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Abstract

Robotic systems, artificial intelligence (Al), and augmented reality (AR) are increasingly
reshaping plastic and reconstructive surgery by enhancing precision, reproducibility, and
surgical decision-making. While conventional robotic platforms such as the Da Vinci
system have demonstrated clear benefits in minimally invasive surgery, their application in
microsurgery has remained limited due to instrument size and insufficient submillimetric
control. Recently developed microsurgical platforms, including the Symani® Surgical
System (Medical Microinstruments, Pisa, Italy) and the MUSA® system (MicroSure B.V,,
Eindhoven, The Netherlands), address these limitations through motion scaling, tremor
suppression, and compatibility with open-field reconstruction. Early clinical studies report
successful lymphatic and microvascular anastomoses, improved ergonomics, and reduced
surgeon fatigue, marking a significant step toward routine robot-assisted microsurgery. In
parallel, advances in Al and machine learning enable data-driven surgical planning,
perforator mapping, flap selection, complication prediction, and automated documentation.
Large language models further support clinical workflows through
documentation and patient communication, while AR and virtual reality enhance
anatomical orientation, intraoperative navigation, and surgical training. Despite these
advances, challenges remain, including heterogeneous data quality, algorithmic bias,
limited interoperability, and evolving regulatory frameworks. Addressing these issues is
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essential to ensure safe and equitable implementation. Future developments are expected to converge into an
integrated, Al-augmented surgical ecosystem combining preoperative planning, robotic execution, and
outcome-based learning. Rather than replacing surgical expertise, these technologies aim to augment human skill
and support a more personalized and efficient reconstructive practice.

INTRODUCTION

Background

Plastic and reconstructive surgery has historically been shaped by a blend of manual precision, anatomical
expertise, and creative problem-solving. From the foundational work of Gillies and Millard to modern
advances in microsurgical free flap reconstruction and lymphatic surgery, the specialty has relied on the
surgeon’s technical skill and tactile feedback to manipulate tissues at the finest level". As surgical procedures
become increasingly complex and patient expectations rise, the demand for enhanced precision, reduction of
surgeon fatigue, and reproducibility has driven the field to explore new technological horizons.

One of the most transformative developments in modern surgery has been the development of robotic
surgical systems. The Da Vinci Surgical System, first introduced more than two decades ago, advanced
minimally invasive surgery by offering high-definition three-dimensional (3D) visualization, tremor
reduction, and improved instrument articulation. It is now widely established in urologic, gynecologic, and
general surgical procedures”. However, despite these successes, the Da Vinci platform has achieved only
limited integration into plastic and reconstructive surgery. Its large footprint, high costs, and relatively coarse
instrument scale restrict its applicability for microsurgical procedures, which require delicate tissue handling
and fine motor precision”’. Nevertheless, the system has demonstrated the potential benefits of robotic
assistance - improved control, decreased surgeon fatigue, and novel opportunities for visualization and
access - and thereby highlights the need to explore next-generation robotic technologies tailored to the
unique demand of reconstructive surgery.

Following these early developments, newer robotic systems - such as the Symani® Surgical System (Medical
Microinstruments, Italy) and MicroSurgical Assistant (MUSA, MicroSure, Netherlands) - have been
specifically designed for microsurgical applications. These externally mounted systems provide
submillimetric motion scaling, real-time tremor suppression, and compatibility with traditional
microsurgical workflows. They enable high-precision tasks, such as vascular and lymphatic anastomoses, that
are beyond the resolution of conventional robotic platforms'*. Unlike other surgical robotic devices, which
are optimized for cavity-based surgeries, these next-generation systems are tailored for superficial, open-field
reconstructions, making them ideal for plastic and reconstructive surgery applications!'*.

Concurrently, advances in artificial intelligence (AI) have introduced new tools for data-driven surgical
planning, risk stratification, and intraoperative decision support. Machine learning (ML) algorithms trained
on large clinical datasets can assist with tasks such as flap design, perforator identification, and outcome
prediction"”. Large Language Models (LLMs) such as Generative Pre-trained Transformer (GPT)-4 bring
natural language understanding to the surgical setting, supporting intraoperative consultation, automated
documentation, and patient-specific communication. These AI tools, when integrated with robotic
platforms, promise the creation of intelligent surgical ecosystems - environments where human expertise is
enhanced by real-time computational insight'.

Plastic surgery, with its emphasis on individualization, fine motor control, and multidisciplinary
collaboration, stands at a pivotal stage in this technological evolution. As robotic systems progress from
concept to clinical implementation and AI becomes more accessible, the specialty must decide how to



Novotny et al. Plast Aesthet Res. 2026;13:15 Page 3 of 15

responsibly integrate these tools into education, clinical care, and research. While platforms such as Da Vinci
have proven the viability of robotics in high-volume surgeries, microsurgical platforms (e.g., Symani® and
MUSA) demonstrate that plastic surgery can develop its own robotic identity, tailored to its unique needs' .

This article is part of the Plastic and Aesthetic Research Special Issue “A New Frontier in Plastic Surgery -
From Robotics to LLMs: An Expanding AI Landscape.” It explores the historical trajectory, current status,
and future direction of robotic and AI-based technologies in plastic and reconstructive surgery, emphasizing
their potential to reshape operative precision, surgical training, and patient engagement in the years ahead.

Methods

This article draws on a narrative literature review supplemented by an expert perspective on clinical reports,
feasibility studies, and technological developments in surgical robotics and AI. Publications indexed in
PubMed and Scopus between 2015 and 2025 were examined, with a focus on robot-assisted microsurgery,
Al-guided surgical navigation, LLMs for clinical documentation, and augmented reality (AR) as an adjunct
in operative visualization. In addition, case studies from pioneering institutions using the Symani® Surgical
System, MUSA, and early Al-integrated platforms were assessed.

AI-DRIVEN SURGICAL PLANNING AND OUTCOME PREDICTION

ML in preoperative decision-making

The preoperative phase of plastic and reconstructive surgery is critical in determining the success of the
treatment. ML algorithms can support this stage by analyzing complex, patient-specific risk profiles, the
selection of suitable reconstructive techniques, and the anticipation of intraoperative complications.

Hassan et al. (2023) developed a predictive model to assess skin flap necrosis after mastectomy using clinical
variables. The model attained an Area Under the Curve (AUC) of 0.70, indicating moderate predictive
performance and highlighting the importance of risk factors such as smoking, body mass index (BMI), and
diabetes""”. This is particularly relevant in the context of breast reconstruction, where flap vitality is of pivotal
significance.

In the domain of microvascular reconstruction of the head and neck region, ML methods have demonstrated
high accuracy in predicting postoperative complications. Tighe et al. (2022) applied ML-based risk
adjustment to enhance the classification of free flap loss, thereby demonstrating a clinically significant
enhancement in decision accuracy when compared to conventional risk models"".

In their systematic review, Kapila et al. (2024) identified “preoperative planning” as one of the six main
domains for the use of Al in microsurgery. This encompasses the selection of appropriate flaps, perforator
analysis based on imaging, and the automatic segmentation of anatomical structures'?.

Park et al. (2024) describe the use of deep learning-based image analysis from computed tomography (CT)
and magnetic resonance imaging (MRI) data to model individual surgical access routes for complex facial
reconstructions, thereby enabling patient-centered planning!?.

Predictive modeling for surgical outcomes

Predictive modeling is a method of quantifying the potential outcomes of surgical procedures, including
complications, revision rates and healing progression. This approach constitutes a fundamental element of
personalized medicine.
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The concept of “human vs. machine” was investigated by Duran et al. (2025) in a comparative study. In this
study, GPT-4 and Gemini were fed with plastic surgery expertise and then compared with medical decisions
in realistic case vignettes. The models demonstrated comparable accuracy for standardized questions and
exhibited considerable potential for facilitating decision-making!*..

Huang et al. (2024) developed an ML model with the objective of predicting donor site complications after
deep inferior epigastric perforator (DIEP) flap retrieval. The model demonstrated an accuracy of 82%,
facilitating the identification of individual risk factors at an early stage and the planning of preventive
measures'”.

As asserted by Mansoor and Ibrahim (2025), a narrative review underlines the capacity of AI to assimilate
postoperative outcome data into future recommendations through continuous learning. This facilitates the
dynamic adaptation of therapy algorithms to actual clinical courses and promotes the principle of the
“learning healthcare system”.

In the study undertaken by Kapila et al. (2024), an extensive classification of diverse outcome-related models
was conducted, with the emphasis placed on the noteworthy utility of AT applications in the assessment of
flap vitality, wound healing disorders and hospitalization duration"?.

Integrating patient data for personalized treatment plans

The future of reconstructive surgery is predicated on the integration of multiple data sources: Anamnestic
information, diagnostic imaging, intraoperative sensor technology and postoperative courses are increasingly
being integrated into intelligent, predictive systems.

In their systematic review, Kiwan et al. (2024) analyzed over 30 current studies on the integration of
electronic health records (EHRs), imaging procedures and intraoperative data into AI-supported systems.
This combination enables individualized, evidence-based treatment planning with greater precision and
reduced variability"..

The authors also emphasize the importance of the use of structured data formats [e.g., Fast Healthcare
Interoperability Resources (FHIR)] in order to facilitate interoperability of information from different
sources, a key aspect for the future development of fully digital surgical workflows'".

Mansoor and Ibrahim (2025) delineated in their study concrete application scenarios of multimodal data
integration. To illustrate, they proposed a platform capable of automatically segmenting CT scans,
amalgamating them with clinical parameters, and proposing a personalized flap strategy based on historical
cases'.

Park et al. (2024) posit that the integration of computer vision and natural language processing (NLP) with
Al facilitates a profound comprehension of intricate patient data, thereby representing a pivotal progression
towards context-sensitive, automated assistance'"”.

ROBOTIC SYSTEMS IN PLASTIC AND RECONSTRUCTIVE SURGERY

The integration of robotic assistance systems signifies a paradigm shift in the domain of plastic and
reconstructive surgery. Robotic systems have been utilized effectively in abdominal and urological surgery
for an extended period. Nevertheless, their utilization in reconstructive microsurgery has been subject to
delay, primarily due to constraints such as instrument size and the absence of submillimeter precision.
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Figure 1. Symani® Surgical System (Medical Microinstruments S.p.A., Pisa, Italy).

However, recent advancements in the domain of specialized microrobots, exemplified by the Symani®
Surgical System and MUSA, have engendered novel avenues for utilization, particularly in the realm of
vascular and lymphatic anastomoses within the submillimeter range*. The ensuing sections are devoted to
an exposition of the state of the art, an exposition of the ergonomic advantages, and an exposition of the
initial clinical experience.

Advances in robotic-assisted microsurgery

The advent of dedicated microsurgery platforms, such as the Symani® (Medical Microinstruments) and
MUSA (MicroSure) systems, has engendered the availability of robotic systems that are specifically
optimized for microanatomical procedures to plastic surgeons.

Symani® employs magnetically controlled, scalable micromanipulators to reduce movements by a factor of
up to 20 and completely eliminate tremor”’. The platform facilitates precise anastomoses on vessels with a
diameter of less than 0.8 mm, a task previously exclusive to experienced supermicrosurgeons [Figure 1].

Innocenti et al. (2023) reported successful anastomoses in lymphatic vessel reconstructions and free flap
reconstruction surgery without complications in the first clinical study on the use of Symani®*. In their
“first-in-human” study with MUSA®, Van Mulken et al. (2020) described eight lymphovenous anastomoses
that were performed with clinically satisfactory results, thus representing a breakthrough for robotic
supermicrosurgery>* [Figure 2].

Enhancing dexterity, precision, and ergonomics

A significant benefit of robotic systems is their precision, which contributes to a reduction in intraoperative
stress. Microsurgical procedures are time-consuming and force-intensive and frequently result in physical
fatigue and musculoskeletal complaints among surgeons. Robot-based systems have been developed to
compensate for these limitations through motion stabilization, tremor elimination and ergonomic console
technology!*..

In a series of 100 robotically assisted anastomoses with Symani®, Kapila et al. (2024) reported that the surgical
burden on assistants and specialists was significantly reduced. The learning curve demonstrated a rapid
improvement in operating times, concomitant with consistently high anastomosis quality!?’.
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musa

Figure 2. MUSA® 3 microsurgical robotic systems for robot-assisted micro- and supermicrosurgery (MicroSure B.V., Eindhoven, The
Netherlands).

In the 2024 study by Malzone et al., the ergonomic advantages of robotic systems in microsurgery are
summarized as a “significant step towards extending the surgical career and improving surgical
performance”.

Clinical applications and case studies

The clinical applications documented to date relate primarily to lymphovenous anastomoses for
lymphoedema, free perforator flaps [e.g., anterolateral thigh flap (ALT), DIEP] and reconstructive
procedures following tumor resection. The Symani® platform has been employed with a high degree of
success in a variety of surgical contexts, including breast reconstruction, facial reconstruction and limb
reconstruction. Notably, the anastomosis times for vessel diameters of less than 1 mm have been reported to
range from 20 to 40 min'**.

In a European multicenter case series (2023), there was a consistent achievement of favorable functional and
aesthetic outcomes. The complication rate was comparable to that of the conventional technique, but with
superior reproducibility and reduced variability between surgeons'>*”.

In the future, the potential applications of robotic microsystems may extend to areas such as plexus
reconstruction, peripheral nerve transplantation, and reconstructive lymph node transfers. Initial preclinical
studies have confirmed the feasibility of these procedures®*'.

3D SIMULATION AND AR IN SURGICAL PRACTICE

The integration of digital technologies, including 3D simulation, virtual reality (VR) and AR, is expanding
the surgical possibilities in plastic surgery. This expansion encompasses preoperative planning,
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intraoperative orientation and the training of surgeons. These technologies facilitate detailed visualization of
patient-specific anatomy, enhance surgical precision and promote sustainable training*"**!.

Virtual surgical planning and simulation

It is evident that 3D VR and AR technologies have a pivotal function in the process of preoperative planning,
primarily by enhancing an individual’s spatial thinking capabilities and facilitating improved anatomical
orientation. In a systematic review of six studies, Vles et al. (2020) demonstrated that AR significantly
enhances accuracy, for instance in mandibular osteotomies and the identification of perforators in the DIEP
flap. The operating time in DIEP procedures decreased (P < 0.01) and the precision of the osteotomy
increased significantly when AR navigation was used™".

As Sayadi et al. (2019) emphasize, the utilization of AR-based visual models renders complex anatomies
more tangible and concomitantly results in a significant reduction in the error rate during 3D-based
planning.

AR in intraoperative navigation

AR is also being used with increasing frequency in operating theatres. In the study described by
McGraw et al. (2023), the authors present a preclinical investigation in which they employed AR glasses,
such as the HoloLens, to project 3D holograms of vessels and bones over the surgical field during the
intraoperative phase. The accuracy with which anatomical landmarks were localized was in the
submillimeter range, representing a significant advancement for surgical assistance that is grounded in
realism™.

Cai et al. (2021) reported on mixed reality navigation in craniofacial surgery, demonstrating a significant
reduction in operating time with an identical level of results.

As demonstrated by Vles et al. (2020), clinical evidence indicates that AR improves intraoperative perforator
identification in DIEP flap procedures compared with traditional Doppler!.

Educational and training applications

In addition to its clinical application, AR/VR is also of great importance in the training of surgeons.
Shafarenko et al. (2022) conducted a randomized study of surgeons in training who underwent holo-surgery
simulations. As demonstrated in"**, users demonstrated a marked enhancement in anatomical orientation
and surgical accuracy following only a limited number of sessions.

Touch Surgery, a VR application designed for surgical scenarios, has been validated specifically for plastic
and reconstructive surgery. According to Kowalewski et al. (2017), this application demonstrated
significantly higher cognitive performance in residents than traditional text-based learning methods"’.

A recent meta-analysis of VR-based surgical training has confirmed the positive effect on the learning curve,
precision and error reduction, particularly in laparoscopic training. However, the potential for adaptation for
plastic-reconstructive surgery has also been demonstrated™”.

LLMs AND CONVERSATIONAL Al IN CLINICAL PRACTICE

The advent of powerful LLMs, such as GPT-4, has precipitated a paradigm shift in the manner in which
clinical information is processed, documented and communicated. In the domain of plastic and
reconstructive surgery, there exists potential for application in the domains of automated documentation,
patient-centered communication and digital assistance. Such applications are accompanied by critical
discussion of the ethical and regulatory aspects.
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Automating documentation and workflow support

LLMs have the capacity to expedite and standardize clinical documentation processes, thereby liberating
human resources. In the study conducted by Patel et al. (2024), an investigation was made into the
comparison of educational documents generated by ChatGPT with those created by surgeons. The findings
of this investigation revealed that the AI-generated texts were shorter in length (averaging 1,023 words
compared to 2,901 words), more structured, and linguistically more accessible, whilst maintaining
comparable medical completeness™.

The utilization of Al in clinical protocols and surgical reports has also been demonstrated to be a valuable
asset. In a field report from Plastic and Reconstructive Surgery - Global Open (PRS Global Open),
LLM-based scribe systems were described that extract surgical documentation from audio transcripts and
automatically convert it into structured reports”®". Whilst these systems hold great promise, they do raise
significant concerns with regard to data protection.

Another example is the SurgeryLLM model, which utilizes Retrieval Augmented Generation (RAG). The
generation of responses is informed by external sources, including guidelines and literature. In a preliminary
study, SurgeryLLM was able to provide consistent, evidence-based responses to queries pertaining to surgical
decision-making. The potential of this tool to enhance clinical efficiency is currently under discussion”".

Patient communication and preoperative counseling

LLMs have the capacity to formulate medical information in a patient-friendly manner and to support
preoperative counselling. In a study on rhinoplasty consultations, GPT-4 demonstrated an answer accuracy
of over 90% for common patient queries, including operation duration, risks and aftercare”. The responses
thus obtained were evaluated as accurate; however, in certain instances, they were still considered to be
overly technical.

LLMs have the capacity to facilitate the generation of bespoke information sheets. A randomized study found
that patients perceived Al-generated forms as “clearer and more structured” in terms of content, although
the language complexity was sometimes too high®.

In practical applications, such systems have the potential to function as “virtual assistance”. For instance,
they could take the form of chatbots that provide standardized information on a 24-h basis. Preliminary
feasibility studies on this matter have been conducted, yielding favorable user feedback>*!.

Ethical and regulatory considerations

Notwithstanding the considerable potential of LLMs, there are substantial challenges in the areas of ethics
and regulation. A salient issue pertains to the phenomenon of “hallucination”, characterized by the
propensity of LLMs to produce statements that, while resonating with a convincing auditory impression, are
devoid of factual veracity. Consequently, Byrd et al. (2024) caution against the unrefined integration of
Al-generated texts within clinical contexts and advocate for mandatory human oversight"*.

It is also important to consider the potential risks associated with algorithmic bias. A systematic review
found that only around 60% of the LLM-based studies analyzed had integrated countermeasures to reduce
bias, such as dataset stratification by gender, ethnicity, or socioeconomic status™’.
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Data protection and regulatory compliance represent additional key challenges. Systems that process
sensitive patient data, including Al-assisted transcription or documentation platforms (e.g., medical scribe
applications), are subject to stringent regulations such as the General Data Protection Regulation (GDPR) in
the European Union and the Health Insurance Portability and Accountability Act (HIPAA) in the United
States. These frameworks specify requirements for data minimization, encryption, consent, and
traceability®**”). Despite the guarantees provided by several providers that no identifiable data are stored,
independent analyses have demonstrated that some commercial AI tools may inadvertently retain or
reproduce sensitive content, thus posing potential compliance and privacy risks"’.

A regulatory debate is underway concerning the categorization of LLMs that facilitate or assist with
medically pertinent decisions. The question under discussion is whether these LLMs should be designated as
medical devices. The US Food and Drug Administration (FDA) and the European Medical Device
Regulation (MDR) are currently developing criteria that will cover these technologies and make them subject
to quality, safety and transparency requirements”.

CHALLENGES AND LIMITATIONS

Notwithstanding the considerable progress achieved in the development of Al-based systems and robotic
assistance technologies, there are still significant challenges to their implementation in plastic and
reconstructive surgery. These issues pertain specifically to the quality and representativeness of the
underlying data, the risk of algorithmic bias, and the integration of these systems into routine clinical
practice. It is imperative that these aspects are given due consideration to ensure patient safety and promote
acceptance by healthcare professionals.

Data quality, bias, and generalizability

A significant challenge in the development and application of Al systems pertains to the quality of the data
utilized. It is evident that a significant proportion of Al models are trained on data sets originating from
specific geographical regions, specific clinical centres, or homogeneous patient groups. This can result in
limited generalizability and inadequate model performance when applied to a broader or different
population®. As posited by Johnson et al. (2016), the validity of such models may be questionable,
particularly when implemented in contexts divergent from their original training milieu. This can result in
clinically significant misclassifications'*’.

Another central problem is that of algorithmic bias. This phenomenon may emerge at various levels,
including, but not limited to, imbalanced training data, systematic distortions in clinical documentation, or
insufficient consideration of social determinants. In a systematic review, Kyaw et al. (2019) analyzed a
substantial number of surgical Al studies, numbering over 40, and found that only around 60% of the studies
explicitly implemented bias compensation measures”**?. Mehrabi et al. (2022) also emphasize that bias has
the potential to occur at any stage of the AI development cycle, from data collection to annotation to clinical
implementation, and that this can have a particularly deleterious effect on marginalized groups*'..

The utilization of federated learning is a subject that is being discussed with increasing frequency in order to
enhance fairness and generalizability. This approach facilitates the training of AT models on distributed data
sets, obviating the necessity for centralized data storage. Concurrently, open science initiatives - such as
TRIPOD-AI (Transparent Reporting of a multivariable prediction model for Individual Prognosis Or
Diagnosis-Artificial Intelligence) and CONSORT-AI (Consolidated Standards of Reporting Trials-Artificial
Intelligence) - are being promoted to enable standardized reporting and transparent model evaluation'*.
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Integration into clinical workflow

In addition to methodological quality, the practical integration of Al systems into existing clinical processes
is also a significant challenge. Research has demonstrated that a significant proportion of Al applications
function in a pilot phase yet ultimately prove ineffective in routine clinical practice. This is primarily
attributed to deficiencies in interoperability, standardization, and user acceptance. In particular, the
integration of technical components into EHRs, picture archiving systems (PACS), and surgical robotics
platforms is impeded by the utilization of incompatible data formats and proprietary interfaces. Gu et al.
(2022) emphasize that a lack of compatibility with standards such as DICOM (Digital Imaging and
Communications in Medicine) and HL7 (Health Level Seven) is a key obstacle to the implementation of
imaging-based Al solutions in pathology. This analogy can be transferred to plastic surgery!*..

Another salient problem is the so-called “black box problem”: many Al systems are based on deep learning,
which makes their decisions difficult for users to understand. In a study on the automated assessment of
surgical skills, Liu et al. (2020) demonstrated that models lacking an explainable decision logic frequently
yielded inaccurate assessments, which directly impacted trust and acceptance by medical staff'*.

Furthermore, the training of clinical staff is imperative. The integration of AI-driven systems necessitates not
only a technical comprehension, but also the reallocation of roles within the team and the delineation of
explicit responsibilities. The Sepsis Watch early warning system is an example of this. It demonstrates that
even well-developed Al tools are ignored or mistrusted if their recommendations are not transparent or are
made without a clinical context*!. In such circumstances, the implementation of comprehensive change
management strategies and interdisciplinary training programs is imperative.

It is also imperative to consider regulatory adaptation. While the FDA and the European MDR have
classified Al systems as “Software as a Medical Device” (SaMD), experts such as Ong et al. (2025) are calling
for the establishment of a flexible, lifecycle-oriented approval approach for adaptive Al systems that continue
to develop with new data'.

FUTURE DIRECTIONS AND INNOVATIONS

Plastic and reconstructive surgery is undergoing a paradigm shift towards a new era in which AT is no longer
considered a mere instrument, but rather an indispensable component of a sophisticated surgical ecosystem
characterized by learning, adaptation and personalization. Future developments in this field are expected to
concentrate on the personalization of Al models, the integration of multimodal data, and the establishment
of a networked surgical environment in which robotic systems, AR, and ML function in a highly coordinated
manner. In addition, the emerging concept of digital twins in surgery describes the creation of dynamic,
patient-specific virtual replicas that integrate imaging, clinical parameters, and procedural data to simulate
surgical strategies, predict outcomes, and continuously adapt treatment planning through real-time data
feedback, thereby representing a key step toward truly personalized and predictive surgery".

Personalized Al models in plastic surgery

A significant development in the coming years will be the personalization of Al systems. In lieu of being
grounded in extensive, generic training data sets, the future development of models will entail a
customization to individual patient characteristics, encompassing anatomical variations, genetic markers and
antecedent surgical histories. Mansoor and Ibrahim (2025) describe in their review article the vision of a
dynamic learning system that integrates intra- and post-operative data in real time to improve surgical
decisions on a personalized level and thus minimize complications®.
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An illustration of such personalized applications can be found in preoperative simulation: Huang et al.
(2024) demonstrated that text-to-image AI models, similar to DALL-E 2, can be utilized to generate
preoperative visualizations based on individual anatomical parameters. In their study, patients were shown
realistic, Al-generated simulations of a possible post-operative outcome (e.g., a lip lift) within a few minutes,
which led to a significant improvement in patient satisfaction',

Multimodal Al: integrating imaging, genomics, and patient-reported outcomes

A promising trend is the development of multimodal AT architectures that combine imaging, clinical data,
genetic profiles and patient-reported outcomes (PROMs). Whilst numerous antecedent models were
confined to the processing of unidimensional data sources, the integration of multimodal data facilitates
more comprehensive and contextualized decision-making processes. Parvin et al. (2025) emphasize that such
systems are already demonstrating substantial performance enhancements, notably in the domain of
oncological diagnostics. This enhancement is exemplified by the integrated evaluation of radiomic image
features, mutation status, and laboratory parameters'*”.

In the field of plastic surgery, this approach involves the integration of CT or MRI imaging for flap selection
with genomic risk profiles (e.g., wound healing disorders, fibrosis tendency) and subjective patient
assessments. This holistic planning approach aims to provide a comprehensive and multifaceted framework
for surgical decision-making. Radiomics-based models have already demonstrated the capacity to
automatically analyze texture, shape and vessel progressions, thus rendering them usable for flap planning, as
evidenced by Jarvis et al.(2020)"*".

Vision for a fully Al-augmented surgical ecosystem

The long-term vision is to establish an intelligent, AI-supported surgical ecosystem that connects all phases -
from indication, planning and execution to aftercare. This encompasses a series of technical and
organizational components, which are outlined below: Firstly, the integration of AR interfaces and robotic
platforms that combine intraoperative navigation, image overlay and fine motor precision is of paramount
importance. Secondly, the utilization of real-time feedback systems, such as post-operative image analysis or
PROMs, facilitates continuous enhancement of algorithms through a process known as “crescendo
learning”>*,

Thirdly, generative AT has the potential to unlock new dimensions of information and communication. The
utilization of LLMs and text-to-image systems will facilitate the development of interactive consultations that
are tailored to patients’ anatomical and genetic characteristics. Furthermore, cultural and linguistic
preferences could also be taken into account, as demonstrated by Genovese et al. (2025) in the context of
GPT-supported rhinoplasty consultations.

Recent advancements in the field of regenerative medicine have seen the commencement of endeavors to
integrate Al-controlled systems with bioprinting technologies. This integration is aimed at the creation of
patient-specific tissue structures, which are derived from individual 3D data and gene expression profiles.
However, the integration of such innovations necessitates the establishment of explicit ethical and regulatory
guidelines, as emphasized in recent declarations by international professional societies'*.

In conclusion, it is evident that the utilization of Al in plastic surgery is evolving beyond a mere assistive
technology, with the potential to function as the central coordinating element of a networked, adaptive, and
learning surgical system in the future. The challenge that now lies before us is to transform this vision into an
ethically acceptable, regulatory and clinically feasible reality.
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Expert opinion

From an expert perspective, current robotic and Al-driven technologies in plastic and reconstructive surgery
represent a highly promising yet transitional stage of development. Although dedicated microsurgical robotic
platforms already demonstrate clear benefits in precision, tremor elimination, and ergonomics, important
limitations persist, particularly regarding workflow integration, interoperability with imaging and planning
systems, and the absence of intuitive haptic feedback. To fully realize their clinical and educational potential,
future developments should focus on tighter integration between robotic execution, Al-based surgical
planning, and adaptive outcome analysis, enabling patient-specific optimization and continuous learning.
Such convergence may ultimately support the evolution toward intelligent, digitally augmented surgical
ecosystems that enhance reproducibility, training, and long-term surgical performance.

CONCLUSION

The integration of robotic systems, AL, and AR represents a fundamental shift in plastic and reconstructive
surgery. Dedicated microsurgical platforms such as Symani® and MUSA enable robotic precision in the
submillimetre range, improving dexterity, reproducibility, and ergonomics. Concurrently, Al-driven tools
support preoperative planning, outcome prediction, and intraoperative guidance by integrating multimodal
clinical data.

To translate these innovations into routine practice, robust clinical validation, standardized data frameworks,
and clear regulatory guidance are essential. Future research should focus on multicentre studies,
interoperability with clinical information systems, and structured training programs. As personalized and
adaptive AT models evolve, they will increasingly support patient-specific, predictive surgical strategies.

The future of plastic surgery will not be defined by the replacement of human skill, but by a symbiotic
partnership between surgeon and machine - an intelligent surgical ecosystem.
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