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Abstract
The introduction of deep hypothermic circulatory arrest (CA) was the factor that contributed to the diffusion of 
aortic arch surgery in the surgical world. The progressive quest to improve the outcome of such a complex surgery 
included the introduction of different tools to better protect the brain, such as retrograde or antegrade cerebral 
perfusion. The increased experience not only resulted in a continuous improvement of the results, but also 
facilitated the widespread adoption of arch surgery across most of the cardiac Centers. The trend moved towards a 
gradual rise in the temperature (from ≤ 20 to 30 °C), coupled with a preference for selective/unilateral antegrade 
cerebral perfusion for brain protection. Nevertheless, results are not perfect and neurologic dysfunctions, 
temporary or permanent, remain a frequent complication. The spinal cord is not completely protected by cerebral 
perfusion and ischemia of the lower body can cause organ malfunctions with severe consequences. After decades, 
the field is still open for new strategies to minimize the damages intrinsic to the procedure. This review will briefly 
describe the energetics of the brain, the mechanisms of neurologic dysfunctions, and the advantages and 
disadvantages of the strategies of cerebral protection commonly used during CA for aortic arch surgery.
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INTRODUCTION

The introduction of straight hypothermic circulatory arrest (CA), at 20 °C or below, was the strategy that 
allowed the diffusion and the improvement of the results of the surgical repair of the aortic arch. The 
problem of cerebral protection was explored with attention, due to the relatively high incidence of 
neurologic dysfunctions (NDs), permanent neurologic dysfunctions (PNDs), or temporary neurological 
dysfunctions (TNDs). Slowly, cerebral perfusion (CP), retrograde cerebral perfusion (RCP) or antegrade 
cerebral perfusion (ACP), selective antegrade cerebral perfusion (SACP) or unilateral cerebral perfusion 
(UCP) was added to deep hypothermic circualtory arrest (DHCA) to increase the safe time of surgery and, 
at the same time, the confidence of surgeons.

Over time, the concept of increasing the temperature to reduce cardiopulmonary bypass (CPB) time was 
pursued and the temperature at which the circulation was stopped progressively increased, reaching 28°C 
[moderate hypothermic circulatory arrest (MHCA)] or even higher temperatures [mild hypothermic 
circulatory arrest (MiHCA)]. It was evident the necessity to add ACP as cerebral protection, because, at that 
temperature, the safe time for the brain is very short.

The temperature limits for CA definition have recently been set in a consensus paper[1]. The different grades 
of hypothermia were defined as profound (≤ 14 °C), deep (14.1-20 °C), moderate (20.1-28 °C) and mild 
(28.1-34 °C). Nevertheless, the definition of the intervals is not uniform and can generate 
misunderstandings.

Then, the strategies of cerebral protection are a mixture of temperature and CP. CA can be instituted at 
different temperatures (from 18-20 °C to 28 °C) using no CP, UCP (with/out direct cannulation of one or 
two arteries), SACP (direct cannulation of two or three arteries), or RCP. Whereas no cerebral perfusion 
(straight DHCA) or RCP is performed at low temperatures (18-20 °C), ACP can be performed at any 
temperature (from 18-20 °C to 30 °C).

The advent of CP separated the CA time into two parts, one related to the brain and the other to the lower 
body. The cerebral CA time can vary from 0 to the full CA time, while the lower body CA normally includes 
the full CA period. Recently, the possibility of perfusing the lower body through the femoral artery when a 
frozen elephant trunk (FET) is used, using a balloon as an occluder, has been proposed[2,3], but it is still 
under investigation.

A recent survey[4] showed that, in Europe, DHCA alone is rarely used (6% of the cases in acute aortic 
syndromes and 2% in chronic cases), bilateral SACP is used in 53% of acute and in 65% of chronic, UCP in 
38% of acute and 33% of chronic, RCP in 3% of acute and 0% of chronic. In one-third of the cases, the 
temperature was below 22 °C (till 15°) and in the remaining two-thirds included between 22 °C and 26 °C. 
Rarely the temperature was kept above 30 °C.

In the US, the STS database was analyzed in two different reports. In 7,830 chronic aortic pathologies, no 
CP was used in 32.7%, ACP in 43.0% and RCP in 24.3% of the patients. The temperature was on the low 
side, the highest median being in the ACP group (22.6 °C, 19.9-25.7)[5]. In 6,387 patients with ascending 
aorta dissection (AAD), no CP was used in 31.2%, ACP in 46.2% and RCP in 22.6% of the patients. Again, 
the temperature was on the low side, the highest median being in the ACP group (22 °C, 18.4-25)[6]. The STS 
database, although important to give an idea of the results, limits the possibility of analysis, as many data on 
the temperature were missing (27.5% and 28%, respectively), the definition of stroke was not clear[7], and the 
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caseload of many Centers was low, because more than 75% of the centers perform less than three aortic arch 
procedures per year[8].

The ideal cerebral protection during CA is still widely debated. Many reports compare different strategies, 
namely DHCA without ACP and MHCA with ACP, but in such a comparison, the increasing surgical 
experience can be as important as the surgical strategy[9]. It is possible that techniques now considered less 
appealing can actually yield superior results compared to the past. This can be attributed to improved 
knowledge, better materials, and enhanced surgical skills.

In this review, we will briefly describe the energetics of the brain, the mechanisms of neurologic 
dysfunctions, and the advantages and disadvantages of the strategies of cerebral protection commonly used 
during CA for aortic arch surgery.

ENERGETICS OF THE BRAIN
The brain has a high metabolic demand, accounting for 20% of the total glucose and 20% of the total oxygen 
consumed by the human body[10]. ATP, generated primarily by glucose metabolism, is the main energy 
source of the brain. Glucose enters the brain from the blood through the blood-brain barrier (BBB) by 
means of glucose transporters. Such capillaries are continuous and non-fenestrated vessels. Their 
endothelial cells (ECs), being tightly connected to each other, represent a limitation to paracellular transport 
across the endothelium[11]. The walls of capillaries are formed as well by mural cells, which include vascular 
smooth muscle cells, astrocytes and pericytes, which are embedded in the basement membrane and cover 
the blood-brain side of the endothelial wall with their processes[12] [Figure 1]. The membranes of ECs are 
then divided into two sides, with different membrane composition[13,14]. As molecules must pass two sheaths 
of membrane to enter or leave the brain, the role of the transporters located on each side of the cell 
membrane is crucial in controlling this movement. Some substances, such as glutamate, a neurotrasmitter 
that can be toxic ay high concentrations, can only be removed from the brain.

Glucose is transported to neurons and astrocytes. However, the presence of astrocytes endfeet that encircle 
blood vessels limits the capacity of the neurons to take up glucose directly. It is then possible that most of 
the glucose enters the brain through astrocytes[15,16] [Figure 2].

Once glucose enters the neurons, it can undergo the tricarboxylic acid (TCA) cycle in the presence of 
oxygen to generate ATP. When it enters the astrocytes, it can be metabolized through the TCA cycle or can 
undergo aerobic glycolysis, which is the production of lactate from pyruvate in the presence of oxygen, 
present in all the brain, even if not uniformly distributed[17], reaching 25% in specific regions[10]. Aerobic 
glycolysis and lactate production are typical of astrocytes and oligodendrocytes but are only marginally 
expressed in neurons[15]. Lactate obtained from aerobic glycolysis can be shuttled to neurons, where it is 
subsequently converted into pyruvate again, entering the TCA cycle. This shuttle hypothesis suggests that 
neurons use lactate, produced by astrocytes, as an energy substrate. Oligodendrocytes can transport 
lactates[18], produced by themselves or by astrocytes, to neurons through the myelin, or glucose, if necessary 
[Figure 2].

Astrocytes can store glucose as glycogen as well, serving as a metabolic reserve when glucose uptake is 
reduced or in stress conditions. Neurons can synthesize glycogen, which is, however, continuously 
degraded[19], as glycogen accumulation in neurons leads to neuronal demise[20,21]. Glycogen is rapidly broken 
down to lactate if neuronal activity is increased or glucose level is low. This mechanism becomes essential to 
maintain axon function. Glycogen stores are actively regulated by astrocytes according to glucose levels, 
upregulating glycogen stores if glucose level is high and depleting glycogen stores if glucose level is low.
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Figure 1. Endothelial cells and pericytes are separated by the basement membrane. Pericyte processes sheathe most of the outer side of
the basement membrane. At points of contact, pericytes communicate directly with endothelial cells through the synapse-like peg-
socket contacts. Astrocytic endfoot processes unsheathe the microvessel wall, which is made up of endothelial cells and pericytes.
Resting microglia have a "ramified" shape. In cases of neuronal disorders that have a primary vascular origin, circulating neurotoxins
may cross the BBB to reach their neuronal targets, or proinflammatory signals from the vascular cells or reduced capillary blood flow
may disrupt normal synaptic transmission and trigger neuronal injury (arrow 1). Microglia recruited from the blood or within the brain
and the vessel wall can sense signals from neurons (arrow 2). Activated endothelium, microglia, and astrocytes signal back to neurons,
which in most cases aggravates the neuronal injury (arrow 3). In the case of a primary neuronal disorder, signals from neurons are sent
to the vascular cells and microglia (arrow 2), which activate the vasculo-glial unit and contribute to the progression of the disease
(arrow 3). From Zlokovic with permission[11].

In summary, we can reasonably suggest that glucose metabolism provides, through the generation of ATP,
the energy, with different pathways, for physiological brain function, neuronal and non-neuronal cellular
maintenance, and the generation of neurotransmitters.

Glutamate, one of the most important neurotransmitters in the adult central nervous system, is stored in
synaptic vesicles, used by brain cells to store neurotransmitters in the cell cytoplasm[22]. Neurons exchange
signals through electrical depolarization, which induces these vesicles to fuse with the cell plasma
membrane, releasing the signaling molecules into the synaptic cleft in a process called exocytosis.

Strict homeostasis is crucial to ensure the beneficial effects of glutamate, maintaining glutamate in the
extracellular fluid at concentrations below their toxic range. Glutamate, after being released, is taken up by
surrounding astrocytes, stimulating glucose uptake and lactate production[23]. In the astrocytes, glutamate is
converted to glutamine and recycled to neuronal terminals, where it is converted again into glutamate to
restore the glutamate vesicular pool[24-26]. The remaining glutamate enters the TCA cycle in astrocytes after
conversion to α-ketoglutarate[24-26] [Figure 3]. Alternatively, when extracellular concentrations become
elevated, it can be transported inside the ECs by means of specific transporters[27]. If glutamate
concentration in the ECs becomes higher than plasma levels, it is moved into the bloodstream [Figure 3].
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Figure 2. Astrocyte-neuron-oligodendrocyte energy metabolism interactions. Glucose in neurons is primarily used for ATP production 
and is metabolized into lactate in astrocytes. The glucose transporters (GLUTs) mediate the transportation of glucose into cells. GLUT1, 
located in cerebral endothelial cells, transits glucose from the blood into the brain tissue. GLUT1 also mediates the entrance of glucose 
into astrocytes and oligodendrocytes. Glucose is transported into neurons via GLUT3. Monocarboxylate transporters (MCTs) and 
connexin (Cx) contribute to astrocyte-neuron-oligodendrocyte lactate transport. MCT1 and MCT4 in astrocytes release lactate, which 
diffuses into neurons due to the lactate gradient and is actively taken up by neurons via the MCT2. Additionally, MCT1 in the myelin 
cooperates with MCT2 in the axon to translate the lactate from oligodendrocytes to neurons. Therefore, glucose and lactate, together 
with their transporters, contribute to the astrocyte-neuron-oligodendrocyte energy metabolism interactions. TCA: Tricarboxylic acid; 
PPP: pentose phosphate pathway; LDH: lactate dehydrogenase. From Zhang et al., with permission[128].

Glutamate excitotoxicity appears when the neurotransmitter’s levels become elevated in the extracellular 
fluid[28]. This leads to an influx of Na+ and Cl- into the postsynaptic cell, causing intracellular 
hyperosmolarity, and influx of water into the cell, contributing to intracellular edema and neuronal death. 
Furthermore, glutamate stimulates glutaminergic receptors, but their excessive activation leads to the 
opening of Ca++ channels. Efflux of Ca++ into neurons, which activates plasmatic proteolytic enzymes, 
results in neuronal death via apoptosis or necrosis[29-31].

NEUROLOGIC DYSFUNCTION AFTER CIRCULATORY ARREST
NDs after circulatory arrest can be divided into two big groups[32]. The first one is characterized by 
interruption of the blood flow to a cerebral area due to embolism or thrombosis (type 1). The second one is 
characterized by patent cerebral vessels with damage intrinsic to neurons that die during circulatory arrest 
(type 2). This latter pattern can affect the whole brain (non-focal encephalopathy) or part of it (focal 
encephalopathy) and is directly connected to cerebral protection.

NDs can be then permanent or temporary. This division does not identify the underlying cause, but it holds 
significant clinical relevance. Acute occlusion of a cerebral vessel causes a stroke, a type 1 ND. If the effects 
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Figure 3. Homeostasis of glutamate in neurovascular unit. Glutamate is maintained at approximately 1 mM in the brain interstitial and 
cerebrospinal fluid (CSF); this concentration is more than 100 higher inside brain cells (~10 mM) and synaptic vesicles (~100 mM). This 
is due to the presence of Na+-dependent excitatory amino-acid transporters (EAATs) not only on neuronal (EAAT1) and astroglial cells 
(EAAT2 and EAAT3) but also on the brain vasculature (EAAT1, EAAT2, EAAT3). In the astrocyte, glutamate enters the tricarboxylic 
acid (TCA) cycle or is converted to glutamine by the enzyme glutamine synthetase. Glutamine is then released to the presynaptic 
neuron, where it is converted to glutamate and packaged into vesicles for further release. It seems evident that the uptake of 
extracellular glutamate into endothelial cells (EC) via EAATs is also an important step in glutamate homeostasis. When the endothelial 
glutamate concentration becomes higher than the blood glutamate concentration, glutamate is transported into the blood by XG- 
transporters that exist only on the luminal membrane in a position that facilitates blood excretion of glutamate from the brain. ECs may 
also utilize glutamate as an energy substrate. EC may catalyze the conversion of glutamate to α-ketoglutarate (α-KG) and enter the 
TCA cycle in the mitochondria to form pyruvate, which may then be converted to lactate in the cytosol and transported through 
monocarboxylate transporter 1 (MCT-1) in the luminal membrane to the blood. From Castillo et al., with permission[129].

disappear, it can be a type 1 TND and if persistent, a type 1 PND. Generalized seizures, for instance, can 
disappear after one or two episodes, leaving no residual damages, falling under the classification of type 2 
TND. Focal cerebral deficits can also be caused by focal neuronal death, featuring a type 2 PND. The 
diagnosis and the differentiation between types are often not easy, as they require cerebral angiography, 
which is typically a speculative procedure.

Type 1 NDs, temporary or permanent, are related to the patients and the disease and do not depend on the 
cerebral protection strategy. The main cause is embolism[33] from atherosclerosis or thrombi at sites of 
ascending aorta, aortic arch, aortic arch branches, aortic clamping, vascular anastomosis, and aortic or 
cerebral perfusion cannulation[34]. Cannulation for arterial inflow is the first surgical step that can cause 
cerebral embolism either at the moment of vessel manipulation or because of the modality of flow, as in 
retrograde flow through the femoral artery that can cause atherosclerotic emboli or cerebral malperfusion in 
AAD. Table 1 summarizes the different cannulation sites in acute and chronic pathologies.

Retrograde embolization is a well-known phenomenon strictly related to femoral artery cannulation. 
However, axillary arterial cannulation can also lead to atheroemboli if there is a lesion at the orifice of the 
brachiocephalic trunk. Nevertheless, it was shown by Kim et al. that, in patients operated on with moderate 
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Table 1. Arterial inflow in arch surgery

Type of cannulation Clinical 
presentation Advantages Disadvantages 

Antegrade flow

Before the AV

Transatrial cannulation of the LV[130,131] A Easy and immediate approach Cannot be performed in case of pericardial rupture 
the aorta cannot cross-clamped

Transventricular cannulation of the 
AAA[132,133]

A Easy and immediate approach Cannot be performed in case of pericardial rupture; 
the aorta cannot be cross-clamped; 
Cannulation of the true lumen can be difficult

After the AV

AAA cannulation[134] A,C Easy and immediate approach In AAD: 
Needs Seldinger technique with echocardiographic guidance; 
Difficulty is the dissection is circumferential

Direct true lumen cannulation 
“samurai” technique[135]

A Impossible to cannulate the false lumen Needs to put snares around the dissected distal AA; possible rupture of the 
dissected aorta; 
Needs a (short) period of severe hypotension; 
Possible bleeding around the snares

Epiaortic cannulation through the 

(A) Axillary artery A, C Unfrequently dissected Time-consuming;  
Often needs graft interposition; 
Size can be inadequate and wall can be fragile; 
Possible brachial plexus injury

(B) Innominate artery A, C Easy and immediate approach Can be dissected or atherosclerotic

(C) Carotid artery A Easy approach if common CA is used Possible atherosclerosis; 
Cerebral hyperperfusion?  
Can need a separate incision 

Retrograde flow

Femoral artery A, C Easy and quick access Can cause malperfusion or extend the dissection; 
Can provoke atherosclerotic emboli; 
Can be atherosclerotic and severely diseased

AV: Aortic valve; LV: left ventricle; A: acute; SAM: systolic anterior motion; MR: mitral regurgitation; AAA: ascending aorta aneurysm; C: chronic; AAD: ascending aorta dissection; CA: carotid artery.

hypothermia and ACP (UCP, isolated or with left common carotid artery (LCCA) perfusion), the use of axillary cannulation, if compared with other 
cannulation sites, was able to reduce marginally the prevalence of focal NDs (2.6% vs. 8.6%, P = 0.046), but substantially the prevalence of temporary NDs 
(1.7% vs. 10.3, P = 0.006)[35].
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ACP allows continuous cerebral perfusion throughout HCA; however, the manipulation of arch vessels 
(including dissection, clamping, or directly cannulation of the ostia of the arch vessels) can dislodge debris 
from the vessels or introduce air into the cerebral circulation, causing cerebral embolism. A study based on 
magnetic resonance imaging demonstrated that patients with no clinical symptoms had more embolic 
lesions after ACP than after RCP[36].

SACP can perfuse the brain during a period of CA, but the presence of moderate or severe atherosclerotic 
plaques inside the common carotid arteries can cause embolic strokes. The use of UCP needs manipulation 
of the origin of the brachiocephalic trunk and of the LCCA (both need to be clamped with possible 
fragmentation of atherosclerotic plaques, if present).

A major risk factor for non-focal encephalopathy, including generalized seizures and PND[37], is 
leukoaraiosis[32,38]. This term describes abnormalities of the white matter, appearing as patchy or confluent 
subcortical and periventricular hypodensity on computed tomography or hyperintensity on magnetic 
resonance imaging. These silent brain lesions are often seen in elderly patients with hypertension and 
diabetes, with or without a prior history of stroke or dementia.

The emerging widespread addition of FET during total arch replacement seems to increase the prevalence 
of postoperative NDs, mostly embolic in origin. Berger et al. reported a ND rate of 16.8% in 250 patients 
undergoing arch replacement for acute and chronic aortic pathologies[33]. The rate rose to 35.7% in patients 
undergoing arch replacement for chronic aneurysms. In all cases, moderate hypothermia and bilateral SCP 
were routinely used. In another clinical picture, where the procedure was performed at a rectal temperature 
of 20-25 °C (likely DHCA) and ACP (LSA was ligated), the stroke rate was 8.6%[39]. In three meta-analyses, 
the prevalence of stroke was 7.6%[40], 7.7%[41], and 7.1%[42], respectively.

Spinal cord injury (SCI) can be related to a lack of LSA perfusion or the use of FET with different 
mechanisms. Perfusing the LSA avoids malperfusion of the left vertebral artery (steal syndrome) but also 
allows to perfuse continuously the anterior spinal artery via cervical and left thoracic collaterals. There are 
pieces of evidence in human that ACP, including LSA perfusion, only partially perfuses the upper thoracic 
cord via collateral circulation from vertebral arteries, but blood flow by ACP does not reach the lower 
thoracic cord[43]. In an experimental setting, Etz et al. also concluded that ACP provides insufficient spinal 
flow below T8/T9[44]. A recent anatomical study[45] emphasized the necessity of perfusing the four suppliers 
of spinal cord (LSA, thoracic segmental arteries, lumbar segmental arteries, and internal iliac arteries) to 
avoid SCI.

SCI represents a major drawback of FET surgery. Berger et al. reported a prevalence of 1.2% after FET, but 
other studies reported higher prevalence rates ranging from 5.6% to 24%[33,39,43,46,47]. Three meta-analyses 
reported a prevalence of 4.7%[40], 3.5%[42], and 6.5%[41], respectively. Lower body CA duration represents a risk 
factor for SCI. In a small group of patients who underwent ACP at 28 °C and lower body CA > 60 min, 
paraplegia rose to 18.2% vs. 1.2% when lower body CA was 60 min or less[48]. Another important point is the 
length of the FET. If longer than 15 cm, extending beyond T8, it is a risk factor for SCI[40]. This was 
demonstrated experimentally as well[49]. In addition, proximalization of FET to zone 0 can reduce SCI, 
thereby reducing the occlusion of the intercostal vessels[50].

During lower body CA, it is important to recognize that cooling protects the lower spinal cord better than 
ACP[51].
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Cognitive decline has not been studied often, but it can occur in more than 20% of the patients who had no 
stroke by 7 days after extubation[34].

Delirium can be present alongside ischemic strokes[34]. However, when it comes to non-focal NDs, which 
have a multifactorial origin, determining whether delirium is an expression of encephalopathy poses a 
challenge. Nevertheless, its incidence can be as high as 36% in patients without postoperative stroke[34].

NEUROPROTECTION
Before circulatory arrest: straight DHCA [Table 2]
Reducing the cerebral temperature to 18-20 °C has been, in the past, the only way to protect the brain. The 
institution of deep hypothermia gave the possibility to repair the aortic arch, partially or totally. First 
proposed by Borst et al. in 1964[52], DHCA was, for a long time, and still is, a method used by many 
surgeons. EEG monitoring is not necessary, as it was demonstrated that most patients achieve EEG silence 
after 45 min of cooling when a nasopharyngeal temperature of 15-20 °C is reached[53].

The cerebral flow is roughly 50 mL per 100 gr[54] and the energy produced is mainly required to maintain 
Na+ homeostasis, which is largely governed by the Na+/K+- ATPase pump[55]. Hypothermia decreases 
cerebral blood flow, but also cerebral oxygen consumption, glucose utilization and brain metabolism, so this 
decrease is not harmful. Brain metabolism reduces by 5%-6% for every degree of decrease in temperature[56].

Hypothermia significantly reduces extracellular levels of excitatory neurotransmitters[57], the release of 
which is temperature dependent, as even mild levels of hypothermia exert an inhibitory effect[58,59]. Another 
mechanism by which hypothermia promotes the survival of neurons is through the interaction with glycine. 
Excitatory amino acids, through receptor activation, increase Ca++ influx into the cell. Some receptors 
require the presence of glycine to be activated[60]. Hypothermia significantly decreases brain glycine levels 
after ischemia, thus decreasing hyperexcitability by glutamate[61,62].

Straight DHCA has been shown to be a safe approach at many centers. Adding ACP or RCP to DHCA does 
not seem to add any advantage, at least in non-complex surgery[63]. In 490 patients, including total arch 
replacement and AAD, Ziganshin et al. reported a prevalence of stroke of 1.6%, 1.3% (6/478) if DHCA was 
< 50 min and 16.7% (2/12) if ≥ 50 min (this latter subgroup included only for the 2.4% of the cases)[64]. 
Damberg et al. demonstrated that, in elective non-dissected patients, 10-year survival after DHCA was not 
different from the normal reference population[65].

Neurocognitive function after straight DHCA was explored by Chau et al. in 33 patients who did not need 
DHCA and 29 who did[66]. The prevalence of patients who showed some cognitive decline was not related to 
DHCA (13/33 vs. 11/29, P = 1.00). In patients who needed DHCA, cognitive decline was not correlated with 
CA time. Nevertheless, only three patients had a CA time > 40 min and all experienced cognitive decline.

In a prospective randomized study on neurocognitive function in patients where DHCA, straight or with 
ACP or with RCP, was used, Svensson et al. found no neurocognitive advantage in adding ACP or RCP to 
DHCA[67]. On the contrary, straight DHCA patients performed better than RCP patients in 5 of 7 and better 
than ACP patients in 9 of 9 postoperative subscores. The same group[68], analyzing 403 patients who had 
undergone hemiarch or arch surgery, found that the ACP added to DHCA was a risk factor for 
neurocognitive decline at multivariate analysis.
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Table 2. Strategies of cerebral protection

T °C Strategy                                                                Cannulation sitea
                                              ACP                        RCP

AAA AA IA FA RCA LCA LSA SVC

14.0-20.0 Straight DHCA F U U F N N N N

w/out delayed rewarming

DHCA with ACP U Y U Y Y Y/Nb Y/Nb Y/N*

DHCA with RCP Y U U Y N N N Y

20.1-28.0 MHCA with ACP U Y Y Y Y Y/Nb Y/Nb Y/N*

MHCP with RCP** Y U U Y N N N Y

28.1-34.0 MiHCA with ACP U Y Y Y Y Y/Nb Y/Nb Y/N*

aThe list includes the commonest sites; bif not cannulated: the artery can be left open or can be clamped; *RCP can be used during the last minutes
for dearing; **is usually performed at a temperature of 22 °C or less. T: Temperature; ACP: anterior cerebral perfusion; RCP: retrograde cerebral
perfusion; AAA: ascending aorta aneurysm; AA: axillary artery; IA: innominate artery; FA: femoral artery; RCA: right carotid artery; LCA: left
carotid artery; LSA: left subclavian artery; SVC: superior vena cava; DHCA: deep hypothermic circulatory arrest; F: frequent; Y: yes; U: uncommon;
N: no; MHCA: moderate hypothermic circulatory arrest; MiHCA: mild hypothermic circulatory arrest.

DURING CIRCULATORY ARREST: CEREBRAL PERFUSION
Perfusion of the brain during CA was the answer to overcome the time limits that straight DHCA imposed 
to reduce the prevalence of NDs. Perfusion is established antegradely or retrogradely. In the first case, the 
temperature of CA progressively increased, and, in many reports, CA is performed to 26 °C or even more. 
In the case of RCP, the temperature is maintained as low as 18-20 °C.

Antegrade cerebral perfusion
ACP could be hemispheric (through the right axillary or subclavian arteries, or innominate artery) or 
bi-hemispheric (by adding LCCA perfusion). The LSA can be perfused or not. There is no consensus 
regarding appropriate levels of pressure and flow. Most Institutions apply a flow of 10 to 20 mL/kg/min, 
maintaining a pressure between 40 and 70 mmHg in the right radial artery or 60 to 70 mmHg in the carotid 
arteries[69,70].

Higher pressure ACP increases cerebral blood flow, but elevates intracranial pressure, causing post bypass 
cerebral metabolic rate of oxygen, and poorer neurobehavioral recovery[71]. Haldenwang et al., comparing 
various flow rates of ACP, showed that high-flow ACP significantly increases cerebral blood flow and 
intracranial pressure, but can result in cerebral edema with no cerebral metabolic benefit[72].

The advantage of ACP is that it can better meet the demands of brain metabolism, flush brain metabolic 
waste during ischemia, and better control brain temperature. ACP can be applied to higher temperatures, 
eliminating the need for deep hypothermia and related complications, and reducing pump time[73].

Drawbacks of ACP are mainly related to the manipulation of arch branch vessels, such as dissection, 
clamping, or direct cannulation of the ostia. Other possible drawbacks include the presence of many 
cannulas in the operative field and the possibility of malperfusion. An MRI study from Leshnower et al. 
showed that all patients who had MHCA + ACP (n = 9) showed a mean of 4 ± 3.5 diffusion-weighted 
imaging lesions per patient vs. 1.2 ± 2.1 in patients who had DHCA + RCP (P = 0.01)[36]. Moreover, few 
surgeons cannulate and perfuse all three vessels (innominate, LCCA, and LSA) and few surgeons occlude 
the LSA to prevent retrograde steal. An EEG study in patients who had MHCA + UCP showed that some 
patients experienced persistent loss of electrocerebral activity, with the possibility of adverse neurocognitive 
outcomes[74]. It was shown as well that, in patients with AAD where an aortic branch was dissected, they had 
more embolic strokes on the cerebral site of the dissected arch branch vessel[75]. Another point, difficult to 
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quantify, is that CP gradually declines with time and not uniformly within the brain, making certain regions 
more susceptible to ischemia[76].

Results of ACP with a variety of CA temperatures have been widely explored. The ARCH database was used 
by Keeling et al. to report 3,265 patients undergoing total arch replacement (55% electively) with ACP and 
DHCA or MHCA[77]. Results were similar in propensity-matched patients (669 in each group), with a NDs 
rate of 17.5% in DHCA (8% permanent, 7.1% temporary, 2.4% SCI) and 18.2% in MHCA (7.8% permanent, 
7.1% temporary and 3.3% SCI). The same Authors[78] reported 2,008 cases of elective arch surgery using ACP 
from the same database. Most of the patients were operated on using MHCA and the length of ACP varied 
from < 40 min (53.4%) to ≥ 60 min (21.8%) to ≥ 90 min (6.6%). The overall NDs rate was 11.6% (5.1% 
permanent, 5.6% temporary and 0.9% SCI), increasing from < 40 min (9.7%) to ≥ 90 min (21.0%). 
Multivariate hierarchical regression for moderate hypothermia shows that ACP was safe till 80 min, longer 
than the 65-min CA time demonstrated safe in experiments on pigs[49].

This concept was questioned by Hughes[79], who underlined that the lack of clinically evident NDs does not 
reflect the safety of the procedure. The GOT ICE was a randomized study that included detailed 
neurocognitive testing and anatomic and functional neuroimaging. It demonstrated that, after total arch 
replacement using ACP and three different temperature groups (≤ 20 °C, 20.1-24.0 °C and 24.1-28.9 °C), 
there was no difference in clinical outcome. However, cognitive function began to decline when HCA with 
ACP lasted > 35 min, suggesting this to be the true safe duration of HCA with ACP. Finally, the study 
showed the association of short durations of HCA with significant postoperative reductions in cerebral gray 
matter volume, cortical thickness, and regional brain functional connectivity. These findings were 
significantly associated with neurocognitive deficits in verbal memory and attention/concentration. 
Structural verbal memory showed a significant decline in high MHCA group compared with DHCA group 
(P = 0.03).

Anatomy of Willis’ circle
Unilateral perfusion of the brain through the right axillary artery in combination with DHCA or MHCA is a 
strategy commonly used in surgical repair of the aortic arch. The contralateral brain is perfused correctly 
only if the circle of Willis works well. A study on 250 cadavers and 250 patients undergone brain angio-CT 
found that in 58.6% of the cases, there were anatomic conditions for left cerebral hemisphere 
hypoperfusion[80]. As part of the standard preoperative assessment, extracranial and transcranial color-coded 
duplex sonography was conducted on 391 patients scheduled for elective arch surgery. UCP could be 
defined as safe in 72% of the patients, moderately safe in 18%, and unsafe in 10%[81]. This anatomic aspect 
seems not to translate into a worse cerebral outcome. Two recent pooled analyses, 3,723 patients receiving 
bilateral CP vs. 3,065 patients receiving unilateral CP[82] and 1,894 patients receiving unilateral CP vs. 3,206 
patients receiving bilateral CP[83], showed no difference in the rate of PNDs, in agreement with a recent 
propensity-matched analysis suggesting no neurological benefit of bilateral over unilateral CP in elective 
aortic arch surgery[84]. It is possible that bilateral and unilateral CP entail a similar ND rate as the former can 
reduce cerebral damages due to hypoperfusion, but can increase the rate of embolic ND due to epiaortic 
vessels manipulation[81]. On the other side, Angeloni et al. observed an increased rate of mortality in UCP 
during circulatory arrest times exceeding 30 min[82]. Jiang et al., in 595 patients with AAD, found that 
patients who received unilateral (n = 276) compared with bilateral CP (n = 319) showed higher rates of NDs 
(17.8% vs. 9.4%, P = 0.002), in particular permanent (8.0% vs. 2.8%, P = 0.005)[85]. These findings were not 
confirmed by a meta-analysis from Taosudis et al. and a report by Song et al., who found no difference in 
NDs, permanent or temporary, between the two strategies[86,87]. On the contrary, Piperata et al., in patients 
operated on for AAD, found a lower rate of permanent NEs where unilateral CP was used (4% vs. 14%, 
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P < 0.001, in matched patients). The problem is not yet completely solved[88].

The left subclavian artery and spinal cord injury
The progressive increase in the temperature of hypothermic CA raised the problem of spinal cord 
protection. The question was if CP during MHCA was enough to avoid SCI or if DHCA was the most 
reliable tool against spinal cord ischemic damage.

The vascularization of the spine depends on several arteries. Among the epiaortic trunks, the most 
important is the subclavian artery by means of the anterior spinal artery (branch of the vertebral artery), the 
deep cervical artery (branch of the costocervical trunk), the anterior intercostal arteries (branches of the 
internal thoracic artery) that fully anastomose with the posterior intercostal arteries. Not all the posterior 
intercostal arteries come from the descending aorta, as the first two comes from the supreme intercostal 
artery, the first branch of the costocervical trunk. In general, cord vascularization is assured by many 
arteries of different caliber that anastomose each other to maintain a sufficient nutrient flow. However, the 
possibility of steal exists if a low resistance pathway is opened. In the case of CA, the LSA can be not 
perfused and not clamped, can be clamped and not perfused, or can be perfused. In all these circumstances, 
steal happens. In the first option, it is evident. In the second one, there is a modest flow to the cervical cord, 
but the thoracic and lumbar cord remain progressively without flow (the flow from the internal thoracic 
artery to the posterior intercostal arteries via the anterior intercostal arteries goes into the empty descending 
thoracic aorta). In the third option, vascularization of the cervical cord is assured, but steal still exists for the 
thoracic cord. Maintaining the LCA open can not only reduce spinal cord perfusion, but also cause 
hypoperfusion of the left cerebral hemisphere due to the steal of blood through the left vertebral artery into 
the empty arch.

In 18 patients undergoing total aortic arch replacement and SACP of the three epiaortic trunks, brain and 
spinal cord oxygen saturation levels using near-infrared spectroscopy at the forehead and along the mid-line 
of the back at the T3 and T10 levels were investigated[51]. When CA started (tympanic temperature lower 
than 25 °C), a rapid decline of the oxygen saturation in all levels was observed. After ACP was instituted, the 
oxygen saturation levels increased in the forehead and remained partially elevated at the upper thoracic level 
(T3), but continued to decline without recovery at the lower thoracic level (T10). The authors concluded 
that during CA, the upper thoracic spinal cord via collateral circulation from vertebral arteries is partially 
perfused by ACP, but the lower thoracic cord is not. Then cooling is more protective against SCI than is 
ACP. Even if surgeons are aware that both the circle of Willis and the feeding arteries of the spinal cord are 
highly variable, detailed preoperative imaging to identify anomalies is rarely performed, although 
postoperative SCI remains a possible complication after complex aortic repair[89], as nowadays we have no 
accurate modality to monitor spinal cord perfusion both intraoperatively and postoperatively when warmer 
temperatures during hypothermic CA are used for long intervals.

Retrograde cerebral perfusion
RCP can provide only partial perfusion of the brain and is therefore insufficient to sustain cerebral 
metabolism. The presence of valves in the internal jugular vein prevents a significant amount of blood from 
reaching the brain[90]. Then, it is not safe to increase the temperature of CA over 20 °C. RCP can help flush 
solid particles and air bubbles from the arteries, thus reducing embolic phenomena. However, even during 
normothermia, most RCP blood is shunted away from capillaries, and this shunting is increased during 
deep hypothermia as arteriovenous and veno-venous shunts open[91,92]. It has been demonstrated 
experimentally that most of the blood was shunted to the inferior vena cava and less than 1% returned to the 
aortic arch. Moreover, in humans, more than 20 direct veno-venous anastomoses have been described[92].
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Even with these drawbacks, clinical results are in general good[93-96]. Results of DHCA associated with RCP 
in hemiarch replacement (n = 500) have been recently reported by Brown et al. in chronic and acute aortic 
pathologies[94]. Stroke rate was 2.6% vs. 6.8% in chronic and acute settings, respectively. CA time was 
15(12.0-20.0) vs. 24.5(20.0-30.0) min (P < 0.001). Tanaka et al. reported 1,443 patients (non-AAD 67.5% and 
AAD 32.5%) operated on DHCA and RCP. Overall stroke rate was 7.8% (4.5% vs. 14.6%), with a median CA 
time of 23(17-35)[95]. The Authors concluded that the safe time for RCP was 30 min. The same team, 
however, reported in a previous paper that the stroke rate in patients with > 40 min of RCP was very low, 
1.7%[93].

Neurocognitive decline was investigated in a randomized controlled trial by Harrington et al., who found 
that adding RCP to DHCA is associated with a high incidence of neuropsychometric deficits despite the 
absence of clinical deficits[97]. Differences between DHCA with ACP or RCP (60 patients, 30 in each group) 
were explored by Okita et al., who found similar PNDs, but higher TNDs in patients where RCP was added. 
There was no difference in neurocognitive tests[98].

AFTER CIRCULATORY ARREST: DELAYED REWARMING
The rationale behind the use of delayed rewarming (DR) after straight DHCA is strictly related to brain 
energetics.

As previously stated, a good part of the glucose enters the brain through astrocytes[15,16] [Figure 1], from 
where it moves to neurons as lactate that, after being converted into pyruvate, enters the TCA cycle. 
Oligodendrocytes can transport lactates[18] produced by themselves or by astrocytes, or glucose, if necessary, 
to neurons through the myelin [Figure 1]. Astrocytes store glucose as glycogen as well, an energetic reserve 
for the brain metabolism when glucose uptake is reduced or in stress condition.

Glutamate, released into the synaptic cleft in a process called exocytosis, is the main neurotransmitter in the 
adult central nervous system. Glutamate, after being released, is taken up by surrounding astrocytes, is 
converted to glutamine, and then is recycled to neuronal terminals, where it is converted again into 
glutamate to restore the glutamate pool[24-26].

In the absence of ischemia or hypoxia, subjecting astrocyte cultures to deep hypothermia and rewarming 
leads to a significant elevation of extracellular glutamate concentration[99]. This in vitro observation may 
offer an explanation to the speculations[100,101] made in previous clinical observations that extracellular 
excitatory amino acid concentration could be related to the increased neuronal damage observed after large 
temperature changes. During deep hypothermia and after rewarming, the level of extracellular glutamate 
continues to increase dramatically, even in the presence of normoxia, with a progressive decrease in 
glycogen in astrocytes[99]. It is then possible that, in normoxic conditions, astrocytes subjected to deep 
hypothermia and subsequent rewarming have a reduced capacity to produce energy via their oxidative 
phosphorylation and must then rely more on glycolysis[99]. The reduction in glycogen content decreases 
glycolysis activity, which inhibits glutamate uptake via the Na+-dependent glutamate transporter in cultured 
astrocytes[102].

The excessive amount of glutamate in the extracellular space has been suggested to be one of the 
determining factors involved in postoperative neuronal dysfunction in patients after CA. Mechanisms of 
cold and rewarming injury involve intracellular Ca++ accumulation mediated by receptors activated by 
glutamate excess[103] (glutamate excitotoxicity).
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A strategy to overcome this metabolic deadlock was experimentally proposed by Ehrlich et al., who 
suggested to start rewarming after a period of cold perfusion at 20 °C after DHCA[104]. After circulatory 
arrest, astrocytes cannot simultaneously supply neurons with lactate and maintain extracellular glutamate 
levels low, as their glycogen reserves become exhausted. If the circulation resumes at a consistently low 
temperature, astrocytes have the ability to replenish their glycogen stores by uptaking glucose from the 
blood, during a period when neuronal metabolism remains unaffected by higher temperatures. Astrocytes 
can then remove glutamate from the extracellular fluid, eliminating the danger of neuronal death, and send 
lactate to neurons for their metabolic needs. When rewarming starts, glutamate in the extracellular fluid has 
been removed and metabolic reserves restored. In general, all organs can benefit from a period of cold 
perfusion before rewarming to re-establish their nutrient stores.

In a clinical setting, Di Mauro et al. found that DR (defined as 10-min cold reperfusion before rewarming) 
after DHCA was able to maintain a low NEs prevalence (1.6%) if CA time was ≤ 40 min in a mixture of 
surgery for acute (48%) or chronic (52%) aortic disease[105]. Similar results were reported by Calafiore et al. in 
elective patients operated on with straight DHCA and DR[106].

COMMENT
Many surgeons abandoned DHCA (with/out ACP or RCP) in favor of MHCA with ACP, showing better 
results that are more related to increased experience than to better cerebral protection, but there is no doubt 
that any technique, in experienced hands, can provide stable and good results. Moreover, the interpretation 
of comparative studies between strategies used in different periods is not easy to perform, and often, the 
degree of hypothermia is not a risk factor for postoperative NDs.

The advent of ACP allowed the diffusion of arch surgery outside specialized Centers. However, the 
technique is not perfect. Surgically delivered ACP is not comparable to physiologic delivered flow to the 
brain in the native state. The flow can be too high and unbalanced, such as when the innominate artery 
alone is perfused, sometimes adding the LCCA, rarely the LSA. This non-physiologic blood flow can have 
consequences, such as reduced focal metabolism and localized brain edema[107].

The rate of NDs after CA is the fruit of a compromise between the strategy of cerebral protection and the 
manipulation of the arch or of the epiaortic vessels we must work with. However, it is clear that clinical 
evidence is inconclusive, as brain imaging detects more events and neurocognitive tests, repeated at 6 
months after surgery, provide us the possibility to better evaluate the damages related to the surgical 
procedure. Svensson et al., in a prospective randomized trial including 121 patients who had total arch 
replacement under DHCA with ACP or RCP, found that 29 patients (24%) experienced clinical NDs, 
cortical infarcts or deep white or gray matter changes on brain imaging, or neurocognitive changes, without 
difference between groups[108].

Another point of interest, not very clear in the literature, is how long a CA has to last, even for a complex 
arch surgery. The STS database, which includes Centers with different volumes, showed that in 7,830 
chronic cases, the median CA time was 25.8 min (16.0-30.0)[5] and in acute cases 31 min (23.0-43.0)[6]. Lau et 
al., in 1,043 cases where DHCA + RCP was used, reported a mean CA time of 25.8 ± 11.4 min, 50 min or 
longer in only 4.8% of the cases[109]. Damberg et al. reported a CA time of 29.7 ± 8.8 min using straight 
DHCA[65]. Pearsall et al., in 307 patients who underwent hemiarch surgery, reported a median CA time of 11 
min (9-15)[110]. Calafiore et al. reported a median CA time of 24 min (19-32) in patients who had undergone 
hemiarch (51%) and total arch (49%) replacement[106]. All these data show that the great majority of arch 
surgery is performed within 40 min of CA time and almost all procedures can be accomplished within 
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50 min. It is noteworthy that the STS database, even if collecting data from low-volume Centers as well[8], 
reports very low CA times. Even if it can happen to face complex and unexpected surgical situations that 
deserve longer CA time, it is difficult to understand routine CA times longer than 60 min, as reported by 
some Authors[34,111]. Given that aortic arch typically necessitates a CA time of 40 min or less in the majority 
of cases, waiting for randomized controlled trials (not easy to perform) is not a practical solution. Therefore, 
each surgical team has to devise its own strategy and operate accordingly, systematically analyzing and 
addressing any emerging issues as they arise.

The literature shows that neurological outcome is not related to the temperature. Recently, two papers 
analyzed the STS database to evaluate the incidence of NDs after circulatory arrest. Seese et al. reported 
3,898 patients who underwent elective hemiarch replacement with a median CA time of 19(14-27) min and 
a median temperature of 24.9 °C (22-27.5)[112]. All of them had ACP, but without specific details. They found 
that CA time was longer in patients where the nadir temperature was ≤ 20 °C. Overall prevalence of NDs 
was 4.2% (3.9% PND and 0.3% TND), 1.8% had encephalopathy, 0.3% SCI and 6.1% any ND. The adjusted 
analysis showed that the neurologic and hemiarch composite outcome was similar independently from the 
temperature, whereas early mortality was lower in the higher temperatures, reflecting possibly a lower 
technical difficulty. A similar study was performed from the same database by Ghoreishi et al., who reported 
8,937 who underwent repair for AAD[113]. Stroke prevalence was 13%. Straight DHCA was used in 29% of the 
patients and was not a risk factor for postoperative stroke. Similar results were obtained by the German 
Registry for AAD, where stroke prevalence was 9.5% and multivariable analysis showed that additional CP 
techniques did not add to straight DHCA[114].

Other aspects of arch surgery are still unanswered. Bleeding is often considered a complication of deep 
hypothermia. However, it is often the consequence of a long operation with multiple sutures. In a 
multicenter study, where straight DHCA was compared with MHCA with ACP[106], the rate of re-
exploration for bleeding was similar. The same outcome was reported by other Authors[115]. 24-h bleeding 
was also similar, as reported by many Authors[106,116]. Others analyzed patients operated on with MHCA and 
MiHCA and did not find any difference in re-exploration for bleeding[117]. Even if it is possible to find 
conflicting results in the literature[118], good outcomes can be obtained with a careful strategy, independently 
from the temperature reached during surgery.

The effects of HCA on the kidney are widely studied. Even if lowering the temperature seems to be 
protective for renal function, the prevalence of acute kidney injury (AKI) or the need for temporary dialysis 
does not reflect this assumption completely. In conventional cardiac surgery, the prevalence of AKI, 
regardless of its severity, can range from 50%[119] to 81.2%[120], even if there are possible differences due to 
AKI definitions. Following the STS definition (3-fold increase in creatinine level, creatinine level > 4 mg/dL, 
or requirement for dialysis), in 3,889 patients operated on without HCA, AKI prevalence was 2%, 71% of 
whom needed dialysis. Nevertheless, even mild AKI has been found to be a risk factor for all-cause 
mortality[121]. In patients where HCA was used, many Authors found that temperature was not a risk factor 
for AKI or dialysis[118,122-125]. Amano et al. reported a prevalence of AKI of 26% and a need for dialysis of 8.6% 
in 191 cases operated with MHCA for AAD[126]. Multivariable analysis showed that increased lower body 
ischemic time was a risk factor for AKI. On the other side, a meta-analysis from Cao et al. showed that 
MHCA reduced the incidence of AKI and dialysis if compared with DHCA[127]. Opposite results were found 
by our group[106], where MHCA was a risk factor for dialysis at weighed logistic regression and the incidence 
of any AKI was 16.9% in DHCA group and 47% in MHCA group, respectively.
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CONCLUSION
Cerebral protection during arch surgery is still a work in progress. The issue is complex, both in terms of 
pathology (chronic aneurysms or dissections) and respective surgical strategies, which can be different 
according to the anatomic presentation. It is then important that surgeons have in their armamentarium 
many strategies of cerebral protection, choosing to perfuse or not the brain, the level of hypothermia, and so 
on, to fit different surgical scenarios. Lacking randomized controlled trials, rarely performed and often with 
a limited number of patients, the most important surgical aspect is the experience of the single team. We, 
after having used RCP and ACP, came back to straight DHCA with DR, as we found very attractive the 
concept of energy recovery before rewarming. But all the techniques described in this review are 
underpinned by a rationale, yielding high-quality results. Perhaps a definitive answer on the most efficient 
strategy will not be given, at least in the next years, but we have to recognize that the enormous progress 
that arch surgery made in the last decades allowed the widespread diffusion of such a complex surgery, not 
anymore confined in selected Centers. Nevertheless, we suggest that, at least in chronic patients, it is 
advisable to have a better preoperative knowledge of cerebral perfusion (CT or MRI angiography) in order 
to discover silent conditions predisposing to thrombosis or embolization and, if necessary, to adapt a 
specific cerebral protection strategy, if necessary.
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