduit. Tatoulis et al.[26] explained that arterial graft patency rate is proportional to native artery stenosis 
severity so the more severe the stenosis the higher the patency rate of the arterial conduit. Radial arteries are 
known to be more sensitive and show best results when the native artery has at least 80% stenosis[26]. This 
phenomenon is termed competitive flow and results in graft failure if the flow through the graft matches 
flow through the native artery after bypass. Vein grafts do not experience this phenomenon since they have 
much less resistance with a larger diameter[27].

INTRAOPERATIVE CONSIDERATIONS
Radial artery graft harvest could be performed open or endoscopically [open radial artery harvest (ORAH) 
or endoscopic radial artery harvest (ERAH)], preferably from the non-dominant arm[28]. The vessel might be 
harvested in skeletonized or pedicled fashion. Despite some advocating an advantage in conduit length and 
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diameter when harvested in skeletonized fashion (P < 0.01)[29], others point out the disadvantage of longer 
harvesting time and the risk for endothelial damage especially when the Harmonic scalpel is used[30]. The 
Harmonic scalpel uses ultrasonic energy for tissue dissection which is well known to cause increased release 
of nitric oxide leading to vasodilation and endothelial damage[31]. Considering the lack of clear evidence 
pointing towards a significant improvement in patency rate using the skeletonizing technique, this approach 
should be discouraged[16].

The open technique requires the forearm to be incised in its entirety. The artery is accessed via a curvilinear 
incision along the edge of the brachioradialis muscle. The incision is initiated 1 cm distal to the elbow and 
extends up to 1 cm proximal to the wrist. After retraction of the superficial veins, the fascia is incised to 
expose the radial artery in the mid arm under the belly of brachioradialis muscle [Figure 1][32].

Endoscopic approach of RA harvesting involves a longitudinal incision about 2-3 cm long proximal to the 
wrist crease. Dissection is done using bipolar scissors or bisector under direct endoscopic vision. Dissection 
is done as a pedicle with accompanying venae comitantes included. Carbon dioxide (CO2) is insufflated 
at 10-12 mmHg to provide a working tunnel. Addition of CO2 insufflation prevents spasms in the artery. 
This is followed by anterior dissection along the radial artery bilaterally up to the level of the antecubital 
fossa. Posterior dissection is then done up to the level of the radial plexus. Dissection is carried out laterally 
to achieve adequate branch length for sealing later. Fasciotomy enhances visualization and prevents the 
development of compartment syndrome. This is followed by branch division using a C-ring to stabilize the 
pedicle. The graft is then finally retrieved[33].

Navia et al.[34] found that ERAH requires more equipment in comparison with ORAH, hence it is more 
expensive than ORAH. Shapira et al.[35] showed that the cost of an endoscopic kit, including the disposable 
Harmonic shears, is $550. ERAH was also found to take a longer duration as compared to ORAH with 
an associated steep learning curve in inexperienced hands[36]. The reported learning curve for endoscopic 
harvest ranges from 5 to 30 cases[37]. Although, Kiaii et al.[38] found that the endoscopic approach requires 
a significantly lower harvest time (36.5 ± 9.4 min) compared to the open approach (57.7 ± 9.4 min) when 
performed by a surgeon adequately experienced in endoscopic harvest.

POSTOPERATIVE OUTCOMES
Patency rates
Radial artery as a graft for CABG was first introduced by Carpentier et al.[7], in 1973, however, its use was 
abandoned because of concerns of spasm and intimal hyperplasia. In 1975, Curtis et al.[8] found that in the 
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Figure 1. Endoscopic vs . open radial artery (RA) harvesting incision



late post-operative period 64.7% of grafts (22 out of 34 grafts in 29 patients) had occlusive intimal changes. 
On the other hand, later in the early 90’s, Acar et al.[39] demonstrated a 93.5% patency rate at 9 month follow-
up concluding that the RA was still a reasonable alternative to complement IMA. Ikeda et al.[40] found the 
patency rates of RA graft to be 91% (24 out 26 grafts), which was comparable to ITA graft patency rate of 
97% (139 out 143 grafts) in the mid post-operative period (27 ± 10 months). Subsequently, Desai et al.[41] also 
found that RA grafts were less likely to develop occlusion at one year when compared to saphenous venous 
grafts. RA grafts were found to have a higher patency rate at 5 year follow up when compared to SVG[42]. 
Angiographic studies have demonstrated a patency rate of 80%-90% at 7-10 year follow-up[43]. A more recent 
study reported an 84.4% patency rate at 20 years with a probability of graft failure at a similar time to LITA 
(19.0% ± 0.2% for LITA vs. 25.0% ± 0.2% for the RA)[44].

Moreover, a large patient-level meta-analysis, involving 1,036 patients from 6 trials, comparing RA with 
saphenous vein grafts showed a significant reduction in the incidence of adverse cardiac events like 
myocardial infarction, repeat revascularization, and death from cardiac causes with the use of the RA[9].

Vasospasm was one of the major reasons which lead to a significant degree of reluctance in the use of 
the RA as a graft conduit in CABG procedures soon after its introduction. These concerns were related 
to the pronounced muscular profile of the RA wall as opposed to the more elastic wall of the ITA. Peri-
operative arterial spasm is reported at 0.43% in all CABG surgeries, and He et al.[45] have suggested this 
to be an underestimate owing to the chance of mild spasms going unreported. For this reason, a number 
of pharmacology prophylaxis protocols aimed at avoiding vasospasm have been developed[46]. Treatment 
includes the use of calcium channel blockers with or without long-acting nitrates in the postoperative 
management of these patients[46] or during surgery as per Reyes et al.[47]. Chanda et al.[48] recommend a 
combination of a calcium channel blocker like nifedipine, diltiazem, or verapamil with nitroglycerine for 
prevention of spasm. Organic nitrates like nitroglycerine have a short half-life but have a faster onset of action 
as compared to calcium channel blockers like nifedipine, verapamil, etc. These drugs are usually started 
immediately post operatively and continued for the first postoperative year. However, biological studies have 
demonstrated a progressive remodeling towards a more elastomuscular phenotype after implantation of the 
RA as a graft[49], and clinical reports deny a benefit from antispastic pharmacological therapy[50].

COMPARISON OF OUTCOMES BETWEEN ERAH AND ORAH
Harvesting technique may have an impact on postoperative outcomes and surgical complications. In early 
experiences in the late 90’s, Royse et al.[51] reported that post-operative numbness and paresthesia of the hand 
were a commonly observed complication although there was a 98.9% resolution within 3-6 months after 
surgery. Neurological complications such as sensory loss occurred in 1.6%-18.1%, while motor complications 
such as diminished thumb strength were observed in 5.5% of patients in other large series[51-53].

After the introduction of endoscopic harvesting, the incidence of these complications significantly decreased. 
In an early prospective study from Patel et al.[54] comparing ERAH with ORAH, major neurological 
complication restricting motor function post-operatively (8% vs. 1% patients at 1 month, P < 0.05), wound 
erythema, ecchymosis, mild numbness, or tingling were found to be significantly increased when using open 
approaches [Table 1].

More recently, the results of a propensity-matched study showed significantly lower hand ischemia (open 
7.3% vs. endoscopic 0%, P = 0.007), by performing a modified Allen test prior to graft selection to confirm 
good collateral blood flow to the hand, and wound infection rate in the ERAH group, as well as better minor 
neurological outcomes (open 19.5% vs. endoscopic 3.6%, P < 0.001). Interestingly, freedom from cardiac-
related mortality (open 96.3% ± 2.1% vs. endoscopic 98.1% ± 1.8%, P = 0.448) as well as survival free from 
major cardiac and cerebrovascular adverse events (open 93.9% ± 2.6% vs. endoscopic 93% ± 3.4%, P = 0.996) 
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at 5 year follow-up were similar among the groups. This suggests that ERAH could provide additional short-
term benefits in terms of improved cosmesis and reduced wound and neurologic complications without 
compromising the long-term clinical outcomes[55].

These results were confirmed by Burns et al.[56] by demonstrating non-inferiority of ERAH with regards to 
patency rates at 5 years when compared to ORAH (91.2% ERAH vs. 87.5% in ORAH, P = 0.705).

Finally, a recent meta-analysis of randomized controlled and propensity matched studies comparing the 
endoscopic approach of harvesting the RA graft with the open approach demonstrated a lower incidence of 
wound complications [odds ratio (OR) = 0.33, 95% CI: 0.14-0.77, P = 0.01] with similar patency rates and early 
mortality rates (OR = 1.32, 95% CI: 0.76-2.27, P = 0.32 and OR = 0.78, 95% CI: 0.10-6.11, P = 0.81) [Figure 2][57].

Lastly, ERAH has a steep learning curve considering the need to master manipulation of the conduit along 
with the endoscope which requires an advanced hand-eye coordination. Initial experiences do indeed 
describe harvest times longer than one hour[58-60] [Table 1], but other reports from the neurosurgical arena, 
in which the RA is also widely used as a conduit, show that the learning curve associated with the endoscope 
can be overcome by practice on cadavers[61].

CONCLUSION
It is suggested that standard treatment for patients with multivessel disease is use of single or bilateral ITA 
along with additional arterial conduit[62]. When appropriate, the use of RA is recommended over SV graft 
since it is associated with better 5 year patency rates and improved patient longevity. The RA is preferred in 
patients at risk for sternal wound complications, such as diabetics who cannot tolerate BITA grafting[18,59].
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ERAH ORAH

Pre-operative 
considerations

Patient selection[11,60,63,64] Comorbidities:
- Diabetes
- Hypertension

Graft selection[14-17,20] Graft patency testing
- Modified Allen’s test
- Doppler ultrasound
- Direct digital pressure measurements
Previous trans-radial artery approach

Operative 
factors

Duration[38] 36.5 ± 9.4 min 57.7 ± 9.4 min
Length of incision[33] 2-3 cm long Full length of the forearm
Cost[34,35] $550 for the endoscopic 

kit including the disposable 
harmonic shears 

Less expensive due to 
fewer pieces of equipment 
required

Expertise[36] Steep learning curve Easier to learn
Post-
operative[36,51-54]

Hematoma (post operatively)[54] 5/100 0/100
Wound infection (post operatively)[54] 7/100 1/100
Neuralgia restricting motor function[54] Post operatively 10/100 1/100
Neuralgia restricting motor function[54] At 1 m 8/100 1/100
Neuralgia restricting motor function[54] At 3 m 5/100 0/100
Neuralgia restricting motor function[54] At 6 m 1/100 0/100
Ecchymosis (post operatively)[54] 21/100 2/100
Wound erythema (post operatively)[54] 4/100 0/100
Mild neuralgia[54] Post operatively 31/100 18/100
Mild neuralgia[54] At 1 m 26/100 8/100
Mild neuralgia[54] At 3 m 14/100 4/100
Mild neuralgia[54] At 6 m 7/100 0/100

Patency rate (mid-term follow up period) 91% 
Vasospasm (post operatively) 0.43%

Table 1. Comparison between endoscopic vs . open radial artery harvesting[6,11,14-17,33-35,38,45,51,53,54,60,63,64]

ERAH: Endoscopic radial artery harvest; ORAH: open radial artery harvest



The RA offers a decreased risk of atherosclerosis and post-operative complications compared to other graft 
options like venous grafts. ORAH has a higher risk of wound infection with a larger scar but a shorter 
harvest time and is easier to learn. ERAH is feasible in all patients when performed by skillful personnel, 
has fewer arm complications, and provides a higher patient satisfaction with better cosmetic results but 
takes a longer time to perform when compared to ORAH[58,59] The post-operative cardiac complications and 
outcomes remain comparable in the two approaches.
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Figure 2. Forest plot of wound infection in endoscopic radial artery harvest (ERAH) vs . open radial artery harvest (ORAH)
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Abstract
Aim: Endarterectomy has been shown to be an effective adjunct in treating diffusely diseased coronary arteries. 

Reconstruction of endarterectomized coronaries has been done by various techniques. We compare early results of left 

internal mammary artery (LIMA) patch to saphenous vein patch in left anterior descending artery (LAD) reconstruction.

Methods: We prospectively followed 30 patients with diffusely diseased LAD from January 2016 to January 2018. 

Patients were followed up clinically, by echocardiogram and CT coronary angiography.

Results: Twenty-seven patients were males (90%). The mean age was 59.23 ± 7.98. Twenty-two patients (73.3%) 

had a LIMA onlay patch. The mean length of patch reconstruction was greater in the saphenous vein group than LIMA 

group (8.31 ± 1.16 cm vs.  5.64 ± 0.73 cm, P  < 0.001). Postoperative myocardial infarction occurred in 1 patient from the 

LIMA group (4.5%) and 1 patient in the saphenous vein patch group (12.5%). Operative mortality occurred in 1 patient 

belonging to the LIMA group. Mean time of follow up was 17.59 ± 6.34 months. CT coronary angiography showed a 

patency rate of 93.1%.

Conclusion: Results of reconstruction by LIMA and saphenous vein patch are comparable in short-term follow up.

Keywords: Endarterectomy, reconstruction, left internal mammary artery patch
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INTRODUCTION
The progressive application of percutaneous coronary interventions (PCI) to achieve myocardial 
revascularization has contributed to the referral of patients with distinctly less attractive anatomic substrates 
for surgery. Surgical candidates now are usually from an older age group, have more severe coronary 
lesions and suffer from multiple comorbidities. Of these perhaps diffuse coronary disease is one of the most 
troublesome situations the surgeon has to deal with.

A conventional anastomosis placed distally in a diffusely diseased vessel such as the left anterior descending 
artery (LAD) may leave a large area of myocardium supplied by large side branches unrevascularized, which 
defies the principle of coronary artery bypass grafting (CABG) aiming at complete revascularization[1]. 
Hence endarterectomy has been revisited as an adjunct to conventional CABG in such cases.

Coronary endarterectomy is done by different surgical techniques, mainly open and closed. However in 
principle, they all entail removal of the atherosclerotic plaque or calcified core of the coronary vessel creating 
a neo-vascular bed which can be revascularized using one of the standard arterial or venous conduits.

Since Bailey’s first coronary endarterectomy[2], a lot has changed, namely the use of cardiopulmonary 
bypass, pharmacological support, and the growing experience of cardiac surgeons. In the current era 
results have changed significantly from earlier days where controversial debates were held about coronary 
endarterectomy due to its morbidity and mortality mainly perioperative myocardial infarction (MI)[3]. It is 
therefore important to focus on the current results and proper indications for selecting this technique.

In this study we evaluate the outcome of different surgical modalities for coronary reconstruction in 
diffusely diseased LAD.

METHODS
Thirty patients with diffusely diseased left anterior descending coronary artery presenting to the 
Cardiothoracic Surgery Department in Alexandria Faculty of Medicine from January 2016 were included 
in this study and followed prospectively for at least 6 months. Informed consents were obtained from all 
patients prior to the procedure with explanation regarding the aim of the procedure and the possible side 
effects according to the guidelines of ethical committee at Alexandria Faculty of Medicine.

Inclusion criteria: primary elective CABG patients with diffuse LAD disease requiring endarterectomy with 
or without combined valvular procedure.

Exclusion criteria: patients needing endarterectomy in diffusely diseased vessels other than the LAD.

Indications for LAD endarterectomy: (1) chronic total occlusion of the LAD; (2) heavily calcific plaque 
impeding suturing of bypass graft to the coronary vessel; (3) multiple obstructions in the LAD; (4) diffusely 
diseased LAD with atherosclerosis extending into major side branches; and (5) soft atherosclerotic plaque for 
fear of sutures disrupting the plaque and causing distal embolization.

Surgical procedure: all procedures were done using median sternotomy and cardiopulmonary bypass. 
Cardioplegia was given in antegrade fashion and temperature was allowed to drift.

The most suitable soft spot was identified for LAD arteriotomy, and arteriotomy was done using super blade. 
Failure to pass 1 mm coronary probe through the arteriotomy confirmed the need for endarterectomy, 
which was often anticipated from the coronary angiography and other times not. The LAD arteriotomy was 
extended using the coronary scissors till a disease free area distal to the atherosclerotic plaque was identified 
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and the plaque was removed under direct vision using the fine dissecting spatula. This method allowed 
complete extraction of the plaque from the LAD as well as from septal and diagonal branches if present 
under vision. Passage of 1 mm probe was done distally to ensure the distal bed was free from plaques.The 
proximal end of the arteriotomy was not extended beyond the proximal occlusion for fear of competitive 
f low between the native coronary artery and the graft. The atherosclerotic plaque was sharply divided 
proximally. This was followed by reconstruction using the left internal mammary artery (LIMA) or on-lay 
saphenous patch. LIMA was always the first choice for reconstruction. Saphenous vein patch was used in 
very lengthy reconstructions needing a generous patch or when harvested LIMA appeared short to avoid 
having a LIMA-LAD anastomosis under tension.

In cases of reconstruction using the saphenous vein, a small part of the vein graft was completely opened 
longitudinally using scissors to convert it to a vein patch and fashioned to match the length of the 
arteriotomy. The vein was then sewn to the endarterectomized LAD using prolene 7-0. A small opening was 
then created in the proximal or mid part of the vein patch using a scalpel and LIMA was anastomosed to the 
vein graft using prolene 8-0.

In cases where LIMA was used to reconstruct the LAD the LIMA was incised to match the length of the 
arteriotomy and it was anastomosed directly to the LAD using prolene 7-0 or 8-0 in an onlay fashion. 
Sometimes the surgeons prefer to start this anastomosis at the toe of the anastomosis unlike the usual where 
anastomosis is started at the heel. This approach makes it easier to adjust the length of the LIMA patch in case 
of discrepancy between the length of LIMA patch and the arteriotomy. Bulldog was removed from LIMA to 
allow flow in the coronary anastomosis and check if there was any leak that can be repaired before removing 
the cross clamp. After completion of distal anastomoses, the cross clamp was removed. Vein grafts were cut 
to appropriate length and proximal anastomoses to the aorta were done with partial side biting clamp.

In our study, 2 different anticoagulation protocols were used. In both regimens intravenous unfractionated 
heparin was started in ICU on day 0 typically after 6 h or as soon as chest tube output dictated with target 
partial thromboplastin time of 60-90 s. In the dual antiplatelet therapy (DAPT) protocol, 75 mg clopidogrel 
and low dose aspirin were given on day 1. Clopidogrel was discontinued after 1 year and aspirin given for 
life. The second regimen was triple therapy with warfarin for 3 months with target international normalized 
ratio (INR) of 2 in addition to 75 mg clopidogrel (1 year) and low dose aspirin for life.

Echocardiography was done to all patients routinely prior to discharge. Following discharge, patients were 
followed up in outpatient clinic one week following discharge, then one month after discharge.

Patients enrolled in this study were contacted by phone following discharge to ask about their status 
regarding dyspnea and chest pain. They were asked to perform CT coronary angiography for assessment 
of LAD patency. CT coronary angiography was chosen for this study due to its sensitivity in assessment of 
bypass patency, as well as being less invasive than conventional coronary angiography.

Definitions: operative mortality was defined as death occurring during the hospitalization in which the 
surgery was performed or death occurring after hospital discharge, but within 30 days, unless clearly 
unrelated to the operation.

Stroke was defined as neurologic deficit of abrupt onset caused by disturbance in blood supply to the brain 
persisting > 24 h.

Renal failure: acute or worsening renal function resulting in one or both more of the following. Increase of 
serum creatinine to > 2 mg/dL and to 2 × the most recent preoperative creatinine or requirement for dialysis.
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MI: elevation of biomarkers (creatine kinase-MB or troponin) to more than 5 times the 99th percentile of 
the normal reference range during the first 72 h after a CABG plus: (1) new pathologic Q waves or left bundle 
branch block; or (2) angiographically documented new graft or native coronary artery occlusion; or (3) 
imaging evidence of new loss of viable myocardium.

Statistical analyses were performed using IBM SPSS Statistics 22.0 software (IBM Corp, Armonk, NY). 
Normally distributed continuous variables are expressed as the mean ± SD, and skewed continuous variables 
are expressed as the median with the range. For comparison of the 2 groups, t test, Wilcoxon signed rank 
test, or Fisher’s exact test was used as deemed appropriate.

RESULTS
Baseline clinical characteristics and demographic data are summarized in Table 1. The endarterectomized 
LAD was reconstructed using LIMA onlay patch in 22 patients (73.3%). Postoperative MI occurred in 2 
patients, one of them only in the reconstructed LAD territory. There was one mortality occurring 5 days 
postoperative in the ICU due to MI and refractory ventricular arrhythmias resulting in operative mortality 
of 3.3%. Intraoperative and postoperative data are summarized in Table 2.

At least 6 months after surgery all patients except for one case of mortality had a coronary CT angiogram 
done and showed 93.1 percent patency rate with 2 patients found to have stenotic LIMA-LAD anastomosis 
[Table 3, Figure 1]. One patient belonged to the LIMA group and the other to the saphenous patch group. 
In addition to the CT angiography echocardiogram was done and the patients were followed up clinically 
regarding any chest pain and dyspnea. Angina occurred in 4 patients and they belonged to Canadian 
Cardiovascular Society (CCS) class I. Tables 4 and 5 showed the improvement in New York Heart 
Association (NYHA) class and ejection fraction postoperatively.

Tables 6 and 7 showed comparison between both methods of reconstruction using LIMA or LIMA and 
saphenous vein patch in relation to the baseline demographics, intraoperative and postoperative events.
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Table 1. Preoperative characteristics

MI: myocardial infarction; COPD: chronic obstructive pulmonary disease; CVA: cerebrovascular accident; PVD: peripheral vascular 
disease; NYHA: New York Heart Association

Preoperative characteristics No. (%), mean ± SD, or median (range) (n  = 30)

Age (years) 59.23 ± 7.98
Males 27 (90)
Cardiac profile
  Unstable angina 26 (86.7)
  Left main 5 (16.7)
  Previous MI 18 (60)
  Ejection fraction 51.23 ± 9.02
Risk factors
  Hypertension 27 (90)
  Smoking 16 (53.3)
  Dyslipidemia 10 (33.3)
  Diabetes mellitus 19 (63.3)
  Insulin use 4 (14.3)
Comorbidities
  COPD 9 (30)
  Renal impairment 0 (0)
  Previous CVA 1 (3.3)
  PVD 2 (6.7)
NYHA class
  II 15 (50)
  III 15 (50) 



DISCUSSION
Complete revascularization of coronary vessels is the main target of CABG and in particular the LIMA-
LAD anastomosis, since a patent LIMA-LAD is the single most important determinant of the long-term and 
event-free survival[4].

With advances in PCI, patients now referred to CABG are becoming more complex with multiple 
comorbidities as well as less attractive target vessels. Diffuse coronary artery disease is a problem that faces 
surgeons now with increasing frequency since in this subset of patients PCI produces less than optimal 
results[5]. In up to 25% of patients with diffuse coronary disease conventional CABG as well would not 
optimally revascularize the ischemic territories[6]. Therefore endarterectomy was revisited as an option to 
increase the surgical armamentarium in facing this complex lesion.
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Table 2. Intraoperative and postoperative data

Table 3. Follow up and CT angiographic patency

LIMA: left internal mammary artery; SVG: saphenous vein graft

NYHA: New York Heart Association; LIMA: left internal mammary artery; LAD: left anterior descending artery; GI: gastrointestinal

Variables No. (%), mean ± SD, or median (range) (n  = 29)

Duration of follow up (months) 17.59 ± 6.34
20.0 (6.0-26.0)

Post operative ejection fraction 56.28 ± 5.62
58.0 (48.0-68.0)

Post op. NYHA class 
  I 20 (69.0)
  II 9 (31.0)
LIMA LAD CT angio patency
  Patent 27 (93.1)
  Postoperative angina 4 (13.8)
  GI bleeding 1 (3.4)
Medications
  Plavix aspirin 12 (41.4)
  Plavix aspirin + marevan 17 (58.6)

Variables No. (%), mean ± SD, or median (range) (n  = 30)

Number of distal anastomosis 1 6 (20)
2 6 (20)
3 12 (40)
4 6 (20)

Cross clamp time (min) 60.7 ± 17.82
60 (28.0-100.0)

Method of reconstruction LIMA patch 22 (73.3)
SVG patch + LIMA 8 (26.7)

Length of reconstruction (cm) 6.35 ± 1.47
6 (5-10)

Time of ventilation (h) 6 (3-110)
Inotropic support (days) 2.40 ± 0.93
ICU stay (days) 4.93 ± 1.41
Myocardial infarction 2 (6.7)
Need for dialysis 0 (0)
Stroke 0 (0)
Atrial fibrillation 7 (23.3)
Mediastinitis 1 (3.3)
Bleeding requiring exploration 2 (6.7)
Mortality 1 (3.3)



NYHA class
Preoperative (n  = 30) Postoperative (n = 29)

Z P
No. % No. %

I 0 0.0 20 69.0
II 15 50.0 9 31.0 4.919* < 0.001*
III 15 50.0 0 0.0

Endarterectomy entails removal of the atherosclerotic core from the coronary vessel. In closed 
endarterectomy (also called pull out method) a small arteriotomy is used to dissect the atherosclerotic plaque 
out of the coronary vessel by using steady and gentle traction. It’s a simpler technique but was criticized due 
to the possibility of occlusion of the distal LAD or its branches by insufficient endarterectomy the so called 
snowplow effect[7]. In addition blind traction on the atherosclerotic core can lead to tears and iatrogenic 
intimal flaps that would lead to occlusion of the coronary vessel[8].

In open endarterectomy a longitudinal arteriotomy is performed on the coronary vessel beyond the limits 
of the atheromatous plaque and the atherosclerotic plaque is dissected under vision from the coronary vessel 
and its side branches avoiding any residual obstruction and repairing any intimal flaps that might occur 
during the removal of the plaque. The coronary is then reconstructed using an onlay patch of saphenous 
vein or LIMA itself. Advocates of coronary reconstruction using the saphenous vein patch suggested 
that it is very easy to use, easy to harvest and enlarged the lumen of the reconstructed LAD[6,8]. However 
others accused it of being more time consuming, as you convert one anastomosis into two anastomoses, 
first anastomosis of saphenous vein graft (SVG) to the endarterectomized LAD, then anastomosing the 
LIMA onto the saphenous vein patch. It was also suggested that this complex vascular bed formed of three 
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Table 4. Comparison between pre and postoperative New York Heart Association class

Table 5. Comparison between pre and postoperative ejection fraction

*Statistically significant at P  ≤ 0.05; Z  and P  values for Wilcoxon signed ranks test for comparing between pre and postoperative; NYHA: 
New York Heart Association

*Statistically significant at P  ≤ 0.05; T  and P  values for Paired t -test for comparing between pre and postoperative

Figure 1. Representative image of CT coronary angiography showing left internal mammary artery (LIMA) patch with patent LIMA-left 
anterior descending artery anastomosis

Preoperative (n  = 30) Postoperative (n  = 29) T P

Ejection fraction
  Min-Max 35.0-70.0 48.0-68.0
  Mean ± SD 51.23 ± 9.02 56.28 ± 5.62 4.968* < 0.001*
  Median 49.0 58.0



Variables
Method of reconstruction

Test of Sig P
LIMA (n  = 22) LIMA + vein (n  = 8)

Cross clamp time (min)

T  = 0.910 0.371  Mean ± SD 58.9 ± 18.80 65.6 ± 14.74
  Median (range) 60.0 (28.0-100.0) 70.0 (40.0-85.0)
Length of reconstruction (cm)

T  = 7.564 < 0.001*  Mean ± SD 5.64 ± 0.73 8.31 ± 1.16
  Median (range) 5.50 (5.0-7.0) 8.0 (7.0-10.0)
Time of ventilation (h)

U  = 68.00 0.344  Mean ± SD 15.82 ± 15.82 8.0 ± 5.50
  Median (range) 6.0 (3.0-110.0) 4.50 (4.0-17.0)
Inotropic support (days)

U  = 85.50 0.889  Mean ± SD 2.41 ± 1.01 2.38 ± 0.74
  Median (range) 2.0 (1.0-5.0) 2.0 (2.0-4.0)
Myocardial infarction 1 (4.5) 1 (12.5) χ2 = 0.597 FEP  = 0.469
Atrial fibrillation 6 (27.3) 1 (12.5) χ2 = 0.716 FEP  = 0.638
Bleeding requiring reexploration 1 (4.5) 1 (12.5) χ2 = 0.597 FEP  = 0.469
Mortality 1 (4.5) 0(0.0) χ2 = 0.376 FEP  = 1.000
Patency rate* 20 (95.2) 7 (87.5) χ2 = 0.540 FEP  = 0.483
Postoperative angina* 2 (9.5) 2 (25.0) χ2 = 1.167 FEP  = 0.300
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Table 6. Relation between method of reconstruction and preoperative characteristics

χ2: Chi square test; FE: fisher exact; T : Student t -test; P : P  value for comparing between the two groups; NYHA: New York Heart 
Association; COPD: chronic obstructive pulmonary disease; CVA: cerebrovascular accident; PVD: peripheral vascular disease

Method of reconstruction
Test of Sig P

LIMA (n  = 22) No. (%) LIMA + vein (n  = 8) No. (%)

Gender
χ2 = 2.727 FEP  = 0.166

  Males 21 (95.5) 6 (75.0)
Age

T  = 0.180 0.861  Mean ± SD 59.4 ± 7.69 58.75 ± 9.27
  Median 60.0 (40.0-69.0) 62.0 (42.0-67.0)
Cardiac profile
  Left main 4 (18.2) 1 (12.5) χ2 = 0.136 FEP  = 1.000
  Unstable angina 20 (90.9)0 6 (75.0) χ2 = 1.285 FEP  = 0.284
NYHA class

χ2 = 0.682 FEP  = 0.682
  I 0 (0.0) 0 (0.0)
  II 10 (45.5) 5 (62.5)
  III 12 (54.5) 3 (37.5)
Previous MI 14 (63.6) 4 (50.0) χ2 = 0.455 FEP  = 0.678
Ejection fraction

T  = 0.967 0.342  Mean ± SD 50.27 ± 8.59 53.88 ± 10.23
  Median 48.0 (35.0-70.0) 54.0 (40.0-70.0)
Coronary risk factors
  Hypertension 19 (86.4) 8 (100) χ2 = 1.212 FEP  = 0.545
  Smoking 13 (59.1) 3 (37.5) χ2 = 1.099 FEP  = 0.417
  Dyslipidemia 5 (22.7) 5 (62.5) χ2 = 4.176 FEP  = 0.078
  Diabetes mellitus 13 (59.1) 6 (75.0) χ2 = 0.639 FEP  = 0.672
  Insulin use 3 (13.6) 1 (12.5) χ2 = 0.007 FEP  = 1.000
Comorbidities
  COPD 8 (36.4) 1 (12.5) χ2 = 1.591 FEP  = 0.374
  Renal.impairment 0 (0.0) 0 (0.0) - -
  Prev.CVA 1 (4.5) 0 (0.0) χ2 = 0.376 FEP  = 1.000
  PVD 1 (4.5) 1 (12.5) χ2 = 0.597 FEP  = 0.469

Table 7. Comparison between both groups of reconstruction

*One case of mortality (n  = 29). χ2: Chi square test; FE: fisher exact; T : Student t -test; P : P  value for comparing between the two groups; U : 
Mann Whitney test



components (LIMA, SVG, and native coronary) caused turbulence of flow due to difference in compliance of 
the the three components[9]. Enlarging the lumen of the reconstructed LAD was accused of decreasing flow 
velocity[9]. In addition long term patency was questioned due to the known predilection of veins to more 
rapid intimal hyperplasia.

As studies continued to support the use of arterial grafting, and showing arterial grafts to show better 
late patency rates than SVG, the use of onlay LIMA patching to endarterectomized LAD gained wider 
popularity[10]. In this method the LIMA itself was used as a patch after adjusting its opening to the length of 
the LAD arteriotomy. Using the LIMA directly as a patch took advantage of the superior anti-atherosclerotic 
property of LIMA compared to SVG, besides the known vasomotor functions of the LIMA and its ability to 
adjust the flow rate to the distal runoff of the LAD by virtue of its release of endothelium derived relaxing 
factors[10]. Neverthelesss the verdict on the optimal method of LAD reconstruction is not yet clear.

Soylu et al.[3] in a best evidence series published in 2014 included 150 articles in their search and stated in 
conclusion that open coronary endarterectomy appeared to be safer, carried a lower rate of mortality than 
closed endarterectomy, and that the use of LIMA may improve mortality.

With this large study in mind and with the theoretical advantages of open over closed endarterectomy stated 
previously the surgeons in our study were disinclined to use the closed traction method of endarterectomy in 
a vessel as precious as LAD and all patients operated on in this study had open endarterectomy of the LAD.

It is worth mentioning that Barra and his colleagues from France advocated a different method of using the 
LIMA in reconstruction of the LAD without endarterectomy[11]. In this method LIMA onlay graft is sutured 
inside the coronary in such a fashion as to exclude atheromatous plaques from the lumen of the coronary 
artery. LIMA wall makes up 75% of the reconstructed vessel, and the newly reconstructed artery retains 
25% of the native coronary artery. However this method was reserved mainly for non calcified plaques, 
since heavily calcific plaques can preclude suturing. They explained that by using this method they limit the 
use of endarterectomy and hence decrease the postoperative cascade of myofibrointimal hyperplasia and 
thrombosis since no area of the coronary is denuded of its covering endothelium.

Bridge or jump graft was also used for LAD reconstruction. This method was used in patients with multiple 
lesions in their LAD. Arteriotomies were performed proximal and distal to the site of coronary stenosis and 
a valveless saphenous segment was used as a bridge between the lesion to which LIMA was anastomosed[12].

LIMA itself was used to perform jump grafts by performing a side to side anastomosis to the LAD proximal 
to the site of stenosis then another end to side anastomosis after jumping over the site of stenosis[13]. Again 
the merits of both of these methods were mainly to avoid endareterectomy of the LAD. All of the above 
methods were considered by the surgeons in our study for the sake of avoiding endarterectomy and its 
histopathological consequences and endarterectomy was saved as the last option when other methods 
appeared to be futile.

In our study the use of the SVG (26.7%) was reserved for patients who needed a much lengthier 
reconstruction of the LAD and in cases where there was fear that the LIMA was too short or would be 
under tension if used in the reconstruction. This was reflected in our results showing a greater mean of 
reconstruction length in the saphenous vein group.

The cross clamp time was shorter in the LIMA patch group however did not reach statistical significance. 
Owais et al.[14] and Myers et al.[15] showed a statistically significant shorter cross clamp time in the LIMA 
patch group compared to the saphenous vein patch group.
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Two of our patients suffered from postoperative MI, one of them in the LAD region (3.3 percent). Our 
results compared well to rates of perioperative MI mentioned in Schmitto et al.[16] 3 percent, Byrne et al.[17]

3 percent, Myers et al.[15] 4 percent, Sundt et al.[18] 2 percent and Nishi et al.[19] 2.9 percent. There was no 
difference in our study between both groups LIMA and saphenous regarding MI and this was also the case 
in Myers et al.[15] study.

There was one case of mortality in our study (3.3). Our explanation that the delay in starting anticoagulation 
for this patient who was bleeding led to a MI and started this vicious cascade of events leading to death.

Nishigawa et al.[20] reported mortality of 1.1 percent, Schmitto et al.[16] 5 percent, Takanashi et al.[21] 2.7 
percent, Byrne et al.[17] 3 percent, Nishi et al.[19] 2.9 percent. In comparing LIMA to saphenous group 
mortality was 4.5 percent in the LIMA group and none in the saphenous group and was not statistically 
significant. Myers et al.[15] also had 4.1% mortality in the LIMA group, slightly higher than the saphenous 
patch group (3%) and was not statistically significant. Owais et al.[14] had a 13 percent mortality in each of his 
groups, with no difference between both.

The CT coronary angiography done at 6 months postoperatively showed a patency rate of 93.1 percent, 
with 2 patients found to have stenotic LIMA-LAD anastomosis. One patient belonged to the LIMA group 
and the other to the saphenous patch group, with no statistical difference between both. Our explanation 
for the patient with occlusion in the LIMA and saphenous patch group was attributed to bleeding in the 
early postoperative hours which required reexploration in the operating room and delayed the start of the 
anticoagulation. The second patient had an uneventful postoperative course and this unfortunate event was 
not explained in his case.

In Nishigawa et al.[20] study conventional angiography was done at a median of 7 days (range 0-85 days) and 
showed a patency rate of 91.6 percent. Takanashi et al.[21] showed early patency of 94 percent.

Nishi et al.[19] had early and late angiographic control of his patients. He had a 92.1 percent early patency rate 
and at midterm follow up at a mean of 21 months the patency rate was 89.1.

NYHA class significantly changed in our study following surgery, with 69 percent of patients falling in 
NYHA class 1 as opposed to none of the patients being in class 1 preoperatively. Schmitto et al.[16] also noted 
an improvement in NYHA class after operation.

During follow up four of our patients reported recurrence of anginal pain (13.8 percent) and they belonged 
to CCS 1. There was no difference related to the technique of reconstruction. Sundt et al.[18] reported 
recurrence of angina in 27 percent of their patients. Byrne et al.[17] reported 90 percent freedom from anginal 
pain at 1 year. Sergeant et al.[22] in their analysis of 9600 patients undergoing primary CABG reported 
recurrence of anginal pain in 8 percent of patients. Both authors attributed difference in recurrence of 
symptoms between patients undergoing endarterectomy and those undergoing primary grafting may be due 
to the diffuse and particularly severe nature of the coronary disease present among the population requiring 
endarterectomy and insufficient endarterectomy done in LAD or other territories.

Our anticoagulation protocol started with unfractionated heparin in the ICU. Some surgeons preferred 
DAPT and some triple therapy with DAPT in addition to warfarin. Takanashi et al.[21] stated their 
anticoagulation protocol to be low-molecular-weight heparin, followed by triple therapy. Myers et al.[15] used 
unfractionated heparin for 24 h and then switched to either warfarin (3 months) or clopidogrel (1 year) in 
addition to aspirin for life.

Nishi et al.[19] administered low molecular weight heparin 6 h after arrival in the ICU followed by low-dose 
aspirin and warfarin (INR = 2.0), which were continued indefinitely.
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Endarterectomy leaves behind a coronary vessel denuded of endothelium. This bare area acts as a nidus 
for thrombus formation and triggers a rapid coagulation cascade in the early postoperative period and can 
explain the high rate of postoperative MI. Therefore it seems obvious that thromboprophylaxis serves as 
a cornerstone in the outcome of those patients. Nevertheless anticoagulation regimens followed are based 
on surgeon’s experience. This is due to lack of randomized controlled studies and the fact that there are no 
recommendations on anticoagulation and antiplatelet therapy in endarterectomy patients published in the 
guidelines yet.

In a recent review by Soylu et al.[3] perioperative MI ranged from 0 to 19 percent, cerebrovascular accident 
ranged from 0 to 6 percent and the operative mortality ranged from 0 to 19 percent. Coronary endarterectomy 
was accompanied by acceptable patency rates, that ranged from 56% to 100% at a post-operative follow-up 
ranging from 6 months to 10 years. Our results match the results of large series in the literature.

In the current era, coronary endarterectomy appears as a valuable surgical option in diffusely diseased 
coronary vessels. With appropriate indications and in experienced hands, it can be done with acceptable 
morbidity, mortality, angiographic patency rates and lead to favorable outcomes in a high risk cohort.

In conclusion, results of reconstruction by LIMA and saphenous vein patch are comparable in short term 
follow up.
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Abstract
A 28-year old male sustaining a penetrating injury to the subxiphoid area presented to the emergency department 

fully conscious and haemodynamically stable. The CT scan revealed a localized infero-posterior pericardial 

collection. Emergency surgery was planned to evacuate the collection and assess the extent of injury. Intraoperative 

transoesophageal echocardiogram demonstrated severe tricuspid regurgitation due to transection of the papillary 

muscle, as well as a ventricular septal defect. Tricuspid repair with reconstruction of the papillary muscle, closure of the 

ventricular septal defect (VSD) and the right ventricular laceration was performed. Mitral regurgitation secondary to 

chordae rupture was identified following de-airing maneuvers, and subsequently underwent repair. Traumatic VSD and 

lesions of the mitral and tricuspid valves causing insufficiency have been reported before. They have been described in 

isolation or as combination of two lesions but never the combination of the three of them as described in this case.

Keywords: Cardiac trauma, penetrating wounds, emergency, ventricular septal defect, heart valve disease, transoesophageal 

echocardiography

INTRODUCTION
Penetrating cardiac injuries are usually secondary to stab or gunshot wounds. They represent a life 
threatening condition that often requires emergency surgery for evacuation of the commonly associated 
cardiac tamponade[1-6]. The free ventricular walls, especially on the right side are more commonly affected[1,5]. 
Injury of the cardiac valves and intraventricular septum is rare but it has been described, although more 
frequently associated with blunt cardiac trauma[1-6].



Traumatic ventricular septal defect (VSD) has been reported in 1%-5% of penetrating cardiac injuries. 
The diagnosis is usually obscured by the priority of stabilization and treatment of other more obvious and 
lethal injuries. It is consequently sometimes missed and diagnosed after the patient is recovered from the 
initial trauma[1-6].

Mitral and tricuspid insufficiency secondary to cardiac trauma has also been reported, more commonly 
after blunt trauma. The trauma can potentially injure the valves at three different levels; papillary muscle, 
chordae and leaflet. Their diagnosis is also difficult, requiring an expert echocardiographer available at the 
time of the secondary survey. Otherwise, they are commonly missed until a full echocardiographic study is 
requested once the patient is more stable. High level of suspicion is key for their diagnosis[4-7].

The gold-standard diagnosis for penetrating cardiac trauma is the echocardiography, to confirm 
haemopericardium and assess intracardiac structures. The VSD, however, can be missed initially due to 
muscle spasm or clot sealing the defect, consequently being commonly diagnosed and treated as a delayed 
complication of penetrating injuries[1-7].

CASE REPORT
A 28-year-old male presented to the accident and emergency department following a stab injury to the 
anterior chest. He sustained a 6 cm stab wound in the subxiphoid area. On arrival, he was fully conscious 
and haemodynamically stable, with a heart rate of 90 beats/min, blood pressure 130/80 mmHg and 
respiratory rate of 22 breaths/min. He was managed as per advanced trauma life support guidelines and 
being described as a “good responder” following commencement of fluid resuscitation.

Physical examination revealed a systolic murmur, multiple bruises to the forehead and sustained soft tissue 
swelling of the right orbit and face. Glasgow Comma Scale was 15/15 and his electrocardiogram revealed 
sinus tachycardia, with inversion of T wave in the inferior wall leads.

A thoracic and abdominal CT was done to assess the extent of the injuries. There was a mediastinal 
haematoma extending to the anterior cardiophrenic recess and moderate to large infero-posterior 
haemopericardium. The diaphragm remained intact [Figure 1].

He underwent a bedside transthoracic echocardiography (TTE) that reported preserved left ventricular 
function but with infero-posterior wall motion abnormality, causing tethering of the posterior leaflet of 
the mitral valve and therefore, moderate mitral regurgitation (MR). There was also moderate tricuspid 
regurgitation (TR) with pulmonary hypertension [pulmonary artery systolic pressure (PASP) 40 mmHg + 
central venous pressure, normal PASP values 15-25 mmHg]; as well a 1 cm localized pericardial effusion in 
the infero-posterior wall, probably clotted. Right ventricular function was preserved.

He was therefore, prepared for emergency cardiac surgery to evacuate the haemopericardium and assess 
the extent of cardiac injuries. An intraoperative transoesophageal echocardiography (TOE) confirmed 
the infero-posterior pericardial collection as well as the inferior wall dyskinesia. There was severe TR due 
to rupture of the head of the posterior papillary muscle and a 2 cm VSD in the muscular interventricular 
septum causing a left-right shunt. The MR was mild-moderate and deemed to be secondary to the inferior 
wall dyskinesia. At this stage, there was no mitral prolapse [Figure 2A and B].

Surgery was performed through a median sternotomy, extending the stab wound superiorly. A clot was 
identified between the inferior wall and the diaphragm. As soon as the clot was dislodged, a profuse bleeding 
was identified from a 2 cm full thickness injury on the inferior wall of the right ventricle (RV). Control 
of the bleeding was achieved with manual pressure, whilst cardiopulmonary bypass (CPB) with bi-caval 
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cannulation and mild hypothermia was established. Myocardial protection was achieved with intermittent 
antegrade cardioplegia.

Following a right atriotomy, visualisation of the septum was achieved through the tricuspid valve (TV); there 
was a 3 cm VSD just below the posterior leaflet of the TV, which was detached due to complete transection 
of the papillary muscle head.

The VSD was closed with interrupted non-absorbable sutures reinforced with teflon. The papillary muscle 
head was re-implanted with a goretex suture. The TV was tested with saline test confirming competency. 
Closure of the right atrium was performed with a continuous 3/0 prolene suture as well as the injury on the 
inferior wall of the RV using a continuous 3/0 prolene suture reinforced with 2 bands of teflon.

The patient was successfully removed from CPB. However the intraoperative TOE identified severe MR 
secondary to a new prolapse of A2 segment (or the central scallop of the anterior leaf let) with a f lail 
chordae, which was probably partially ruptured and the complete transection occurred within the de-airing 
maneuvers [Figure 2C].

CPB was reinstituted and the left atrium (LA) was opened confirming the mitral aetiology; repair was 
performed with implantation of a goretex neochardae and a 30 mm physio II ring annuloplasty. The LA 
was closed and the CPB was weaned easily with good results of the repairs confirmed on TOE and with no 
residual interventricular shunt. After a long period to secure haemostasis, the chest was closed routinely 
after placing one mediastinal and one pericardial drains.

The postoperative period was satisfactory, being discharged by day 10 when the levels of oral anti-
coagulation were satisfactory. Follow-up visit at 6 weeks confirmed that he was asymptomatic and in sinus 
rhythm. The echocardiography confirmed a good result of the repairs, with trace TR, no MR and no residual 
VSD. The left and right ventricular functions were preserved with residual inferior hypokinesis of the RV.

DISCUSSION
Penetrating chest trauma, usually due to stab or gunshot wounds, can produce a wide variety of cardiac 
injuries which are life threatening in most cases. The mortality at the scene has been reported as high as 80%[2]. 
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Figure 1. Preoperative CT scan of thorax and abdomen. Coronal view showing a localized collection in the inferior/posterior pericardial walls



Of those who arrive in hospital, up to 70% survive to discharge, with rapid diagnosis and immediate 
treatment of injuries being the most important predictors of survival[2]. In addition to the free wall of 
the heart or the great arteries, intracardiac lesions affecting the valves or the septum is also possible. 
Traumatic VSD and lesions of the mitral and TVs causing insufficiency have been reported before. They 
have been described in isolation or as combination of two lesions but never the combination of the three of 
them as described in this case[1-7].

The surgical treatment of penetrating cardiac injuries in an emergency is evacuation of the commonly 
associated cardiac tamponade and simple cardiorrhaphy of the lacerations on the external surface of the 
heart[1-7]. The subxiphoid approach for evacuation of the tamponade and lavage of the cavity has been 
reported as a safe alternative to full sternotomy for those cases who are haemodynamically stable and 
without active bleeding[8].
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Figure 2. A: Intraoperative transoesophageal echocardiography (TOE) 4 chambers view with Doppler colour demonstrating the flow 
through the ventricular septal defect; B: intraoperative TOE, 4 chambers view, demonstrating the complete detachment of the tricuspid 
septal leaflet due to transection of the head of the papillary muscle; C: intraoperative TOE, apical long axis view with Doppler colour 
demonstrating the eccentric jet of mitral regurgitation caused by prolapse of A2 segment secondary to complete transection of the 
primary chordae
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The gold-standard test for diagnosis in penetrating cardiac injuries is the echocardiography, which 
can confirm the presence of haemopericardium and assess the intra-cardiac structures. However, even 
in experienced hands, the diagnosis of intra-cardiac injuries, especially VSD can be obscured in this 
emergency setting. The VSD is often missed in the initial diagnosis due to focus on more threatening 
injuries or secondary to lack of intraoperative TOE[1-5]. They are therefore commonly diagnosed as a delayed 
complication of penetrating cardiac injuries and treated according to the associated symptoms[1-6].

The atrioventricular valves can be injured during cardiac trauma at different levels: chordal rupture, 
papillary muscle rupture or leaflet defects. They are more frequently caused by blunt trauma, and their 
diagnosis can also be obscured during the initial evaluation. The degree of the valve insufficiency and the 
associated symptoms will determine the indication and timing for surgical intervention. Surgery in the early 
stages after the trauma favors the feasibility of valve repair[4-7].

In our case, the TOE was the key in the prompt diagnosis of the three simultaneous lesions [Figure 3], 
allowing them to be repaired in a single operation. The fact that the patient was haemodynamically stable and 
with only a localized collection in the pericardium (confirmed by the CT and TTE) directed us towards an 
emergency operation for evacuation of the collection. We were inclined to start with a subxiphoid approach 
to evacuate the collection and perform a pericardial lavage to evaluate active bleeding but considered the 
intraoperative TOE necessary to further scrutinize the valve regurgitations addressed by the TTE.

The subxiphoid approach would not have been enough in our case, independent of the associated lesions.
Active bleeding was identified as soon as the clotted collection was dislodged with the sucker, prompting a 
median sternotomy. It was then when the lesion on the free wall of the RV was seen, but decided to establish 
CPB as the VSD and valvular problems were already identified by the TOE at this point.

To summarize, penetrating cardiac trauma can cause a variety of lesions. Thorough examination with 
an early echocardiographic assessment should be mandatory for the evaluation of intracardiac injuries. 
Intraoperative TOE should always be performed in these cases as the TTE can often miss some of the 
intracardiac injuries.
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Figure 3. Drawing of a section of the heart showing the four chambers and postero-inferior walls. The thick arrow simulates the trajectory 
line of the stab injury to damage the inferior wall of the right ventricle, head of the papillary muscle supporting the posterior leaflet of the 
tricuspid valve, interventricular septum and chordae tendinae supporting A2 segment of the mitral valve
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Abstract
Nowadays, there are numerous studies demonstrating that volatile anesthetics reduce mortality and morbidity with a 

cardio-protective effect. The mechanisms involved in protecting perioperative cardiac ischemic damage provided by 

desflurane and sevoflurane are not fully known. Volatile anesthetics are commonly used in cardiac surgery. This mini-

review aims to summarize the mechanism of action for cardio-protection of volatile anesthetics and discuss the potential 

therapeutic implications. Human studies have shown that volatile anesthetics can reduce mortality, but also the use 

of mechanical ventilation in cardiac patients, especially coronary artery bypass grafting. In contrast, total intravenous 

anesthesia has not shown any significant benefit compared to halogenated agents. Volatile anesthetics are among 

the few drugs that affect survival in the perioperative period. In addition, they can be administered in areas other than 

cardiac surgery due to their cardioprotective effects, which may add future perspectives in their use.

Keywords: Volatile anesthetics, preconditioning, cardiac surgery, cardio-protection

INTRODUCTION
Nowadays, there are numerous studies demonstrating that volatile anesthetics reduce mortality and morbid-
ity with a cardio-protective effect[1]. The mechanisms involved in protecting perioperative cardiac ischemic 
damage provided by desflurane and sevoflurane are not fully known.  

In 1986, for the first time, this phenomenon is described as a response to short periods of sublethal ischemia 
leading to a protection against a subsequent lethal ischemia[2].

http://crossmark.crossref.org/dialog/?doi=10.20517/2574-1209.2018.38&domain=pdf


In 1988, Warltier et al.[3] demonstrated that the use of halothane or isoflurane improved left ventricular systolic 
function. Subsequently, Cason et al.[4] introduced the concept of cardiac pre-conditioning of the halogenates, 
demonstrating that their administration before ischemia protects the myocardium from a subsequent lesion.

Since then, numerous studies both in vivo and in animals have demonstrated this phenomenon[5-9].

An international consensus conference included volatile agents among the few drugs that would decrease 
perioperative mortality in cardiac surgery[10].

This mini-review aims to summarize the mechanism of action for cardioprotection of volatile anesthetics 
and discuss the potential therapeutic implications. 

MECHANISM OF ACTION FOR CARDIAC PROTECTION
Thanks to the use of animal models, we have been able to relate the ischemia/reperfusion injury with the 
cardio-protection of volatile agents and establish a cause-effect relationship between the volatile anesthetic 
and cardio-diagnostic points such as the reduction of death cellular, improvement of contractile function 
and decrease in the incidence of arrhythmias[11].

A dose-dependent signal appears to be based on anesthetic cardiac preconditioning: the degree of protec-
tion depends on the concentration of the drug administered and the duration of the administration[12-15]. 
Lange et al.[16] has shown that there is a threshold for the preconditioning of desflurane which is included 
between 0.5 and 1.0 minimum alveolar concentration. This threshold may decrease through the administra-
tion of desfuorane by intervals. As soon as the level of cardioprotection from desflurano is reached, it cannot 
be further improved with desflurane increments.

All the volatile anesthetics that we use daily (desflurane, halothane, isoflurane and sevoflurane) produce car-
diac preconditioning because they have the same mechanism of action but different power[16].

Two types of preconditioning have been identified: one early, which lasts about 1 or 2 h, and one late, which 
occurs after 24 h and lasts up to 72 h. Early and late preconditioning have many characteristics, but probably 
involve different paths [Table 1][5].

Myocardial reperfusion has two effects: decreases cardiac damage but activates apoptosis of the cells produc-
ing myocardial dysfunction, which is linked to mitochondrial dysfunction, in particular, at the opening of 
mitochondrial permeability transition pores (mPTPs).

During reperfusion, volatile anesthetics avoid the opening of transitional pores of the mitochondrial perme-
ability. In this way the different mechanisms of apoptosis are inhibited[17,18]. In addition, anesthetics act on 
the signaling pathways linked to adrenergic receptors and adenosine bradykinin, both involved in cardio-
protection[19].

Myocardial post-conditioning by the halogenates is due to various cellular mechanisms[16-18]: modulation of 
L-type calcium channels, inhibition of the release of reactive oxygen species from the mitochondria to the 
cytoplasm, mPTP closed, stimulation of G proteins coupled with β-adrenergic receptors. 

Various pathways, including the activation of Gi (GiPCR) coupled Gi (inhibitors), phospholipase B and D 
receptors, diacylglycerol and protein kinase C, are involved, activating KATP channels[5]. KATP channels 
are inhibited by intracellular ATP physiological concentrations and, when opened, produce a repolarizing 
internal potassium stream. MitKATP channel antagonists may inhibit the cardioprotective function of des-
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flurane and sevoflurane. The opening of the canal would lead to the reduction of the swelling of the inter-
membrane space after ischemia, preserving the structure and mitochondrial function. Depolarization of the 
mitochondrial inner membrane also prevents the opening of the mPTP and inhibits the exchange of Na+-H+, 
attenuating Ca2+ overload and cellular edema[5]. Interferences have been described with the apoptotic cascade 
mediated by Bcl-2-associated death promoter and Bcl-2-associated X proteins and caspases 9, in addition to 
activation of nitric oxide endothelial synthase[5,20,21] which may give a cardioprotective effect. Also reactive 
oxygen species (ROS) have an important task: the opening of the KATP channels causes an increase in the 
intracellular concentrations of ROS, at the same time, the production of ROS can also precede and cause the 
opening of the KATP channels. Activators of the KATP channel and sevoflurane may attenuate the overpro-
duction of ROS during reperfusion. Therefore, halogenates, in order to achieve preconditioning, must cause 
ROS production. Preconditioning, in turn, allows a reduction of ROS excess, during reperfusion[21,22]. Volatile 
anesthetics also reduce platelet adhesion to the vascular wall after ischemia[23].

Regarding the late preconditioning, it is due to cardioprotective proteins that are expressed after the trans-
lation of the first genes induced by cardiac preconditioning. The most common genes expressed virtually 
by any type of stress conditioning include antioxidants such as superoxide dismutase, glutathione peroxi-
dase and heme oxygenase, genes associated with cell defense [heat shock proteins(HSP) such as HSP70 and 
HSP10, aldose reductase, Bcl-xS] and cycloid-oxygenase 2[24].

Ischemic preconditioning is the process implemented by the myocardial tissue at the cellular level that pro-
vides myocardial protection against the damage due to the ischemia/reperfusion phenomenon in the cardiac 
tissue[25].

After administration of volatile agents, the systolic function improves because we have a reduction in myo-
cardial oxygen consumption due to depression of myocardial contractility and improvement of blood flow in 
several capillary beds[26]. 

Human studies have shown that volatile anesthetics can reduce mortality, but also the use of mechanical 
ventilation in cardiac patients, especially coronary artery bypass grafting (CABG). In contrast, total intrave-
nous anesthesia (TIVA) (and more specifically propofol) has not shown any significant benefit compared to 
halogenated agents. The studies of Fortis et al.[27] and Schilling et al.[28] have shown that halogenates lead to a 
reduction of the inflammatory response in acute lung injury. In addition, the volatile agents cause neuropro-
tection after brain damage[29], reduce hepatic damage[30] and the incidence of acute renal injury after an isch-
emic insult[31]. As a result, volatile anesthetics can also play an important role in preventing cardiac surgery 
complications.

CLINICAL IMPLICATIONS
In 2011, there was an international consensus conference that included volatile agents among the few drugs 
that would decrease perioperative mortality in cardiac surgery[10]. Volatile anesthetics (desflurane, isoflurane 
and sevoflurane) have pharmacological characteristics that generate cardiac protection, unlike the drugs 
used for TIVA.

Indeed, the 2007 Landoni meta-analysis showed a reduction in perioperative cardiac troponin release and 
reduced mortality in patients receiving volatile anesthetics compared to patients receiving a TIVA[32].
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Table 1. Difference between early and late preconditioning

Early preconditioning Late preconditioning
It begins early It begins 12-24 h after ischemia
Duration of 1-2 h Duration of 72 h
It is due to the accumulation of adenosine It is due to gene up-regulation



To endorse the hypothesis, that from these benefits we can obtain a reduced mortality rate in patients who 
receive volatile agents, there are numerous studies. These results led to an ordinary use of volatile anesthet-
ics compared to TIVA, although propofol is a drug that has a much lower cost than halogenated drugs. For 
example, a bottle of sevoflurane costs 74 euro, while a bottle of 2% propofol costs 1.6 euro.

There are no studies that discourage the use of propofol[33] but we must remember that when using TIVA 
in cardiac surgery we do not have remote ischemic preconditioning[34], due to the inhibition of the organo-
protective properties of this technique[35]. Furthermore, there are at least 8 studies showing an increase 
in mortality with the use of TIVA, while there is no study that demonstrates an increase in survival with 
TIVA[32,36,37].

DISCUSSION
In the meta-analysis of Zangrillo et al.[38], it has been shown that halogenated agents can decrease mortality 
and have additional cardioprotective effects compared to TIVA. In this meta-analysis, it has been shown that 
in patients undergoing cardiac surgery, the use of volatile agents and/or the combination of volatile agents 
with remote preconditioning produces lower mortality compared to TIVA with longer follow-up. The meta-
analysis of the Bayesian network compares different groups of patients both directly and indirectly, with a 
consolidated method in clinical research. This meta-analysis includes all randomized trials in adult cardiac 
systems that compare volatile agents, TIVA and remote ischemic preconditioning. This study is an invitation 
to use volatile anesthetics during general anesthesia because there is no evidence of beneficial properties of 
TIVA except when combined with volatile agents. This meta-analysis has some limitations: most of the stud-
ies included in the study are small, single centers and not double-blind. In fact, for example, some authors do 
not preside over whether patients taking drugs such as sulfonylurea, theophylline or allopurinol have been 
excluded, as these drugs appear to influence the preconditioning mechanism. Another limitation may be the 
use of intraoperative opioids. In fact, opioids reduce the cardiovascular effect and can hinder the cardiopro-
tective effects of volatile agents[38]. 

Furthermore, ischemic preconditioning can lower postoperative cardiac biomarker levels[39,40] and even mor-
tality during cardiac surgery[41].

The first study[32], published in 2007, which showed a greater survival of patients subjected to halogenated 
agents compared to TIVA, was a meta-analysis of small randomized clinical trials. The meta-analysis showed 
that sevoflurane and desflurane were associated with significant reductions in myocardial infarction (2.4% 
vs. 5.1%) and mortality (0.4% vs. 1.6%). In a large multi-center study, patients who received sevoflurane 
showed a 30-day lower postoperative mortality than those who received TIVA (2.2% vs. 3.1%)[36]. Instead, 
De Hert et al.[42] did not find any difference in the post-operative troponin T release between volatile anes-
thetics and TIVA but showed a significant difference in one-year mortality among the various groups (3.3% 
in the sevoflurane group, 6.7% in the desflurane group and 12.3% in the TIVA group (P = 0.034)[42]. A large 
multi-center study analyzed the 30-day mortality rate in patients undergoing CABG where halogenated 
anesthetics or TIVA was used. Mortality was lower with halogenates and the mortality rate was lower than 
with the use of halogenated anesthetics[43]. A recent meta-analysis by Landoni showed a 50% reduction in 
mortality compared to TIVA (desflurane 1.8% vs. 4.0%, isoflurane 0.7% vs. 2.0% and sevoflurane 1.2% vs. 3.0%)[44].

In contrast, some authors have shown that patients with severe preoperative ischemic stress benefit from 
TIVA because of its antioxidant effects[45]. However, no increase in survival with TIVA has been demonstrat-
ed, indeed some studies have shown worse outcomes if propofol is compared with halogenates[36]. 

There is disagreement about the type of cardiac surgery that benefits most from halogenated cardiac protec-
tion. Most studies have shown that cardioprotection occurs mainly in CABG while the evidence of haloge-
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nates in valve surgery is controversial[46,47]. A 2006 study showed that the use of sevoflurane leads to better 
preservation of myocardial function and less postoperative release of troponin I in patients undergoing aor-
tic valve replacement[47]. In contrast, the study of Pinaud et al.[48] in 2015, demonstrated that preconditioning 
does not have cardioprotective effects in patients undergoing valve surgery without CABG. 

There are no clear advantages of the use of volatiles in valve surgery. A first reason is that myocardial infarc-
tion can simulate a preconditioned state by improving the effect of halogenated agents[49]. In fact, as dem-
onstrated by Murry et al.[2], short periods of transient myocardial ischemia protect the heart from extensive 
damage in longer periods of ischemia. Furthermore, valvular surgery causes an increase in troponin due to 
higher surgical injuries and anatomical changes that modify the geometry and function of the left ventricle, 
with acute increase in the afterload, especially in mitral valve surgery[50].

We must remember that when using TIVA in cardiac surgery we do not have remote ischemic precondition-
ing[34]. This led to the demonstration that TIVA leads to an increase in mortality, while there is no study 
showing that it increases survival[32,36,37].

However, TIVA remains widely used for rapid interventions. As demonstrated by Çaparlar et al.[51], patients 
eligible for the preferential ward were older and the time for rapid suitability was shorter in the TIVA group 
compared to sevoflurane (82.1% vs. 57.5% and 8 min vs. 12 min, P < 0.05).

At the same time, it must be stated that volatile agents, such as desfuorane, are proving to be an excellent 
alternative to propofol for fast-track interventions[52,53].

Thus we obtain two results: the cardiac preconditioning given by the volatile agent and rapid extubation 
times.

CONCLUSION
Volatile anesthetics are among the few drugs that affect survival in the perioperative period[54]. In addition, 
they can be administered in other areas other than cardiac surgery due to their cardioprotective effects, 
which may add future perspectives in their use.

Notwithstanding the numerous studies in favor of volatile anesthetics, it is necessary to give a definitive an-
swer regarding the greater survival of patients with the simple use of volatile anesthetics, with randomized 
trials provided with a very large sample. The largest study currently underway is recruiting 10,600 partici-
pants and has the task of conclusively demonstrating how the simple use of a halogenated agent improves 
one-year survival in patients undergoing CABG.
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programming. In: Foster JA, Lutton E, Miller J, Ryan C, Tettamanzi AG, editors. Genetic 
programming. EuroGP 2002: Proceedings of the 5th European Conference on Genetic Programming; 
2002 Apr 3-5; Kinsdale, Ireland. Berlin: Springer; 2002. pp. 182-91.

Unpublished material Tian D, Araki H, Stahl E, Bergelson J, Kreitman M. Signature of balancing selection in Arabidopsis. 
Proc Natl Acad Sci U S A. Forthcoming 2002.

For other types of references, please refer to U.S. National Library of Medicine. 
The journal also recommends that authors prepare references with a bibliography software package, such as EndNote to 
avoid typing mistakes and duplicated references.

2.3.3.10 Supplementary Materials
Additional data and information can be uploaded as Supplementary Material to accompany the manuscripts. The 
supplementary materials will also be available to the referees as part of the peer-review process. Any file format is 
acceptable, such as data sheet (word, excel, csv, cdx, fasta, pdf or zip files), presentation (powerpoint, pdf or zip files), image 
(cdx, eps, jpeg, pdf, png or tiff), table (word, excel, csv or pdf), audio (mp3, wav or wma) or video (avi, divx, flv, mov, mp4, 
mpeg, mpg or wmv). All information should be clearly presented. Supplementary materials should be cited in the main text 
in numeric order (e.g., Supplementary Figure 1, Supplementary Figure 2, Supplementary Table 1, Supplementary Table 2, etc.). 
The style of supplementary figures or tables complies with the same requirements on figures or tables in main text. Videos 
and audios should be prepared in English, and limited to a size of 500 MB or a duration of 3 minutes.

2.4 Manuscript Format
2.4.1 File Format
Manuscript files can be in DOC and DOCX formats and should not be locked or protected.

2.4.2 Length
There are no restrictions on paper length, number of figures, or amount of supporting documents. Authors are encouraged 
to present and discuss their findings concisely.

2.4.3 Language
Manuscripts must be written in English.

2.4.4 Multimedia Files
The journal supports manuscripts with multimedia files. The requirements are listed as follows:
Videos or audio files are only acceptable in English. The presentation and introduction should be easy to understand. The 
frames should be clear, and the speech speed should be moderate.
A brief overview of the video or audio files should be given in the manuscript text.
The video or audio files should be limited to a duration of 3 min and a size of up to 500 MB.



Author Instructions

Please use professional software to produce high-quality video files, to facilitate acceptance and publication along with the 
submitted article. Upload the videos in mp4, wmv, or rm format (preferably mp4) and audio files in mp3 or wav format.

2.4.5 Figures
Figures should be cited in numeric order (e.g., Figure 1, Figure 2) and placed after the paragraph where it is first cited;
Figures can be submitted in format of tiff, psd, AI or jpeg, with resolution of 300-600 dpi;
Figure caption is placed under the Figure; 
Diagrams with describing words (including, flow chart, coordinate diagram, bar chart, line chart, and scatter diagram, etc.) 
should be editable in word, excel or powerpoint format. Non-English information should be avoided;
Labels, numbers, letters, arrows, and symbols in figure should be clear, of uniform size, and contrast with the background;
Symbols, arrows, numbers, or letters used to identify parts of the illustrations must be identified and explained in the 
legend; 
Internal scale (magnification) should be explained and the staining method in photomicrographs should be identified; 
All non-standard abbreviations should be explained in the legend;
Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial 
figures and images from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any 
citation instruction requested by third-party rights holders, and cover any supplementary charges.

2.4.6 Tables
Tables should be cited in numeric order and placed after the paragraph where it is first cited;
The table caption should be placed above the table and labeled sequentially (e.g., Table 1, Table 2);
Tables should be provided in editable form like DOC or DOCX format (picture is not allowed);
Abbreviations and symbols used in table should be explained in footnote;
Explanatory matter should also be placed in footnotes;
Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial tables 
from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any citation instruction 
requested by third-party rights holders, and cover any supplementary charges.

2.4.7 Abbreviations
Abbreviations should be defined upon first appearance in the abstract, main text, and in figure or table captions and used 
consistently thereafter. Non-standard abbreviations are not allowed unless they appear at least three times in the text. 
Commonly-used abbreviations, such as DNA, RNA, ATP, etc., can be used directly without definition. Abbreviations in 
titles and keywords should be avoided, except for the ones which are widely used.

2.4.8 Italics
General italic words like vs., et al., etc., in vivo, in vitro; t test, F test, U test; related coefficient as r, sample number as n, 
and probability as P; names of genes; names of bacteria and biology species in Latin.

2.4.9 Units
SI Units should be used. Imperial, US customary and other units should be converted to SI units whenever possible. There 
is a space between the number and the unit (i.e., 23 mL). Hour, minute, second should be written as h, min, s.

2.4.10 Numbers
Numbers appearing at the beginning of sentences should be expressed in English. When there are two or more numbers 
in a paragraph, they should be expressed as Arabic numerals; when there is only one number in a paragraph, number < 10 
should be expressed in English and number > 10 should be expressed as Arabic numerals. 12345678 should be written as 
12,345,678.

2.4.11 Equations
Equations should be editable and not appear in a picture format. Authors are advised to use either the Microsoft Equation 
Editor or the MathType for display and inline equations.

2.5 Submission Link 
Submit an article via https://www.oaemesas.com/vp.
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