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Abstract

The evolution of autologous breast reconstruction is marked by significant technological advancements aimed at
enhancing surgical outcomes. This review explores the current limitations and inherent challenges in standard
practices of autologous breast reconstruction and highlights the potential benefits of the latest technological
innovations. It addresses key aspects that stand to gain from improvements in surgical training and perioperative
patient care, with a particular focus on preoperative planning, intraoperative techniques, and postoperative
monitoring. The transformative potential of these technologies is poised to significantly improve patient outcomes,
optimize surgical efficiency, and advance surgical education.

Keywords: Artificial intelligence, Al, technology, breast reconstruction, plastic surgery, surgical education, 3D
printing

INTRODUCTION

Breast cancer is the most prevalent malignancy among women and remains the leading cause of
cancer-related mortality in this demographic'”. Nevertheless, the emergence of improved and effective
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treatments has notably increased survival rates for breast cancer patients, consequently shifting the
treatment paradigm from focusing on mortality reduction to enhancing quality of life”. Evidence has
shown that women who undergo surgical resection without reconstruction report more negative
perceptions of body image, lower self-esteem, and increased feelings of anxiety postoperatively”. In this

[3]

regard, breast reconstruction has offered patients the opportunity to improve their quality of life®.

Among the various reconstruction techniques, autologous breast reconstruction is frequently preferred by
patients, owing to its natural appearance without the use of prosthesis”. Autologous breast reconstruction is
especially appreciated for its advantageous use in adjuvant radiation therapy and its ability to better match
the contralateral native breast in unilateral reconstructions. This approach is also often preferred over
implant-based reconstruction due to a better complication profile, including less capsular contracture,
infection, and the potential future need for implant replacement'®.

Despite its benefits, however, autologous reconstruction is not without limitations: Autologous breast
reconstruction-commonly performed with a deep inferior epigastric artery perforator (DIEP) flap-is a
technically difficult and lengthy procedure associated with the risk of complications, such as hematoma,
skin necrosis, and notably, donor site morbidity. Currently, there has been a trend toward
perforator-to-perforator DIEP to minimize donor site morbidity, which underscores the necessity for

enhanced imaging, refined robotics, and more intricate technological advancements'*®.

Recent technological advancements demonstrate remarkable applications in three crucial aspects of
perioperative in autologous breast reconstruction, namely: (i) preoperative planning; (ii) intraoperative
technique; and (iii) postoperative monitoring. Concurrently, the evolution of surgical techniques demands a
corresponding adaptation in educational methods to address increasing surgical complexity. This article
aims to review and discuss the latest advances in technology and their application in autologous breast
reconstruction, highlighting recent developments and their utility in perioperative management and
surgical education [Figure 1].

PREOPERATIVE PLANNING

Background

Autologous breast reconstruction most frequently utilizes abdominally-based flaps, such as the
aforementioned DIEP flap. Variations in perforator anatomy increases the complexity of these procedures,
increasing operative time as well as the risk of intraoperative errors and postoperative complications'.
Preoperative evaluation of flap and perforator selection is, therefore, key to optimizing patient outcomes
and efficiency in the operating room.

Inadequate perforator selection can lead to postoperative complications such as hematoma, thrombosis, fat
necrosis, and complete flap loss. Current methods of preoperative evaluation herald MRI angiography
(MRA), CTA, and Doppler ultrasound as the gold standard. However, postoperative complications still
occur relatively frequently even with the use of these preoperative imaging modalities”. In addition, the use
of standard preoperative evaluation methods results in changes in surgical plan intraoperatively in nearly
25% of cases, which prolongs operative time, increasing the risk to the patient and financial burden"*.
Recent advancements in 3D printing, augmented reality, and artificial intelligence have been applied to
autologous breast reconstruction to address these limitations to improve complication risk and optimize
efficiency in the operating room"" "),
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Figure 1. Framework of application of technological advancements in autologous breast reconstruction.

3D printing

While various preoperative techniques like CTA, MRA, and Doppler ultrasound are available for flap
perforator mapping, CTA with 3D reconstruction remains the most commonly used”. Preoperative
imaging has the advantage of meticulous perforator selection prior to incision, which can reduce flap
harvesting and operative times while lowering complication rates. However, the utility of CTA 3D
reconstructed imaging is somewhat limited as it is typically visualized on a two-dimensional monitor'.
Recent advancements aim to address this limitation by enhancing the visualization of perforators in
three-dimensional space.

Patient-specific 3D-printed models have shown potential in improving visuo-spatial understanding of flap
anatomy. A study by DeFazio et al. compared 3D-printed models [Figure 2A] and interpretations of CTA
imaging against operative findings. 3D-printed models accurately matched intraoperative findings in
perforator number, source vessel origin, and branching patterns, while CTA interpretations were less
accurate”. The precision of 3D-printed models, with a marginal error averaging less than 1 mm compared
to over 8 mm in CTA, led to a 20 min reduction in flap harvesting time". Another prospective study
assessed the use of 3D-printed flap templates in DIEP and MS-TRAM flap breast reconstructions. These
templates, designed with perforator location indicators, proved as accurate as conventional methods, and
significantly reduced intraoperative perforator identification time by over 7 min"".

In a retrospective study, Ogunleye et al. compared 3D-printed models with CTA scans for preoperative
planning, reinforcing the notion that 3D models can shorten harvesting time and decrease intraoperative
adjustments"”. While no significant differences in clinical outcomes were detected due to inadequate power,
reconstructions using 3D-printed models showed lower rates of flap take-back. However, the impact of
3D-printed flap models on clinical outcomes is not well-documented and may be subject to bias due to the
challenges in conducting blinded studies.
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Figure 2. Preoperative planning. (A) Use of 3D model of epigastric perforators as a template for preoperative markings'; (B) Projection
of epigastric perforators onto patient abdominal wall"”".

Despite their benefits, 3D-printed models for preoperative planning are not without limitations, including
cost, the use of a single material, and the exclusion of certain anatomical structures in earlier models®™'!. A
proof-of-concept study by Jacobson et al. addressed this by combining voxel-based and mesh-based
modeling to create a more complex and accurate 3D-printed model of DIEP flaps, incorporating relevant
anatomical structures such as the rectus abdominis muscle, intra- and extra-muscular vessels, and a
geometric grid oriented around the umbilicus for anatomic localization of perforators*. This hybrid model,
which accurately represented perforator locations compared to intraoperative findings, provided insights
that often differed from those based on interpretations of CTA imaging"*.

In summary, 3D-printed models offer significant added advantages over traditional preoperative imaging in
autologous breast reconstruction. However, their application is still in its nascent stages and has not yet
been widely adopted. Future research, including large-scale studies and cost analyses, is essential to establish
these techniques as a standard of care. Furthermore, the utility of anatomically complete 3D-printed DIEP
flaps in clinical practice remains an unexplored area*',

Augmented reality

AR is a novel and expanding technology that overlays digital information onto the real-world environment.
Applications of AR are becoming increasingly popular in surgery as they can improve the visualization of
anatomical structures by superimposing radiographic imaging onto the patient in real time. AR also
circumvents difficulties associated with 3D printing modalities and their need to be extrapolated to the
patient on the table. AR’s direct perioperative applicability by surgeons marks a significant technological
advancement.

To effectively integrate AR into clinical practice, its virtual projections must closely align with the patient's
anatomy. Cholok et al. validated the spatial congruence of AR projections with 3D-printed anatomical
models using the Microsoft HoloLens (Redmond, WA) technology"®. While they observed minor statistical
differences in translational displacement and axial rotation between the 3D models and virtual projections,
the overall scale of projection was accurate. This suggests that AR can reliably localize complex,
patient-specific anatomy during DIEP flap dissection".

Provided that AR projections can match spatial fidelity with patient anatomy, it is essential to determine
their feasibility and practicability in clinical practice. In a Danish case series involving five patients, AR was
used preoperatively to superimpose virtual projections over patients’ abdomen, identifying and mapping
perforators in comparison to ultrasound localization”. Using the HoloLens, these projections were then
tagged, enalbing freedom of movement during the dissection. In four out of five cases, the point for which
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the DIEA perforated the anterior fascia matched perfectly with the virtual overlays. The time required for
perforator tracking with AR was comparable to Doppler examinations, underscoring AR's potential utility

in surgical planning"?.

Assessing AR's clinical utility, Hummelink et al. found that AR projections [Figure 2B] significantly reduced
operative time and improved the accuracy of perforator identification compared to Doppler ultrasound"”.
The study reported a reduction of over 17 min for perforator mapping and 19 min in flap harvesting time in
the AR group. Additionally, the AR model correctly identified 61.7% of perforators, compared to 41.2% in
the Doppler group. However, the study lacked sufficient power to detect differences in complication rates"”.

Current research demonstrates the proof-of-concept and non-inferiority of AR-assisted perforator
identification and selection in autologous breast reconstruction">'*'”, Future studies are imperative to
further explore AR's impact on clinical outcomes and assess its cost-effectiveness for broader
implementation in routine breast microsurgical practice.

Artificial intelligence

Artificial Intelligence (AI) in surgical planning is a rapidly evolving and promising technological
advancement in breast reconstruction. One example of its powerful application is its use in preoperative
imaging. Given that imaging analysis for perforator selection is both labor-intensive and time-consuming,
integrating AI and machine learning processes such as convolutional or deep neural networks into this
process presents a viable solution. This integration could enhance time and cost efficiency while minimizing
observer bias and human error in image interpretation.

Traditionally, MRA and CTA analyses for perforator selection rely heavily on the expertise of technicians
and radiologists. The incorporation of Al into this process could streamline preoperative planning and
reduce the likelihood of error. A prospective study involving 40 patients undergoing DIEP flap
reconstruction demonstrated that semi-automatic identification of perforators from CTA images, facilitated
by computer vision AI and machine learning, saved approximately two h of preoperative planning time
compared to manual analysis"®. While the number of localized perforators was similar in both approaches,
the AT technique showed reduced error in perforators larger than 1.5 mm in caliber. However, it also
indicated a slight increase in error for smaller perforators, though these discrepancies were not clinically
significant and did not impact surgical technique"®.

The utility of Al extends beyond perforator selection, offering the potential for automated, preemptive
screening of patients for significant postoperative complications. Flap failure, while rare, is a significant
complication of autologous breast reconstruction and is challenging to predict due to the absence of clear
individual risk factors"”. O’Neill et al. developed a multifactorial ML algorithm that stratifies various patient
and treatment factors into risk categories for flap failure. Analyzing a retrospective cohort of 1,012 DIEP
flap breast reconstructions, the model identified four high-risk subgroups based on BMI, comorbidities, and
surgical history with high specificity for predicting flap failure. While the study size was smaller than
typically recommended for high predictive power in ML, resulting in lower-than-expected sensitivity, it lays
the groundwork for future research in applications of AI"*. This represents a proof-of-concept for an ML
program that could screen high-risk patients for flap failure, which in turn could allow surgeons to
pre-emptively consider alternative reconstruction options.

Looking ahead, with adequate preoperative and postoperative data, the combination of established methods
with ML and computer vision AI could be harnessed to analyze the characteristics of perforators and
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associated complications®"”. This approach could enable the learning and selection of perforators that
optimize clinical outcomes'?.

INTRAOPERATIVE INNOVATIONS

Background

There are various intraoperative targets for optimizing outcomes in breast microsurgical reconstruction,
including advancing surgical techniques and improving methods for evaluating successful flap perfusion.

DIEP flap reconstruction has been associated with significant donor site morbidity, with potential
complications such as abdominal wall herniation, chronic pain, and weakness. This is in part due to the
large incision through the rectus fascia to dissect the vascular pedicle, which can potentially be minimized
using minimally-invasive techniques”’. Previous attempts employed technologies like the Da Vinci robotic
system, but fell short due to lack of suitability for meticulous microsurgical procedures. As the realm of
biotechnology expands, robotic platforms specific to microsurgery will enable optimization of techniques,
providing new opportunities to improve breast reconstruction procedures”"*?.

Autologous breast reconstruction also carries the risk of fat necrosis and flap failure, which, despite recent
advances, still remains high in up to 14% of patients™. To prevent these complications, flap viability must
be accurately identified in the operating room. Currently, this is mainly accomplished using clinical
judgment and subjective evaluation of the flap, such as color, temperature, capillary refill, and bleeding.
While significant clinical experience confers some accuracy, clinical judgment alone falls short at times in
identifying inadequate flap perfusion®. Recent technologies to be implemented for flap perfusion
assessment include indocyanine green (ICG) fluorescence angiography and hyperspectral imaging
(HSI)Pr>>2),

Robotic-assisted microsurgery

Robotic-assisted surgery, initially popularized in visceral and urological surgeries, has now made significant
inroads into plastic surgery, including autologous breast reconstruction . Early adaptation of robotic
systems focused on their utility in harvesting free flaps. Roy et al. conducted a systematic review identifying
two primary robotic-assisted breast reconstruction procedures using the Da Vinci Robotic system
(Sunnyvale, California): a total of 240 DIEP and latissimus dorsi (LD) flap dissections were completed
between 2006-2022. They observed that the total operative time for both DIEP and LD robotic-assisted
procedures was, on average, 49 min longer than the reference data. However, the re-operation rate in
robotic-assisted surgeries was significantly lower. Additionally, preliminary data indicated reduced pain at
the recipient site and higher patient satisfaction scores (BREAST-Q tool) following robotic-assisted
harvest™. Paralleling these findings, Khan et al. reviewed 56 robotic-assisted DIEP flap harvest procedures
and noted decreased postoperative pain, shorter hospital stays, and improved patient-reported outcomes,
albeit with increased operative times and costs™. Multiple separate case series have reported successful
outcomes using the da Vinci Xi robot for robotic-assisted DIEP flaps with no flap failures or abdominal wall
donor site morbidity postoperatively”"*?. Robotic harvesting techniques are safe, reproducible, and feasible
in a daily hospital setting and offer benefits such as improved visualization, increased dexterity, greater
precision, and reduced surgeon fatigue due to better ergonomics””. However, conventional robotic systems
like the Da Vinci system were not specifically designed for microsurgery, particularly microvascular
anastomoses, as they are too large and robust, with suboptimal optics and magnification, and inability to

33,34]

scale movements precisely”**.

27-29
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Addressing the need for more specialized technology in microsurgery, two main robotic systems have come
onto the market: MicroSure’s MUSA (MicroSure, Eindhoven, Netherlands) [Figure 3A] and the MMI
Symani robotic platform (Medical Microinstruments, Pisa, Italy) [Figure 3B]. In a landmark procedure by
Innocenti et al.in 2021, the Symani platform was used for the first-in-human free flap tissue
reconstruction”. Both systems are designed to stabilize and scale down movements while filtering tremors.
Initially, microvascular anastomoses performed through robotic microsurgery were slower compared to
traditional methods. However, they allowed for precise micro-movements with minimal tissue
manipulation and made hard-to-reach anatomy more accessible™”. Barbon et al. demonstrated that despite
a steep learning curve, the time taken for robotic anastomosis eventually became comparable to that of
hand-sewn anastomosis after several procedures”. A significant advantage of robotic microsurgery is the
ability to scale motions down from 7-20 x, allowing the robot to function at a slower, more controlled
speed™. In addition, more recent advances have coupled the use of the MUSA system with a 4K 3D
exoscope, in place of a conventional microscope, allowing for improved visualization and ergonomics. This
is made possible using 3D polarized glasses and high-definition screens stationed around the surgical field
to allow the surgeon to operate with the robotic system without looking down through the oculars of a
microscope. Van Mulken et al. demonstrated the feasibility of this system in microsurgical procedures and
commended the ease and comfort of use, greatly improving the surgeon experience"”. However, due to the
novelty of these technologies, there is a dearth of high-quality, large-scale studies comparing robotic surgical
outcomes to conventional manual techniques®”.

It is evident that robotic-assisted autologous breast reconstruction has shown significant promise in
reducing complication rates and enhancing aesthetic outcomes, with minimal impact on anastomosis time.
Such advancements suggest that this approach may become a mainstay surgical modality in the future.

Indocyanine green-aided imaging and hyperspectral imaging

Indocyanine green (ICG)-aided imaging, though present for over a decade, continues to represent an
emerging innovation in autologous breast reconstruction. Utilizing the fluorescent properties of ICG dye,
this imaging technique assists in visualizing blood flow and tissue perfusion in autologous free flaps and
mastectomy skin during breast reconstruction”. ICG-aided imaging has also shown promise in enhancing
lymph node biopsy accuracy in melanoma, aiding lymphedema management, and monitoring various
microsurgical procedures”™ . Recent advancements have focused on optimizing ICG imaging parameters,
particularly in the near-infrared window II (NIR-II, 1,000-1,700 nm), to enable deeper and more detailed
perfusion analysis“”. For example, Proulx ef al. introduced a novel ICG formulation optimized for imaging
outcomes, specifically targeting lymphatic vessels, which could facilitate concurrent lymphatic
reconstruction and reduce lymphedema risk during autologous breast reconstruction. Building upon
these findings, Pruimboom et al. worked on optimizing factors for enhanced ICG use in flap surgery,
including standardizing working distance, sensor angle, and pharmacology™. However, a limitation of ICG
is that the identification of poorly perfused areas relies on subjective, qualitative evaluation of fluorescence
intensity. Further advancements are geared toward quantifying the data, with several studies illustrating
time-related parameters for predicting perfusion in free flaps following microvascular anastomosis and the
quality of mastectomy skin flaps'* .

In addition to quantitative analysis, a recently described innovation integrates Al, specifically computer
vision, into ICG perfusion studies. This specialized computer software is equipped with a video-tracking
algorithm and designed to analyze ICG tissue data, offsetting variables such as user movements and patient
artifacts, including respiration. The software captures and interprets various pixel ICG intensities over time
and transforms this data to automatically label and characterize tissue quality"***". This AI application could
be further utilized in autologous breast reconstruction to assess perfusion and potentially detect
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Figure 3. Intraoperative innovations. (A) MicroSure’'s MUSA robotic platform (MicroSure, Eindhoven, Netherlands)®*: (B) Schematic
drawing of MMI Symani robotic platform (Medical Microinstruments, Pisa, Italy)™".

complications. Additionally, a proof-of-concept study created a real-time continuous in vitro perfusion
monitoring model with a high-frequency low-dose ICG regimen, potentially guiding clinical
decision-making in the perioperative setting after flap inset in autologous breast reconstruction'.

With respect to hyperspectral imaging (HSI) system, this technology has advanced tissue visualization in
various surgical procedures, such as oncological and transplant surgeries”. In broad terms, HSI captures a
broad spectrum of light waves, providing a comprehensive tissue assessment beyond the standard red,
green, and blue light waves. It can analyze tissue perfusion through parameters such as tissue oxygenation
patterns, near-infrared, tissue hemoglobin, and water perfusion markers“". HSI offers an objective, reliable,
and user-independent method to assess flap perfusion in autologous breast reconstructions®’. Thiem et al.
translated HSI into the field of microsurgery, conducting the first HSI-based measurements on free and
pedicled flaps for head and neck reconstruction immediately after inset and postoperatively. Their findings
suggested that HSI can accurately measure perfusion viability immediately after flap anastomosis, with
specific cut-offs indicative of arterial/venous occlusion aiding decision-making on take-backs and
intraoperative revisions. Moreover, HSI detected signs of disturbed perfusion hours before clinical
symptoms manifested, and in one case, HSI analysis showed clear signs of emergent venous congestion 36 h
prior to clinical diagnosis“”. In the context of autologous breast reconstruction, Pruimboom et al.
demonstrated that HSI is superior in identifying postoperative mastectomy skin flap necrosis compared to
conventional clinical evaluation in unilateral DIEP reconstruction.

Both HSI and ICG-aided imaging have significantly advanced as reliable intraoperative tools for autologous
breast reconstructive surgery over the past decade. However, further research is necessary to establish
standardized protocols that could potentially reduce operation time and cost. Such advancements highlight
the evolving role of technology in enhancing surgical decision-making, traditionally reliant on clinical
experience and judgment.

POSTOPERATIVE INNOVATIONS

Background

Postoperative monitoring of flap perfusion is just as crucial a stage in autologous breast reconstruction as it
is intraoperatively. Complete flap loss is one of the most feared complications following this procedure, and
flap viability hinges on the integrity of the vascular anastomosis and patency. As such, early identification of
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vascular compromise increases the likelihood of flap salvage*”'.

Current methodologies rely on clinical evaluation of flap perfusion to identify flaps at risk for failure. This
includes examining flap color, capillary refill, skin temperature, and tissue turgor, as well as handheld
Doppler signals. However, much of this evaluation remains subjective, and its accuracy varies among
different skin types, highlighting the role of a more objective evaluation method. In addition, clinical
evaluation can be time-consuming, requiring frequent evaluations to allow for early intervention, resulting
in substantial provider burden, especially in the immediate postoperative period™.

Recent advances in the field of flap monitoring have been made to increase its objectivity and efficiency.
This includes the development of remote patient monitoring platforms to decrease provider burden and the
advancement of tissue oximetry technology to assess perfusion more accurately® .

Remote patient monitoring platforms

Flap monitoring, especially critical within the first 72-h window, is a cornerstone of postoperative
management in autologous reconstruction and has been strongly associated with the success of flap
revisions'””. Remote patient monitoring has emerged as a time-efficient and effective alternative to
traditional in-person monitoring””. In the realm of autologous breast reconstruction, Hummelink et al.
piloted a wireless monitoring sensor based on Imec’s Nightingale system (Eindhoven, the Netherlands) for
DIEP flaps, featuring real-time data transmission capabilities to smartphones (although this function was
disabled during the pilot study). The red and infrared sensors, equipped with two probes for placement on
the flap and healthy skin tissue [Figure 4A], measured multiple parameters including temperature, tissue
oxygenation, and delta muscle saturation every 90 seconds"'. Similarly, Xie et al. developed an infrared
wireless thermometer for flap perfusion monitoring, incorporating temperature and humidity modules
along with a wireless component for remote monitoring. The device was able to recognize signs of
decreased perfusion much earlier compared to conventional clinical techniques (30.5 vs. 41.7 h)"".
Additionally, to counter the traditional cabled Cook Doppler (Bloomington, Indiana) monitoring device,
Oda et al. created an implantable wireless and biodegradable sensor for real-time monitoring over the
anastomosis site, lasting over a week. In a feasibility animal study in rats, the biosensor was implanted
around the femoral artery, showing no significant differences in arterial lumen diameter, intima thickness,
or tissue inflammation indicator compared to the control group. The sensor also detected changes in
femoral arterial signals immediately following venous occlusions™”. However, these promising results in
animal models await validation in human trials.

Remote patient monitoring presents significant potential to revolutionize postoperative monitoring
strategies. Nevertheless, further research is essential to refine and standardize this innovative approach,
ensuring its efficacy and reliability in clinical settings.

Advanced tissue oximetry technology

Tissue oxygenation has historically been identified as a key parameter for assessing postoperative flap
perfusion™’. While peripheral tissue oxygenation measurements have demonstrated poor accuracy when
predicting flap failure, recent in vivo studies and human trials have introduced novel strategies to accurately
measure and correlate tissue oximetry to tissue perfusion>*”. Currently, the most prevalent and reliable
optical method for monitoring flap perfusion through tissue oximetry is the ViOptix (Fremont, Calif.) T.
OX system, which utilizes near-infrared spectroscopy (NIRS). Nevertheless, this system's reliance on cabled
leads connected to a control unit can be cumbersome, restrictive, and uncomfortable for patients”. These
systems are also known to trigger false alarms due to many inevitable factors such as patient movement”.
Addressing these challenges, the novel ViOptix Intra.Ox handheld device was developed for more accurate
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Figure 4. Postoperative monitoring”’. (A) Wireless monitoring sensor of tissue temperature, oxygenation, and delta muscle saturation;
(B) Schematic of paintable phosphorescent bandage for assessing tissue oxygenation.

and portable assessments. Animal model studies demonstrated that this device could reliably identify at-risk
tissues by correlating tissue oxygenation measurements with flap necrosis'*”. The Intra.ox device, with its
handheld convenience and exclusion of intravenous dye injections, enables continuous perfusion
assessments outside the operating room and proves to be more intuitive than thermography, especially
beneficial in the perioperative period with fluctuating core body and ambient temperatures™”. A further
innovation in tissue oximetry, a paintable transparent phosphorescent bandage device [Figure 4B], has been
developed and described to assess the partial oxygen pressure and perfusion in DIEP flaps®®. This liquid
bandage formulation contains novel metalloporphyrins structures, which detect light absorption and
emission changes based on tissue oxygenation. These properties facilitate their integration into polymer
matrices, enabling oxygen measurement in clinical settings with portable cameras. This permits
non-invasive, real-time mapping of tissue oxygenation”. Analysis of this bandage revealed a strong
correlation between tissue oxygenation and blood oxygen saturation readings from a standard-of-care near-
infrared spectroscopy oximeter (ViOptix)**. It also showed compatibility across different Fitzpatrick skin
types without adverse effects. These results underscore the potential of phosphorescent materials in
postoperative monitoring of DIEP flaps.

In summary, advancements in tissue oximetry show promise for enhancing postoperative monitoring in
autologous breast reconstruction. Future studies are needed to fully understand the strengths and
limitations of these innovative biotechnologies.

EDUCATION

Background

As autologous breast reconstruction techniques and technologies evolve, there is a pressing need for surgical
training to adapt accordingly. Autologous breast reconstruction is a technically complex procedure
requiring careful perforator dissection and precise vessel anastomosis within the confined chest anatomy.
Traditional training methodologies encompass a range of approaches, including the Halsted apprenticeship
model from the late 1,800s, didactic learning, instructional videos, and simulations using both living and
non-living animal models'*'.

While the apprenticeship model is deemed the hallmark of surgical training, it imposes a considerable time
demand on faculty, and therefore faces practical challenges. These constraints are further heightened by the
need to minimize experimental teaching, underscored by the importance of reducing anesthesia time,
coupled with the inherently low margin of error in microsurgery. In autologous breast reconstruction,
specific challenges include understanding the complex spatial and three-dimensional anatomy of the
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intra-muscular perforators and acquiring sufficient microsurgical experience to allow for seamless technical
execution. Additionally, the anastomosis of perforator pedicles to the internal mammary vessels within the
chest wall is especially difficult due to limited access and depth, which creates significant spatial challenges
for trainees. Currently, common microsurgery simulation models fail to adequately reflect these
challenges'®.

Consequently, there is a role for surgical education to pivot toward other effective and efficient teaching
strategies that can mirror the true complexity and subtleties of microsurgical techniques in breast
reconstruction.

Three-Dimensional (3D) printing

The application of 3D printing in surgical education transcends operative planning and offers a significant
educational advantage. Often, early-stage trainees struggle with the visuo-spatial skills required to interpret
CT angiography (CTA) imaging in the context of a patient's three-dimensional anatomy for perforator
dissection. In a pioneering effort, Mehta et al. utilized patient-specific 3D-printed models to replicate the
rectus abdominis muscle and the intricate intramuscular course of DIEA perforators. This model was
designed to assist trainees in evaluating patients’ three-dimensional surgical anatomy for effective
application in the operating room". Surgical residents were able to study the model preoperatively and
intraoperatively to help with perforator dissection. Anecdotal evidence indicated that these 3D models
enhanced clarity in dissection, offered superior visualization of the perforator’s course, and provided a
clearer understanding of perforator depth in comparison to traditional CTA imaging". This evidence is
supported by the success of previous 3D models used for education in skull base anatomy, complex orbital

anatomy, and even pathologic anatomy of craniofacial anomalies'™***.

As trainees progress in their understanding of perforator anatomy, they require consistent and realistic
methods for tactile practice outside the operating room. While the chicken thigh model is frequently used
given its similar vessel caliber to that of humans, it falls short in mimicking the actual clinical environment
and anatomical precision needed for successful technical execution’. For instance, during chest wall
dissection and microvascular anastomosis, the depth at which the internal mammary vessels are located
poses significant training challenges in accessing and visualizing the anastomosis site, a complexity not
adequately represented by standard animal and simulation models. Papavisiliou et al. addressed this
limitation by creating a 3D-printed chest wall that could be integrated with the chicken thigh model
[Figure 5A] to more accurately reflect their operative field, thereby enhancing the clinical realism of the
simulation. Trainees who utilized this novel combined model reported substantial improvement in their
microsurgical technique!™.

3D printing provides surgical trainees with the opportunity to provide realistic hands-on surgical simulation
much earlier in their career than the standard apprenticeship method alone. It also serves as an excellent
tool for improving their visuo-spatial understanding. As 3D printing technology continues to evolve, its role
and impact in surgical education are expected to further expand.

Augmented reality

Augmented reality (AR) technology has untapped potential as an educational tool in autologous breast
reconstruction“*. A notable example of AR's application in surgical education is the Microsoft HoloLens
(Redmond, WA), which is becoming increasingly popular. In combination with specialized software,
Cholok et al. had users visualize precise projections of patient soft tissue anatomy, including intra-muscular
perforator artery course on corresponding 3D models, allowing trainees to engage in step-by-step simulated
procedures and possibly guiding trainees in real time during the procedure*®. Its anatomical accuracy in
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Figure 5. Educational advancements. (A) 3D-printed chest wall model combined with chicken thigh model®”; (B) Schematic of Touch
Surgery application (Minneapolis, MN) integrated with Microsoft HoloLens software (Redmond, WA)"*%.

autologous breast reconstruction has been well documented, suggesting significant potential for trainee
education with appropriately designed patient models and simulations"’.

Additionally, the integration of the HoloLens with Touch Surgery (Minneapolis, MN) [Figure 5B] - a free,
device-based application featuring a comprehensive library of surgical procedures for interactive learning-is
underway'”. This integration aims to create a mixed reality platform that enables learning surgical
procedures through programmed hand movements'®.

Despite the subjective endorsements by many plastic surgeons regarding the application of these
technologies in clinical practice and education, their practical feasibility and utility require more objective
assessment. A pilot study addressing this gap explored surgical trainee perspectives on AR's effectiveness in
learning anatomy and surgical skills*". Remarkably, 78% of residents found holographic learning
comparable to traditional apprenticeship-based methods, with a unanimous preference for AR over
video-based learning. The feedback emphasized AR’s advantages over traditional methods, citing its
interactive nature, engagement, and usability"*"’.

Although the initial adoption of AR may pose a financial challenge, ongoing technological advancements
and expected market price reductions could render it a viable training modality in the near future.

CONCLUSION

Autologous breast reconstruction is undergoing a transformative phase marked by significant technological
advancements. These innovations span various aspects of the patient’s surgical experience, including
preoperative planning, surgical techniques, and postoperative care. The integration of 3D printing has not
only enhanced trainee education and preoperative planning but also paved the way for more precise and
personalized surgical approaches. The incorporation of AR and Al into surgical decision-making will only
revolutionize the field by providing more advanced and immediate analytical capabilities. Furthermore, the
emergence of robotic-assisted microsurgery and cutting-edge imaging modalities like hyperspectral imaging
is refining intraoperative techniques and capabilities, leading to greater surgical precision and hopefully
enhanced safety. In the postoperative realm, the development of remote patient monitoring and advanced
tissue oximetry technologies shows great promise in improving patient outcomes and elevating the quality
of care while decreasing provider burden.
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Collectively, these technological breakthroughs signify a paradigm shift toward more tailored, efficient, and

effective methods in autologous breast reconstruction. These advancements aim to not only enhance patient

care but also offer significant benefits to surgeons. As the field continues to advance, the ongoing research

and clinical integration of these innovations will further refine their roles, solidifying their place in the

future of autologous breast reconstruction surgery.
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