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Abstract 

Introduction: Teaching and assessment of ideal surgical markings of local flaps required for 

optimal aesthetic and functional outcomes remains a challenge in the present era of competency-

based surgical education. Simulation has gained recognition as a promising platform to 

complement the resource-intensive demands of competency-based education curricula. The 

present work provides a comprehensive overview of all biologic, prosthetic, and digital simulators 

proposed for training and assessment in facial local flaps, with an emphasis on each model’s 

characteristics, costs, design/procedural skills, validation measures, and alignment with modern 

surgical educational paradigms. Given the lack of objective assessment tools, we utilized the 

bilobed flap for nasal reconstruction as a proof-of-concept for the development of an innovative 

objective assessment tool based on statistical shape analysis, with a focus on providing automated, 

evidence-based, objective, specific and practical feedback to the learner. 

Methods: A systematic review of PUBMED and EMBASE databases were performed to identify 

all facial local flap simulators and assessment tools.  Data regarding simulator design, costs, 

validation, learning outcomes and assessment tools was collected. Systematic reviews of the 

literature were performed to establish the essential cognitive processes required for optimal 

bilobed flap design and methods used for shape analysis. An objective assessment tool based on 

Procrustes statistical shape analysis was developed and performance boundaries were tested. A 

series of optimal and suboptimal designs generated in deliberate violation of the established ideals 

were then evaluated, and a four-component feedback score of Scale, Mismatch, Rotation, and 

Translation (SMaRT) was generated. 

Results: Twenty-six facial simulators were identified including 13 benchtop, 5 animal, 5 digital 

and 3 alternative designs. Validation metrics were available for only 35% of simulators assessed, 
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while no studies demonstrated skill transferability to clinical setting. Exact costs were reported for 

30% of simulators. No objective assessment tools were available for the evaluation of geometric 

principles of local flap design. The proposed novel SMaRT assessment tool demonstrated the 

capacity to proportionally score a spectrum of designs (n=36) ranging from subtle to significant 

variations of optimal, with excellent computational and clinically reasonable performance 

boundaries. In terms of shape mismatch, changes in SMaRT score also correlated to intended 

violations in designs away from the ideal flap design. 

Conclusion: A vast number of surgical simulators reported demonstrate notable educational 

potential; however, metrics-based validation efforts were often lacking given the absence of 

objective assessment tools for surgical marking. Future simulator development efforts should align 

simulation-based deliberate exercises with learning outcomes, and report consistently on 

validation measures, clinical transferability of skills and costs. This innovative educational 

approach could aid in incorporating objective feedback in simulation-based platforms in order to 

facilitate deliberate practice in flap design. Furthermore, the present assessment tool has the 

potential to be adapted to other fields of plastic surgery and to automatize assessment processes.  
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Résumé: 

Introduction: L'enseignement et l'évaluation des marquages chirurgicaux pour lambeaux locaux 

requis pour des résultats esthétiques et fonctionnels optimaux demeurent un défi dans l'éducation 

et la formation chirurgicale. La simulation a gagné en reconnaissance en tant que plate-forme 

prometteuse pour contribuer à adresser les exigences des curriculums d’enseignement qui 

demandent beaucoup de ressources.  La présente étude fournit un aperçu complet de tous les 

simulateurs numériques, biologiques et prothétiques chirurgicaux proposés pour la formation et 

l'évaluation des lambeaux de reconstruction faciale locaux tout en mettant l'accent sur les 

caractéristiques importantes de chaque modèle, des coûts, des compétences en 

conception/procédure, des mesures de validation ainsi que de l’alignement; le tout en 

harmonisation avec l'éducation chirurgicale moderne. Compte tenu du manque d’outils objectifs 

d'évaluation en matière d'éducation et de formation chirurgicale, nous avons utilisé le lambeau 

bilobé pour la reconstruction nasale comme preuve de concept afin de développer un outil 

d'évaluation innovateur basé sur une analyse statistique de la forme en portant une attention 

particulière sur la rétroaction spécifique et pratique à l’étudiant.  

Méthodes: Une revue systématique des bases de données PUBMED et EMBASE a été réalisée 

afin d’identifier tous les simulateurs de lambeaux de reconstruction faciale ainsi que les différents 

outils d'évaluation. Les données concernant les coûts, la progression de l'apprentissage, la 

validation du fonctionnement du simulateur ainsi que les divers outils d'évaluation disponible ont 

été recueillies. Des revues systématiques de la littérature ont été effectuées afin d’établir les 

processus cognitifs essentiels requis pour une conception optimale des lambeaux bilobés et des 

méthodes utilisées pour l'analyse de la forme.  Un outil objectif d’évaluation basé sur l’analyse 

statistiques de la forme de Procrustes a été développé et les limitations de la performance ont été 
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testées. Une série de conceptions considérées optimales et sous-optimales générées volontairement 

en violation de la méthode idéale ont ensuite été évaluées, puis un pointage de quatre composantes 

de magnitude, de discordance, de rotation et de translation (Scale, Mismatch, Rotation, and 

Translation - SMaRT) a été conçu. 

Résultats: Vingt-six (26) simulateurs faciaux ont été identifiés, dont treize (13) de paillasse, cinq 

(5) animaux, cinq (5) numériques et trois (3) de conception alternative. Les paramètres de 

validation n'étaient disponibles que pour 35% des simulateurs évalués, alors qu'aucune étude n'a 

démontré la transférabilité des compétences en milieu clinique. Les coûts exacts ont été rapportés 

pour 30% des simulateurs. Aucun outil objectif d'évaluation n'était disponible pour l'appréciation 

des principes géométriques de la conception de lambeau local. Le nouvel outil d'évaluation 

SMaRT proposé a démontré la capacité de noter proportionnellement un spectre de conceptions (n 

= 36) allant de variations subtiles à significatives par rapport à la conception optimale, avec 

d’excellentes performances par rapport à l’analyse informatique et aux limites pratiques 

raisonnables. En termes d'inadéquation de la forme, les changements de pointage SMaRT étaient 

également corrélés aux violations intentionnelles dans les conceptions éloignées de la conception 

idéale du lambeau. 

Conclusion 

Un grand nombre de simulateurs chirurgicaux rapportés démontrent un potentiel éducatif non-

négligeable. Toutefois, les efforts de validation basés sur des paramètres objectifs faisaient souvent 

défaut étant donné l'absence d'outils d'évaluation a l’égard du marquage chirurgical. Les futurs 

efforts de développement et\ou conception de simulateurs devraient se concentrer sur les exercices 

délibérés basés sur des résultats d'apprentissage afin de rendre compte de manière cohérente des 

mesures de validation, et de la transférabilité clinique des compétences et des coûts. Cette approche 
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pédagogique innovante pourrait aider à intégrer une rétroaction objective par le biais des plates-

formes de simulation visant à faciliter une pratique délibérée dans la conception de lambeaux. Par 

ailleurs, le présent mécanisme d'évaluation a le potentiel d'être adapté à d'autres domaines de la 

chirurgie plastique afin d’automatiser les processus d'évaluation.  
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Chapter 1 - Introduction 

Re-evaluating the Role of Simulation in Local Flap Education 

Surgical education has experienced a major shift from the conventional apprenticeship-

based model to an objective competency-based model. Plastic surgery is one of the fields 

pioneering simulation-based education, with the development of various simulators such as breast, 

cleft lip, cleft palate, rhinoplasty and craniosynostosis surgeries.1 With increasing technological 

capacities, surgeons and educators are designing countless novel simulators ranging from high-

fidelity bench top models to advanced virtual reality systems.2,3 There remain advantages and 

disadvantages to each model regarding fidelity, reliability, feasibility, and validity, which would 

determine the characteristics of an ideal simulator. In order to justify cost effective 

implementation, simulators should be paired with validated assessment tools and demonstrate 

transferability of skills to clinical scenarios.4,5 In this thesis, we critically reviewed the simulation 

efforts in the domain of design of local flaps in facial reconstruction and address the areas in need 

of improvement according to modern surgical educational standards. 

A flap is tissue that is transferred from a donor site to a defect at recipient site while 

maintaining its own blood supply. Local flaps, as opposed to distant flaps, are transferred from an 

area adjacent to the defect. Facial reconstruction of cutaneous defects commonly resulting from 

cancer tumor excision is frequently performed using local flaps as they provide excellent colour 

and texture match6. Ideal surgical marking of local flaps is required for optimal aesthetic and 

functional outcomes. Teaching and assessment of the cognitive processes required for optimal 

design remains a challenge in the present era of competency-based surgical education.7,8 

Previously several facial local flap simulation models have been described in the plastic surgery, 
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dermatology, and otolaryngology literature. However, as comprehensively reviewed in the 

following chapter, we have noted that reports primarily act as proof of principal concepts and lack 

in rigorous systematic validation; thus, their educational value has not been verified with objective 

data. Particularly, the degree of transferring the skills acquired by using the simulator to a clinical 

scenario regarding flap design has not been studied vigorously in the literature.  

The overarching goal of this research is to critically assess our current understanding of 

education of local flaps and to advance the field by proposing an assessment tool which provides 

the groundwork for incorporation of objective feedback in simulation-based platforms to facilitate 

deliberate practice of surgical design. Such an approach has the potential to be adapted to other 

fields of plastic surgery to automatize surgical design assessment processes.  
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Abstract 

 

BACKGROUND: Achieving competency in the selection, design, and execution of various local 

facial flaps remains a challenge for trainees. Simulation has gained recognition as a promising 

platform to complement the resource-intensive demands of competency-based education curricula. 

The present article provides a comprehensive overview of all biologic, prosthetic, and digital 

simulators proposed for training and assessment in facial local flaps, with an emphasis on each 

model’s characteristics, costs, design/procedural skills, validation measures, and alignment with 

modern surgical educational paradigms. 

 

METHODS: A systematic review of PUBMED and EMBASE databases were performed to 

identify all facial local flap simulators and assessment tools.  Data regarding simulator design, 

costs, validation, learning outcomes and assessment tools was collected. 

 

RESULTS: Twenty-six facial simulators were identified including 13 benchtop, 5 animal, 5 

digital and 3 alternative designs. Validation metrics were available for only 35% of simulators 

assessed, while no studies demonstrated skill transferability to clinical setting. Exact costs were 

reported for 30% of simulators. No objective assessment tools were available for the evaluation 

of geometric principles of local flap design. 

 

CONCLUSION: A vast number of surgical simulators reported demonstrate notable educational 

potential; however, metrics-based validation efforts were often lacking given the absence of 

objective assessment tools for surgical marking. Future simulator development efforts should align 
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simulation-based deliberate exercises with learning outcomes, and report consistently on 

validation measures, clinical transferability of skills, and costs. Adoption of objective assessment 

tools for local flap geometric designs is essential to realize the full potential of simulation-based 

education in facial reconstruction.  
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Introduction  

The present state of surgical education allows residents to acquire knowledge of various 

local facial flap designs from a variety of sources, however, attaining expertise in the field of 

reconstructive plastic surgery remains a challenge due to numerous factors. Learning the 

intricacies for facial aesthetic unit reconstruction, within the complex three-dimensional (3D) 

anatomy of the face, based on traditionally two-dimensional (2D) resources such as textbook 

illustrations, requires a high level of spatial awareness and reasoning.1 Although the geometrics of 

local flaps are easy to illustrate, the cognitive process required for optimal flap design is 

sophisticated and complex, and does not lend itself to being taught effortlessly.2 Factors such as 

patient referral patterns for head and neck reconstruction shared among several subspecialties, as 

well as resident work hours restrictions, have limited residents’ clinical exposure to facial 

reconstruction.3,4 Furthermore, these procedures are routinely performed under local anesthesia on 

awake patients, which influences optimal teaching conditions for novice trainees.5  

A well-planned and executed local flap can lead to excellent functional and cosmetic 

outcomes, with minimal distortion of surrounding facial anatomical landmarks, resulting in high 

patient satisfaction.6 Facial cutaneous defects and scars can be tremendously disfiguring and 

impair function leading to significant psychosocial distress.7,8 Education of local flap design for 

facial reconstruction thus remains a crucial, challenging portion of plastic surgery residency 

curriculums. Simulation-based education is now recognized as a promising platform to 

complement the resource intensive demands of the emerging competency-based education (CBE) 

curriculums progressively adopted in North American plastic surgery programs.9,10 Simulation 

provides residents with the opportunity to familiarize themselves with essential steps of a specific 

surgical task of progressive complexity in a safe, structured manner.11 Deliberate practice is 
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defined as the purposeful and systematic exercise that requires focused attention and is conducted 

with the specific goal of improving performance.12 Whereas traditional procedural simulators 

require the trainee to complete the simulation in its entirety, deliberate practice allows for 

repeatedly practicing a specific set of steps until trainees acquire competency, through constant 

assessment and feedback, which can then allow for immediate modification of surgical 

technique.13 This approach has been proven effective for transferability of specific skills to the 

operating room.13-15 In the context of facial reconstruction, essential tasks include procedural skills 

for flap elevation and suturing ,as well as, cognitive skills such as defect analysis, aesthetic subunit 

analysis, appropriate flap selection and optimal design according to geometric principles in relation 

to relaxed skin tension lines (RSTL), tissue laxity, aesthetic subunits and resultant scars. 

 With validated assessment tools and appropriate simulator feedback, residents can perform 

deliberate practice, address specific shortcomings and ultimately achieve expert performance.16 

Achieving competency on simulators allows for the progression of residents on the learning curve 

in preparation for the next valuable yet limited clinical exposure. As many new simulators are 

being developed, educators remain critical of evidence supporting their validity and cost-

effectiveness.17 It therefore remains essential that simulator developers and surgical educators in 

plastic surgery be familiarized with the most recent developments and best practices in the domain 

of simulation-based surgical education. In the present study, the authors set to review the different 

types of facial flap simulators presently available in the literature, highlight strengths and 

limitations of each, and classify and contrast them according to type, cost, validation metrics, and 

learning outcomes measured. According to modern principles of simulation-based surgical 

education, the authors aim to highlight specific features that future simulators should ideally 
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possess, with a focus on concepts such as proficiency-based, distributed deliberate practice, 

validation, formative feedback, objective assessment tools, and curriculum implementation. 

 

Methods 

The PubMed and EMBASE databases were queried to identify all publications relating to 

facial flap simulators from database inception until May 2020. This was done using variations of 

the search terms “facial surgery”, “local flap”, “simulation”, and “surgical education”. A 

combination of both MeSH terms and keywords were used. A separate search was conducted to 

evaluate for the presence of any objective assessment tools for evaluating trainee performance in 

local flap design, on facial local flap simulators or otherwise. This was performed using variations 

of the following search terms: (local flap*) AND (marking* OR design*) AND (skill* OR train* 

OR competenc* OR educat* OR simulat* OR assess*). 

The search and screening process strictly adhered to the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA).18 Inclusion criteria consisted of studies that 

reported on facial flap simulators for training purposes or assessment tools for any local flap 

design. Exclusion criteria consisted of articles written in a language other than English or French, 

as well as articles describing non-facial flap simulators, non-cutaneous flap simulators. 

 

Results 

The initial search strategy yielded 191 articles; citations were manually checked, and 40 

relevant references were added. Following removal of duplicates, the search culminated in a total 

of 210 articles for evaluation.  Titles and abstracts were screened initially for relevance by two 

independent evaluators, and 40 records were assessed by full-text review. A total of 23 articles 
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were deemed eligible for inclusion, according to the specific inclusion and exclusion criteria 

(Figure 1).19-41 Twenty-six different local facial flap simulators were identified; these were 

stratified and analyzed according to specific categories including bench-top (n=13), animal (n=5), 

digital (n=5), and alternative design models (n=3). (Figure 2).  

Twenty models (77%) supported procedural skill simulation, such as flap raising and 

suturing; 18 models (69%) allowed for 3D design of local flaps, while 12 simulators (46%) allowed 

for ideal facial aesthetic subunit analysis. Of note, four simulators (15%) allowed for digital 

manipulation of flaps to visualize tissue movement. Validation metrics were available for 9/26 

simulators evaluated (35%); seven simulators demonstrated content validity (78%), one face 

validity (10%), and one construct validity (10%). None of the simulators evaluated demonstrated 

predictive validity. Only one study evaluated specific learning outcomes on the simulator 

described,31 and exact cost was reported on for eight simulators (30%).  

Bench-top models 

Thirteen (50%) bench top models for facial flap simulation were identified; 6 models (46%) 

were validated, including 5 that demonstrated content validity and one that demonstrated construct 

validity. Six models (46%) reported on costs ranging from less than $10, to $200; two additional 

simulators were described as “cheap”. None of the studies evaluated learning outcomes following 

simulation-based training. All models supported procedural skill simulation; ten models (77%) 

supported 3D simulated flap design, and seven models (54%) allowed for simulated facial aesthetic 

subunit analysis (Table 1). 

Animal models  

Five (19%) animal models for facial flap simulation were identified; validation metrics 

were available for only one model, which demonstrated content validity. Cost was reported on for 
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two models as less than $10, and “cheap”. Learning outcomes were not assessed; all provided 

support for 3D design tasks and procedural skill simulation, however, none allowed for simulated 

facial aesthetic subunit analysis given anatomic differences. (Table 2). 

Digital models  

Five (19 %) digital facial flap simulators were identified. Validation metrics were not 

available for any of the models assessed. Cost was reported on for only one model as $2100. 

Learning outcomes were evaluated for only one simulator, in which trainees demonstrated 

significantly higher anatomical and procedural knowledge following simulator training, relative to 

control textbook learners.31 Overall four simulators (80%) used finite element analysis to simulate 

skin manipulation during local flap surgery, but none provided simulation of procedural skills. 

Three studies (60%) allowed for 3D design of local facial flap, and all models supported facial 

aesthetic subunit analysis. (Table 3). 

Alternative models 

Three simulators (11.5%) identified did not fit within any of the aforementioned categories 

and thus classified as alternative designs. The first consisted of chilled, unrolled pastry rolls to 

allow trainees to excise creating ‘defects’ and preforming different forms of local facial flaps.23  

No assessments of validation metrics or learning outcomes were provided, and cost was reported 

on as ‘cheap’. The second consisted of laminated pictures of real-life defects that were used to 

practice 2D flap design.19 This simulator demonstrated content validity; cost was not specified nor 

were learning outcomes assessed. The third consisted of a hand-held projector, which projects 

outlined flap markings on human cadavers. This allowed trainees to perform 3D flap design, with 

overlay comparison with a reference design. This simulator supported aesthetic subunit analysis, 



 21 

and trainees were able to practice procedural skills. Face validity was established; however, exact 

cost was not reported (Table 4). 

Objective Assessment Tools for Local Flap Design 

The search strategy for the identification of objective assessment tools for local flap designs 

yielded 275 articles, of which, 14 were assessed by full-text review. (Figure 2). Only one study 

reported on flap geometric design principles, however, this was subjective, and performed 

according to an expert’s evaluation and grading using a Likert scale. Two additional studies 

reported on flap design assessment but did not provide any elaboration on how this was performed. 

Overall, no objective assessment tools were available in the literature for local flap design (Table 

5). 

Discussion 

With the advent of modern paradigm shifts in surgical education, it remains essential to 

critically assess and optimize educational strategies in plastic surgery. There has been a transition 

away from the traditional Halstedian approach of time-based apprenticeship, and the “see one, do 

one, teach one” model has given way to competency-based medical education (CBE)42,43,44. 

Residency programs continue to strive to align their training curricula with specific learning 

objectives in efficient and cost-effective manners. However, deployment of CBE within post-

graduate education is expected to increase one-on-one time requirements with attending 

physicians, and potentially contribute to assessor burnout.45 Simulation has gained notable 

recognition for its role as an effective training and assessment modality in the present era of CBE.11 

By leveraging emerging technologies and simulators of the highest educational standards, post-

graduate curricula can come to truly capitalize on the benefits of milestones-based curricula.46-49 

The present study demonstrated that a vast number of surgical simulators continue to be developed 
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for facial reconstruction, using different technologies and innovative approaches with notable 

educational potential, however, metrics-based validation efforts and assessment of learning 

outcomes were often lacking. Notably, there was a paucity of objective assessment tools for local 

flap design, which arguably remains the most challenging step to master. The absence of rigorous 

follow-up studies demonstrating the acquisition, retention and transferability of skills learned 

following simulation-based training also remain significant barriers for cost-effective wide-scale 

implementation.50-52  

In simulation research, validation measures assess a simulator’s functionality and 

effectiveness in teaching what it intends to teach, and, there exist both objective and subjective 

metrics.53 Subjective measures of validation include face and content validities;51 face validity 

refers to how realistic a simulator is to real life, while content validity refers to how well the 

simulator allows the trainee to reach his/her objective.53 Construct, concurrent and predictive 

validity represent objective validation measures. Construct validity refers to the ability of a 

simulator to differentiate between performance of a novice and expert;54 concurrent validity 

compares new simulators to previous ‘gold standards’, while predictive validity refers to a 

simulator’s ability to predict future trainee performance based on performances on the simulator. 

Concurrent, predicative, and construct validity are widely believed to be three of the most 

important validity assessments for simulators.53  However, as demonstrated in the present study, 

simulation-based literature remains often devoid of evidence-based validation efforts, limited to 

participant feedback regarding realism and confidence levels, survey tests of theoretical 

knowledge, and subjective evaluation by study members – all of which are legitimate, but not 

rigorous tools for concluding on the effectiveness of a simulator as an educational resource.10,11 

Additionally, across the plastic surgery specialty, there exists a need for systematic and 
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standardized assessment tools to evaluate competency in particular procedures, with applicability 

in both simulated and true clinical settings.55 In the context of simulation-based medical education, 

the latter has been deemed to be a significant barrier for the ubiquitous implementation of 

simulation-based training in post-graduate curricula.56 In the context of facial local flaps, an added 

challenge represents identifying cut-offs for acceptable local flap designs, which, despite small 

degrees of variability, would still culminate in similar clinical outcomes.  

In the present study, the most common type of facial flap simulators identified were bench-

top models, representing 50% of simulators assessed. Bench-top simulators demonstrated marked 

versatility and different designs according to specific factors.  These included the targeted learning 

objectives, education level of trainees, availability of materials used, as well as cost constraints. 

Optimal benchtop simulator design was found to represent a balance between complexity in design 

and cost limitations, with the goal of best fulfilling the learning objectives targeted for a specific 

group of trainees. Furthermore, an added advantage of bench-top prosthetic models is the potential 

for repeated use within reasonable additional cost.57 This encourages deliberate practice among 

trainees until desired competencies are reached. However, none of the studies assessed discussed 

training schedules necessary to achieve competency, or highlighted potential use for deliberate 

practice.13 With validation metrics only available for 46% of benchtop simulators evaluated, and 

absence of studies demonstrating transferability of acquired skills into clinical settings, the 

educational utility and cost-effectiveness of bench-top simulators relative to other available 

options remains elusive.  

A recent systematic review of animal model simulators in plastic surgery suggested that 

the ideal animal model accurately mirrors the simulated clinical situation, is easily accessible, 

simple to set up, and the use of which remains humane and ethical to animals.58 Indeed, it is widely 
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accepted that live animal models tend to have higher fidelity relative to prosthetic or cadaveric 

simulators, potentially better-simulating real life clinical situations.59 Although commonly 

considered the ‘gold standard’ in simulation, several ethical, financial, and accessibility issues 

persist with animal models use.11  Furthermore, anatomical differences between human and animal 

skin that may affect engineering fidelity.60 Given the facial morphologic differences between 

animals and humans, persistent ethical issues, cost of maintenance, and current lack of validation 

efforts, animal models evaluated in the present study may be less appealing for facial flaps 

education. 

Digital simulators use innovative technology and software to create virtual environments 

and allow for the simulation of complex and intricate maneuvers, such as manipulating tissue in 

facial reconstruction.60 Similar to bench-top models, digital models from other surgical domains 

have demonstrated notable skill acquisition and transferability to real clinical situations.46,61,62 

With rapid developments in Virtual Reality (VR) technology, it remains without a doubt that VR 

simulators have a growing role to play in surgical education with potential to provide extremely 

high-fidelity simulations that capture intricate anatomical details, and are completely reusable. 

However, one of the major challenges of VR models is modelling alteration of skin geometry and 

topology in response to force.63 Another limitation is the costly component of providing realistic 

haptic feedback to the user, which remains an important component of engineering fidelity to 

consider. In the context of facial local flaps in particular, the relevance of haptic feedback may be 

insignificant for training of geometric design principles, but more beneficial for simulating 

procedural skills. Additional drawbacks include the high cost for development and 

maintenance30,64.  Given that the clinical transferability of skills from VR remains to be established 

in facial local flap education, their utility may thus presently be limited for post-graduate training 
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programs seeking to address educational gaps and complement clinical teaching for specific 

surgical skills in cost-effective manners. It could be argued that well-designed, low-fidelity, step-

specific simulators could be more effective in terms of goal-directed learning and resource 

management than a fully immersive but costly VR experience.65,66 Further research is warranted 

to establish whether 3D design tasks provide any added benefit relative to 2D design tasks in facial 

local flaps simulation. 

To complement the ongoing transition away from traditional textbook-based learning 

resources, the present study demonstrated that simulators have rapidly evolved to allow for “hands 

on” experience and deliberate practice of principles learned both safely and effectively.60,67,68 For 

local facial flaps, simulators assessed demonstrated marked potential for residents and medical 

trainees to develop the surgical judgement necessary to design optimal flaps and practice different 

techniques before preforming them on patients.69 Additionally, simulators provide the opportunity 

for standardized, formative feedback with summative assessments, which could effectively 

complement new competency-based curricula.10 Transferring the burden of providing formative 

feedback from the experts to simulators using objective, validated assessment tools could alleviate 

the need for extensive resources, reduce assessor burnout and allow the trainee to perform 

deliberate practice on one’s desired schedule.70  However, as demonstrated in the present analysis, 

only three studies reported on assessment efforts, and the literature remains devoid of objective 

assessment tools for evaluation cognitive skill acquisition or retention in facial local flap design.  

Despite principles for optimal simulation-based education such as proficiency-based, distributed, 

and deliberate practice having been acknowledged, massed training with fixed time intervals is 

still extensively used.71 To realize their full potential, local facial flap simulators should be ideally 

integrated alongside clinical practice and allow for independent learning via deliberate practice, 
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with objective, formative feedback available in a non-judgmental environment without the need 

for supervisor involvement.  

Future Directions 

With recent advances in artificial intelligence, machine learning, and statistical shape 

analysis, development of objective assessment tools capable of providing unsupervised, timely 

feedback to trainees on local flap design principles for given defects would be ideal, in order to 

facilitate deliberate practice efforts and validate available simulators.72 Indeed, the latter two points 

are of particular interest to our group and the subject of ongoing studies. As financial resources for 

education are increasingly scarce, reporting on one-time setup costs and recurring costs per use 

should become standard of practice when describing new simulators. Finally, it remains essential 

that rigorous follow-up studies are performed on all simulators developed in order to demonstrate 

the acquisition, retention and transferability of skills learned, to guide wide-scale implementation.  

 

Conclusions   

This article provides a comprehensive and critical overview of the current status of local 

facial flap education in plastic surgery. Different types of simulators have been developed, each 

with associated advantages and drawbacks; however, consistently, there existed a paucity of strict 

validation measures. Costs reporting remains poor, and no studies have demonstrated clinical 

transferability of skills learned, representing barriers to wide-scale adoption. The lack of high-

level research in this domain is likely due to the fact that, currently, no validated assessment tools 

for surgical markings of local flaps exist. In order to effectively train the next generation of plastic 

surgery residents, future simulator developers and researchers should be familiarized with current 

developments and best practices in the domain of surgical education, including deliberate practice, 
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aligning simulation exercises with learning outcomes, regardless of fidelity, and improving 

research practices to consistently report on costs, transferability of skills, and validity measures, 

for both simulators and assessment tools developed. 
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Figure 1 – Systematic search strategy to identify local flap simulators in facial 

reconstruction 
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Figure 2: Types and frequency of facial flap simulators. (Courtesy of Ueda K, Shigemura Y, 

Otsuki Y, Fuse A, Mitsuno D. Three-Dimensional Computer-Assisted Two-Layer Elastic 

Models of the Face. Plast Reconstr Surg. 2017;140(5):983-986. Courtesy of Bauer F, Koerdt S, 

Rommel N, Wolff K-D, Kesting MR, Weitz J. Reconstruction of facial defects with local flaps – 

a training model for medical students? Head & Face Medicine. 2015;11:30. Courtesy of Mitchell 

NM, Cutting CB, King TW, Oliker A, Sifakis ED. A Real-Time Local Flaps Surgical Simulator 

Based on Advances in Computational Algorithms for Finite Element Models. Plastic and 

Reconstructive Surgery. 2016;137(2):445e-452e. Courtesy of Ali FR, Ghura V. PERFECT-ing 

technique prior to facial reconstructive surgery: a convenient, inexpensive aid to dermatologic 

surgical teaching. Journal of the American Academy of Dermatology. 2014;71(5):e203-204.  

Reproduced with permission) 
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Table 1:  Bench top models’ characteristics  

Study Description of simulator 

Support for: 

Validation Cost 
Design 

Task 

Simulation 

Aesthetic 

Subunit 

Analysis 

Simulation 

Procedural 

Skills 

Simulation 

Chipp et 

al., 2011, 

24 

Plaster model of a face cover 

by layered dressings e.g. 

Mefix (periosteum), 

Microfoam (skeletal muscle), 

Allevyn (dermis epidermis) 

3D Fair Yes 
Content 

validity 

Not 

reported 

Davis et 

al., 2014, 

25 

Foam positioned on a skull 

using Velcro pads 
2D No Yes None “cheap” 

Gurerrer

o-

Gonzalez 

et al., 

2016, 26 

A high-fidelity 3D model of a 

head bust model (IL Duomo, 

DermSurg Scientific) paired 

with head mounted video-

camera (GoPro, Inc., San 

Mateo, CA, US) from expert 

surgeon’s perspective for 

reference.  

3D Excellent Yes None 
Not 

reported 
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Kite et 

al., 2018, 

29 

Foam core base overlaid with 

multiple silicone layers to 

form a flat model of the skin 

2D No Yes 
Content 

validity 
150 $ 

Kite et 

al., 2018, 

29 

Foam core base overlaid with 

multiple silicone layers 

molded into a 3D shape of 

face 

3D Excellent Yes 
Content 

validity 
200$ 

Nicolaou 

et al., 

2006, 32 

Styrene mannequin head 

covered with cling film. 

Drawing pins are inserted 

onto to simulate raised 

lesions 

3D Excellent Yes None “cheap” 

Okamoto 

et al., 

2018, 33 

3D printed 2 layered silicon 

and polyurethane model of 

the face that allows defect 

creation. 

3D Excellent Yes None 
Not 

reported 

Powell et 

al., 2019, 

41 

3D printed layered silicone 

model of the face using 3D 

CT scan data. A 3mm depth 

of skin and 6 mm depth of 

fat. 

3D Excellent Yes 
Content 

validity 

8.14$ for 

each flap 

used 
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Ross et 

al., 2003, 

35 

Mannequin head covered 

with a disposable chamois 

cloth to simulate the skin on 

the face 

3D Poor Yes None <10$ 

Sajan et 

al., 2013, 

36 

3D organosilicate model of a 

human face  
3D 

Not 

reported 
Yes 

Construct 

validity 

Not 

reported 

Taylor et 

al., 2016, 

38 

An expanded polystyrene 

foam head used as mold and 

covered with modeling clay.  

The clay was sculpted to 

include facial features. 

Gelatin and Mesh were added 

to the model to simulate the 

skin 

3D Excellent Yes 
Content 

validity 
40$ 

Ueda et 

al., 2017, 

39 

3D printed 2 layered silicon 

and polyurethane elastic 

model of the face that allows 

defect creation. 

3D Excellent Yes None 66$ 

Villafane 

et al., 

1999, 40 

Patented material used as skin 

attached to a plastic box.   
2D No Yes None 

Not 

reported 
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Table 2: Animal models’ characteristics  

Study 
Description of 

simulator 

Support for 

Validation Cost 
Design 

Task 

Simulation 

Aesthetic 

Subunit 

Analysis 

Simulation 

Procedural 

Skills 

Simulation 

Bauer et 

al., 2015,  

20 

Pig head  3D Poor Yes None 
Not 

reported 

Bretan et 

al., 2005, 21 

Dog head 

 
3D Poor Yes None 

Not 

reported 

Chan et al., 

2010, 22 

Chicken skin draped 

over plastic mask 

secured with pins  

3D Poor Yes None <10$ 

Hassan et 

al., 2014, 27 

Porcine skin draped 

over mannequin head 

secured with pins  

3D Poor Yes None 
Not 

reported 

Isaacson et 

al., 2014, 28 
Turkey thigh 3D No Yes 

Content 

validity 
“cheap” 

 

 

Table 3: Digital models’ characteristics   
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Study 

 

Description of 

simulator 

 

Support for: 

Validation Cost 
Design 

Task 

Simulation 

Aesthetic 

Subunit 

Analysis 

Simulation 

Procedural 

Skills 

Simulation 

Gurerrero-

Gonzalez 

et al., 

2016, 26 

Interactive touch screen 

white board with 

pictures of real faces 

with lesions. 

2D Excellent No None 
Not 

reported 

Mitchell 

et al., 

2016, 30 

Finite-Element digital 

3D figures of different 

heads with different 

lesions, Finite-Element  

3D Excellent 

Digital 

manipulation 

of flap 

None 2100$ 

Naveed et 

al., 2018, 

31 

Online educational 

model on an iPad which 

shows defects on a 

mannequin face and the 

different markings for 

local flaps accompanied 

with educational 

module. 

3D Excellent 

Digital 

manipulation 

of flap 

None 
Not 

reported 
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Pieper et 

al., 1995, 

34 

Finite-Element digital 

2D photos of patients' 

faces for Z-plasty 

2D Fair 

Digital 

manipulation 

of flap 

None 
Not 

reported 

Pieper et 

al., 1995, 

34  

Finite-Element digital 

3D face model created 

from CT and MRI data. 

3D Fair 

Digital 

manipulation 

of flap 

None  
Not 

reported 

 

 

 

 

Table 4: Alternative models’ characteristics  

Study Description of simulator 

Support for skill Validation 

Cost 
Design 

Task 

Simulation 

Aesthetic 

Subunit 

Analysis 

Simulation 

Procedural 

Skills 

Simulation 

 

Ali et al 

2014, 19 

Pictures of real facial 

defects are taken and 

laminated (plasticized).  

Trainees draw surgical 

markings for the flaps  

2D Excellent No 
Content 

validity 

Not 

reported 
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Chawdha

ry et al., 

2014, 23 

Chilled pastry rolls are 

unrolled and used as skin.  

Defects are drawn on the 

rolls.   

2D No Yes None “cheap” 

Sayadi et 

al., 2018, 

37 

A hand-held projector 

projects mathematically 

outlined flap markings on 

human cadavers.   

3D Excellent Yes 
Face 

validity 

Not 

reported 
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Figure 3 – systematic search strategy to identify objective assessment tools in 

education of local flap designs 
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Table 5: Assessment Tools for Local Flap Design – No objective assessment tools for local 

flap design were identified in the literature.  

 

Study Assessment Tool 
Associated 

Training Tool 
Trainees Assessors Objectivity 

Naveed 

et al., 

2018, 

31 

Subjective assessment of 

concepts geometric 

principles on a Likert scale 

(1-5) as an item in a 

Modified OSATS for 

assessment of local flap 

design and procedural skills: 

 

 

1- Plans the flap 

inappropriately with 

no concept of 

geometry 

3- Largely pertains to 

the geometry of 

rotational or 

advancement flaps  

Online 

educational 

model on an 

iPad, which 

shows defects 

on a mannequin 

face and the 

different 

markings for 

different local 

flaps 

Explanation for 

each flap is 

included 

Medical 

Students 

Expert 

plastic 

surgeon 

Subjective  
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5-  Exceptional local 

flap design with good 

understanding of 

applicable geometry 

 

Sayadi 

et al., 

2018, 

37 

Assessment tool unspecified 

in detail 

 

e.g. The hand-drawn bilobed 

flap had a 20 percent and 50 

percent “deviation”, 

respectively, in the primary 

and secondary lobes when 

“compared” to published 

theoretical parameters 

A hand-held 

projector 

projects 

mathematically 

outlined flap 

markings on 

cadavers.  

Trainees can 

these markings 

as guidelines to 

learn the flap 

markings 

Expert 

plastic 

surgeon  

 

Not 

specified 

Not 

specified 

Sajan 

et al., 

2013, 

36 

Assessment tool unspecified 

in detail 

 

e.g. reviewers "rated" two 

drawings and one scar 

revision per trainee. 

A 3D 

organosilicate 

model of a 

human adult 

face, built with a 

Residents 

three 

blinded 

reviewers 

Not 

specified 
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corresponding 

2D paper model 
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Chapter 3 - Bridging Text 

The information gathered in the previous manuscript through a systematic review of 

literature, confirmed that the lack of high-level research in the domain of local flap design for 

facial reconstruction is likely due to the fact that, currently, no validated objective assessment tools 

for surgical markings of local flaps exist. Having this in mind, in the following manuscript, we set 

out to develop an innovative objective assessment tool which is in our view the single most 

important barrier for advancement of simulation-based surgical education in this field. In order to 

compare shape similarity between optimal and suboptimal designs, the authors utilized 

mathematical concepts of shape dissimilarity, commonly used in the field of statistical shape 

analysis.9 We aimed to develop this assessment tool with a focus on providing automated, 

evidence-based, objective, specific, and practical feedback to the learner. Serving as an innovative 

approach to improve post-graduate education of surgical markings, to the authors’ knowledge, this 

approach is first of its kind and has immense potential to automatize surgical design assessment. 
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Abstract 

 

Introduction: Teaching and assessment of ideal surgical markings of local flaps required for 

optimal aesthetic and functional outcomes remains a challenge in the present era of competency-

based surgical education. We utilized the bilobed flap for nasal reconstruction as a proof-of-

concept for the development of an innovative objective assessment tool based on statistical shape 

analysis, with a focus on providing automated, evidence-based, objective, specific, and practical 

feedback to the learner. 

 

Methods: Systematic reviews of the literature were performed to establish the essential cognitive 

processes required for optimal bilobed flap design and methods used for shape analysis. An 

objective assessment tool based on Procrustes statistical shape analysis was developed and 

performance boundaries were tested. A series of optimal and suboptimal designs generated in 

deliberate violation of the established ideals were then evaluated, and a four-component feedback 

score of Scale, Mismatch, Rotation, and Translation (SMaRT) was generated. 

 

Results: The SMaRT assessment tool demonstrated the capacity to proportionally score a 

spectrum of designs (n=36) ranging from subtle to significant variations of optimal, with excellent 

computational and clinically reasonable performance boundaries. In terms of shape mismatch, 

changes in SMaRT score also correlated to intended violations in designs away from the ideal flap 

design. 
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Conclusion: This innovative educational approach could aid in incorporating objective feedback 

in simulation-based platforms in order to facilitate deliberate practice in flap design. Furthermore, 

the present assessment tool has the potential to be adapted to other fields of plastic surgery and to 

automatize assessment processes. 
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Introduction  

 Local flaps are classically used for reconstruction of facial defects, commonly secondary 

to skin cancer excision.1 Considering the specific defect’s dimensions, the complex three-

dimensional anatomy of facial aesthetic subunits, appropriate local flap selection and optimal 

design require complex cognitive processes by the reconstructive plastic surgeon.2 Given the 

endless possibilities of defects based on location and size, it remains critical for plastic surgery 

residents to develop proper spatial reasoning and awareness based on general design principles, 

while concurrently taking into account accompanying clinical pearls and pitfalls applicable to any 

scenario.2-4 The age-old wisdom of “measure twice, cut once” alludes to the importance of precise 

pre-operative planning, which remains critical in the field of plastic surgery to achieve optimal 

functional and aesthetic outcomes.5 

Due to the geometric nature of surgical designs, preoperative surgical marking remains a 

challenging domain in surgical education.5 The feedback process to learners, while being evaluated 

by an assessor, often remains subjective, non-specific, variable, and untimely.6 Moreover, 

involving assessors in deliberate practice exercises for real-time feedback is impractical and 

resource-intensive.7 Opportunities to perform deliberate practice with the aim of mastering the 

design of a specific local flap,8-10 while simultaneously receiving objective, specific, and practical 

feedback, remains extremely limited in the clinical setting and in post-graduate training 

programs.11 Ideally, prior to the occasional and infrequent patient encounters, residents should 

strive to reach competency in surgical design using educational resources presently available.12 

Traditional resources include two-dimensional textbook illustrations highlighting geometric 

principles with accompanying markings indicated on specific defects. The transition towards 

competency-based education has culminated in a surge in popularity of simulation-based training 
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platforms in plastic surgery,13-15 with local flap design remaining notably amenable to simulation. 

However, consistently, there remains a paucity of rigorous validation efforts for local flap 

simulators, which stems from the lack of objective assessment tools available for surgical designs. 

Using an objective assessment tool is thus critical to quantitively assess design principles and 

identify improvements necessary in trainees. Moreover, objective data can be documented and 

assessed in a serial fashion, allowing for the monitoring of progression through structured training 

curricula.16 

Given that no objective assessment tools exist for the evaluation of local flap design, the 

authors sought to develop such a tool using bilobed nasal flaps design as a proof-of-concept.17-19 

The bilobed flap for nasal reconstruction was deemed an appropriate choice given that it has been 

previously deemed an essential procedure for plastic surgery residents to demonstrate competence 

in during training, with limited clinical exposure.11,20 However, before an objective assessment 

tool may be developed, essential procedural steps that the assessment tool must evaluate should 

first be established.21 The objectives of the present study were to develop an objective assessment 

tool for local flap design based on statistical shape analysis,22 with a focus on the capacity to 

provide feedback to learners, that remains objective, specific, and practical for design 

improvement. By implementing a four-component score assessment tool, the authors aim to 

provide evidence for its capacity to assess suboptimal local flap designs, in comparison to 

previously established principles and concepts of optimal designs. 

Methods 

Identification of Essential Concepts in Bilobed Flap Design  

A systematic search of the U.S. National Library of Medicine (MEDLINE), Excerpta 

Medica Database (EMBASE), PubMed, and Cochrane databases was performed using variations 
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of the following search terms: (“Bilobed”) AND (“Face*” OR “Nose*”). Additionally, a survey 

was administered to plastic surgery residents at our university (n=15) to identify the 5 most 

frequented textbook references for learning principles of bilobed flap design. References were 

queried by two independent evaluators in accordance with the PRISMA guidelines23. Essential 

principles in bilobed flap design were compiled and grouped into one of three major categories: 

defect analysis, aesthetic subunit analysis, and geometric principles. Qualitative text analysis was 

subsequently performed and a cognitive demand table24 generated based on coded statements, in 

order to identify specific concepts deemed essential in each category. The final shortlist was 

approved by an expert academic craniofacial plastic surgeon (MG, senior author), and in 

consideration of the essential geometric principles established, a reference standard for bilobed 

flap designed was generated, for a virtual defect drawn on a sketched image of a lateral view of a 

nose. The final design of the senior author was also subsequently assessed for suitability by two 

independent academic plastic surgeons in order to validate its use as the reference standard for the 

present study.  

Development of an Objective Assessment Tool for Local Flap Design 

Objective assessment of surgical designs is fundamentally a shape analysis exercise, 

comparing one shape’s similarity to a reference standard. This allows for the use of a well-

established mathematical principle from the field of statistical shape analysis termed Procrustes 

analysis,25 previously implemented for objective assessment of facial symmetry in plastic 

surgery.26 The essential components of such an analysis comprise, initially, mathematical 

Euclidean similarity transformations of a given design, including translation, rotation, and scale, 

in order to maximize the fit of one shape to a reference standard, and attain the minimally-

achievable dissimilarity possible. Additionally, the degree of this minimally-achievable 
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dissimilarity or mismatch can then be computed using the root mean square deviation between the 

two shapes.25,26  

In order to collect suitable data for model generation and testing, Procreate® (Savage 

Interactive, North Hobart, Australia) image processing application was used on an iPad tablet 

(Apple Inc, Paolo Alto, California). The authors were able to extract surgical designs drawn using 

touch-screen technology over a 400x550 pixels background, representing a sketched image of a 

nasal lesion. The image file was transformed from Portable Network Graphics (PNG) into Scalable 

Vector Graphics (SVG), and subsequently, into a 100-point XY coordinates dataset representing 

the design outline using open source software (Image Convertor®, QaamGo Media GmbH, 

Cologne, Germany) (Coordinator® Spotify AB, Stockholm, Sweden). The Procrustes analysis was 

subsequently performed using the open-source programming language Python™ (Python Software 

Foundation, Delaware, USA) in order to compare design similarity to the proposed reference 

standard. Finally, a four-component score of the four variables (scale, mismatch, rotation, and 

translation, referred to as SMaRT) was provided for each tested design against the reference 

design. (Figure 1) 

The Sensitivity of the SMaRT Assessment Tool for Discerning Variations in Local Flap Designs 

In order to assess the performance boundaries of the SMRT assessment tool, the reference 

bilobed design was first compared to itself in order to establish the minimum possible computed 

mismatch, as it pertains to computational limits. Subsequently, in order to establish a more 

practical minimum achievable mismatch score, taking into account human error, equipment used, 

as well as analytical settings employed, two authors repeatedly attempted to redraw an overlay of 

the reference bilobed design (n=9), while having the original reference design in the background. 

The 95% confidence intervals for each parameter of the SMaRT score were then calculated. 
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In order to evaluate this model’s sensitivity at discerning specific design manipulations, as 

it pertains to the essential principles of bilobed flap design established, various permutations of 

bilobed-flap designs were then fed into this model. Computed SMaRT scores, based on the 

statistical shape analysis employed, were then compared to expected SMaRT scores, as it pertained 

to purposeful modifications to the reference design using Euclidean similarity transformations. 

Sample bilobed designs (n=12) purposefully rotated at various degrees, scaled at different scales, 

and translated by various millimetres in the XY coordinates, were tested.  Moreover, using image 

processing, two authors purposely distorted the shape of the reference bilobed flap in order to 

analyze the computed SMaRT score for a spectrum of bilobed flap designs (n=15) purposefully 

violating each sub-category of the identified essential principles.  

Results 

Of the 153 articles identified through literature search, 18 were included in the final 

analysis, with adequate, detailed descriptions of bilobed local flap design principles in facial 

reconstruction.19,27-43 In addition, 5 of the most frequented textbook references identified by survey 

administrated to plastic surgery residents (n=15) were assessed (Figure 2). 44-48 The text regarding 

bilobed flap design was extracted from both sources, and a qualitative text analysis subsequently 

performed to synthesize the essential principles of bilobed flap design, as presented in Table 1. 

Notable concepts were further stratified into three major categories, including defect analysis, 

aesthetic subunit analysis, and geometric design principles. We further subcategorized geometric 

principles into pivot point identification, axis identification, arcs of rotation, and lobe dimensions, 

in order to guide the subsequent design exercises, and facilitate the deliberate violation of each 

subcategory during model testing. Accordingly, the reference standard for bilobed flap design was 
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generated for a virtual defect drawn on an illustration of a lateral view of a nose and deemed 

suitable for use as a reference standard in this study (Figure 3). 

In order to establish computational performance boundaries, the reference image was 

compared to itself. The computed SMaRT score (S 1.00X, M 2.406 x 10-16mm, R 3.18o x 10-15, T 

0mm, 0mm) output showed excellent level of precision relative to expected SMaRT score (S 1X, 

M 0mm, R 0o, T 0mm, 0mm). Next, to establish practical performance boundaries, 95% confidence 

intervals were established for each component, when the reference image was compared to nine 

hand-drawn overlay designs. In this exercise, the SMaRT assessment tool showed reasonable 

approximation relative to expected scores, as S 1.003X [0.995 – 1.011] , M 0.0867mm [0.0750 – 

0.0981] , R 0.69o [0.31 – 1.07], T(x) 0.083mm [0.045 – 0.122], T(y) 0.132mm [0.058 – 0.205] 

(Figure 3). 

When the reference design underwent purposeful modifications to produce a spectrum of 

designs (n=12) in each category of scale, rotation and translation, the SMaRT scores showed 

consistency across expected and computed SMaRT scores, within a clinically acceptable margin 

of error relative to the deliberate transformation (Figure 4). Additionally, when the reference 

design underwent purposeful modifications to produce a spectrum of designs (n=15), each 

deliberately violating specific sub-categories of the essential geometric principles, the SMaRT 

assessment tool was demonstrated capable of identifying poor designs arising from incorrect 

cognitive processes (Figure 5). In order to visually represent the spectrum of mismatch scores 

attributed to designs investigated in this study, Figure 6 provides a logarithmic mismatch ruler to 

demonstrate the performance boundaries of the assessment tool and the extent of mismatch for 

multiple sample designs ranging from subtle to significant variations from the optimal design. 

Discussion 
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The plastic surgery literature remains devoid of objective tools for assessment of surgical 

markings for local flap design, which remain critical in order to provide specific and constructive 

feedback to trainees during deliberate practice. In this study, the authors aimed to develop an 

innovative approach towards the training and assessment of local flaps in facial reconstruction that 

incorporates objective statistical shape analysis to guide educational and assessment efforts in this 

domain. The proposed SMaRT assessment tool compares novice surgical designs to an expert 

design in real-time. The authors demonstrate that this tool is sensitive to Euclidean transformations 

including translation, rotation and scale, and is able to compute an objective measure of mismatch 

with excellent computational and clinically reasonable practical performance boundaries. By 

analyzing various examples of suboptimal or incorrect designs, the authors further demonstrate 

that the extent of violation of the evidence-based principles of flap design can be easily conveyed 

to the learner given the four-components feedback score. This provides potential for the 

quantitative assessment of improvements in trainee designs, in a serial fashion, tracking 

progression through structured training curricula.  

The bilobed flap for nasal reconstruction was chosen as a proof-of-concept,17,18 given that 

it was deemed to be an essential plastic surgery procedure for resident training in a recent 

educational study.20 A follow-up study by the same group demonstrated that, through retrospective 

review of case log procedure data of graduating residents, trainees continue to have limited clinical 

exposure to facial local flaps, being involved in an average of 2.6 cases during post-graduate 

training.11 Moreover, the bilobed flap design has complex cognitive processes, attesting to its 

suitability to achieve the objectives of this study. The question of how plastic surgery educators 

may teach and assess the required surgical judgement of optimal local flap design was then 

systematically approached. Cognitive processes pertaining to what elements of a surgical design 
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render it suboptimal for its intended purpose were established through a comprehensive systematic 

review of the literature.  Utilizing classic descriptions of local flap principles available in the 

literature and published textbooks, the spatial reasoning and clinical judgement necessary was 

highlighted in an evidence-based fashion. Intuitively, violation of these essential steps established 

for bilobed flap design by a novice learner would lead to suboptimal designs. An ideal assessment 

tool would thus be sensitive to identifying and objectively reporting on the extent of such design 

errors, providing learners accordingly with specific, objective, and personalized feedback in order 

to guide improvement during independent deliberate practice. 

In order to compare shape similarity between optimal and suboptimal designs, the authors 

utilized mathematical concepts of shape dissimilarity, commonly used in the field of statistical 

shape analysis.25 The authors postulated that the availability of detailed productive feedback to a 

learner in this context would be most useful if it includes components of Euclidean transformations 

necessary to minimize mismatch, as well as a measure of overall resulting mismatch using root 

mean square deviation. To measure mismatch objectively, the authors utilized the Procrustes 

technique25 that takes into account translation, rotation, and scale transformations necessary to 

achieve minimum dissimilarity between two shapes, providing an overall assessment of shape 

dissimilarity accordingly. The Procrustes analysis has been previously used in plastic surgery for 

the objective and quantitative assessment of dissimilarity, for example, for facial asymmetry 

analysis between two hemiface outlines.26,49 Moreover, as an objective approach, this statistical 

analysis removes the need for subjective evaluation and feedback by an assessor, which remains 

both resource-intensive and inherently prone to human error and variability. This approach 

continues to have marked potential for 3-dimensional applications, which remains a noteworthy 

consideration to simulate the complex topology of the face in future works.26 
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Although theoretically, achieving 0mm of mismatch between novice and expert design 

would mean the surgical designs are precisely similar, this remains an unrealistic goal for learners 

given both computational and practical performance boundaries of our model, arising from 

equipment limitations, computational settings, data processing, transformations, and human error. 

Therefore, for the bilobed flap design task, we established the computational performance 

boundaries by comparing the reference standard design against itself, as well as practical 

performance boundaries, by comparing multiple hand-drawn overlaid designs against the reference 

standard. The average mismatch computed in the latter case represents the minimal mismatch 

achievable within the computational and practical boundaries of our model, and should thus serve 

as the target for trainees to achieve in design training exercises. However, there additionally 

remains another important threshold to consider, namely, a range of what may constitute clinically 

acceptable designs, which would, within reasonable variation, still be considered optimal and 

sufficient for demonstrating competence in this procedure. For instance, minor design differences 

in each category of scale, rotation, translation, or overall mismatch, may still all lead to clinically 

acceptable designs. These thresholds would however remain somewhat subjective, based on expert 

opinion, and cumbersome to establish for all possible defects of varying sizes and locations and 

the corresponding local flap reconstructive options.  

The proposed assessment tool may be generalized for use in other surgical design tasks, 

notwithstanding local flaps, and on any background images of different facial lesions, specific 

patient views, or using any reference design standard that is fed into the model. However, in 

organizing any specific design task, it would be imperative to establish the limits acceptable for 

mismatch by using overlaid repeated designs generated by the educator as described in this study 

or pooled from multiple experts in a form of visual-script concordance test.50-52 This threshold of 
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mismatch could realistically represent the target for a novice learner to achieve while performing 

deliberate practice, and demonstrate competence within the current setting.  The direction of 

improvement towards a pre-established threshold rather than an actual number is likely more 

comprehensible and practical for the learner. Learners’ perspective on the SMaRT assessment tool, 

nature of the feedback provided, and its validation remain the subject of ongoing studies by our 

group.  

Serving as an innovative approach to improve post-graduate education of surgical 

markings, to the authors’ knowledge, this study is first of its kind in proposing an assessment tool 

with a focus on providing learners with independent, objective feedback. One limitation remains 

that the analysis was performed on 2D surgical designs, which may fail to take into account the 

complex 3D topological features of the nose or other anatomic areas for future application. While 

similar statistical shape analysis techniques can be applied to 3D datasets as well, 2D analysis is 

performed more easily, using portable electronic devices, is easily comprehensible, and amenable 

to the application of necessary corrections and improvements. The criterion validity, defined as 

the extent to which a measure is related to the outcome of interest, namely competence in the 

procedure, can be achieved through multiple methods, such as text analysis as utilized here or other 

expert-based methods in cognitive research such as cognitive task analysis.21,53-59 In terms of 

feedback, the clinical interpretability and the utility of the SMaRT score is yet to be examined. 

Finally, implementation strategies of such an approach in a residency training need to be explored 

following evidence for validation, educational potential, and economic utility. Particularly, this 

tool needs to be validated for its ability to distinguish the expert from novice performance for the 

design task at hand and evaluated for its potential in enabling the acquisition and retention of 
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surgical marking design skills over time. While limitations of the present study, these points are 

indeed the subject of on-going studies by our group.  

 

Conclusions 

By using the bilobed local flap for facial defect reconstruction as an example of a core 

essential learning outcome with low clinical exposure for residents, the authors propose an 

objective assessment tool based on statistical shape analysis and provide evidence for its capacity 

to score suboptimal designs according to published concepts of bilobed flap design. This 

educational tool could aid in incorporating unsupervised objective feedback in simulation-based 

platforms, facilitating deliberate practice, with the end goal of complementing the resource-

intensive demands of emerging competency-based training curricula. The innovative approach 

proposed herein could have significant implications in other fields of plastic surgery, where 

surgical designs remain of paramount importance for successful functional and aesthetic outcomes, 

including cleft lip and palate repair, burn contracture release, and breast reduction/reconstruction. 

With technological advancements in the fields of artificial intelligence, augmented reality and 

surgical simulation,13,60 the authors hope that the present study provides the foundational steps 

necessary for the objective, automated, and personalized evaluation of skin flap design and 

contribute to the advancement of the field of surgical education. 

 

Acknowledgements 

We would like to thank Shakil Jiwa and Yunheum Seol for their input on programming language 

and statistical shape analysis.  



 66 

Figure 1: Overview of local flap design exercise, data collection and analysis. An image 

processing software on a smart tablet is used to extract surgical designs. Data is transformed, and 

Procrustes analysis subsequently conducted. A four-component SMaRT score of Scale (ratio), 

Mismatch (mm), Rotation (degrees), and Translation XY (mm) is provided for each tested 

design. 
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Figure 2: Overview of systematic search strategy to identify essential principles in bilobed flap 

design, conducted in adherence to the Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) guidelines. 
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Figure 3: Bilobed flap design reference standard for the given sketched nasal defect of interest; 

the computed SMaRT assessment tool metrics are compared to those expected to establish the 

model’s computational boundaries. Overlay drawings of the same reference design are tested to 

establish the model’s practical boundaries. A four-component SMaRT score of Scale (ratio), 

Mismatch (mm), Rotation (degrees), and Translation X,Y (mm, mm) is provided. 
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Figure 4:  Sensitivity for discerning specific design manipulations demonstrated by comparing 

computed SMaRT scores to expected SMaRT scores following purposeful modifications to the 

reference design using Euclidean similarity transformations. The SMaRT assessment tool 

demonstrated consistency across expected and computed scores within a clinically acceptable 

margin of error. A four-component SMRT score of Scale (ratio), Mismatch (mm), Rotation 

(degrees), and Translation X,Y (mm, mm) is provided. 
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Figure 5: Ability to identify poor designs arising from incorrect cognitive processes in bilobed 

flap design demonstrated by purposeful modifications to the reference design and SMRT scores 

computed. The model proved effective at proportionally scoring a spectrum of designs ranging 

from subtle to significant variations off optimal, with excellent computational and clinically 

reasonable performance boundaries. A four-component SMRT score of Scale (ratio), Mismatch 

(mm), Rotation (degrees), and Translation X,Y (mm, mm) is provided. 
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Figure 6: Logarithmic mismatch ruler to demonstrate performance boundaries of the proposed 

assessment tool proposed using sample designs evaluated. 
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Table 1 

Defect Analysis 

Concept Comments Reference 

Defect size 0.5-1.5cm  [44],[45] 

1-1.5cm 

 

[46] 

<1.5cm [19], [27], [31], [32], [33] [36], 

[37], 

Defect location Caudal 1/3 of the nose; (tip 

and ala) 

[19], [44], [47], [46], [45], 

[28],[29], [30],[32], [35], [36], 

[37], [40], [41] 

Cephalic 1/3 not suitable 

unless size is <0.5cm 

[46] 

Location dictates orientation 

of flap: lateral vs. medial 

 

[27], [32], [36], [38], [41] 

[46], [44], [45] 

Defect shape Ideally circular shape [46] 

Defect depth / layers Ideal for cutaneous only 

defects 

[44], [46] 

Superior to skin graft for 

nasal defects extending 

beyond subcutaneous layer 

[19], [32] 
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Aesthetic Subunit Analysis 

Concept Comments References 

Nasal aesthetic 

subunits 

 

Avoid designing incisions close to the alar inferior 

margin; ideally at least 0.5cm-1cm caudal to nostril 

(scarring will lead to nostril elevation)  

[44], [45], 

[46], [32] 

Medially based bilobed flaps will lead to scars in the 

nasal tip that cannot be camouflaged between aesthetic 

subunits. 

Defects of the Nasal ala are best treated with medially 

based bilobed flaps whereas defects of the tip are best 

treated with laterally based flaps. 

[46] 

 

[33] 

Neighbouring 

aesthetic subunits 

Avoid designing incisions close to the lower eyelid 

(scaring will lead to ectropion) 

[44], [45] 

Avoid extending pattern to cheek to preserve 

cheek/nose junction  

[26], [44], 

[45] 

Defects in cephalic 1/3 must be small (less than 0.5 cm) 

given that it necessitates use of medial canthus skin 

which is thin and immobile 

[46] 

Skin laxity surrounding 

the defect 

Assess using pinch test to 

ensure tension-free closure 

[47], [46], [39] 
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Resultant Scars Scars should ideally be camouflaged in between 

aesthetic subunits of the nose and neighboring 

structures 

 

Scars should be located parallel to relaxed skin tension 

lines of the dorsum  

[46] 

 

 

 

[34] 

Patients with thick sebaceous skin have a higher risk of 

developing flap necrosis, trapdoor deformity, and 

depressed scars 

[46], [33], 

[39] 
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Geometric Design Principles 

Concept Comments Reference 

Pivot point 

identification 

 

Identify center point of defect  

Measure defect radius (r) 

[19], [46], [32], [29], 

[33], [41] 

Decision for flap orientation 

- laterally based for tip defects 

- medially based for lobule defects 

[46], [44],[45],[31], 

[36], [32] 

Distance: Pivot point should be placed one radius away 

from the defect margin 

 

Location: Scar placement ideally in aesthetic subunit 

border 

 

e.g. laterally based bilobed flaps require burrow triangle 

of tissue to be excised such that the resultant scars are 

hidden in the alar groove 

 

e.g. medially based bilobed flaps scaring will extend to 

the nasal tip which is difficult to camouflage 

 

[46], [44],[47], [45], 

[29], [32] , [26], [31], 

[41] 

Axes 

identification 

- Defect axis (from pivot point to the center of the 

defect) 

[46], [44], [47], [45], 

[29], [33], [36], [38] 
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Other / miscellaneous  

- Second lobe axis (90-100 degrees to the defect axis, 

passing through the pivot point) 

- First lobe axis (bisects defect axis and second lobe 

axis, passing through the pivot point) 

Arcs of 

Rotation 

Two arcs centered at pivot point may be drawn to guide 

the dimensions of the lobes:  

- 2r arc: passing through center of defect 

- 3r arc: tangential to distal border of defect 

[19], [46],[44], [47], 

[45], [29], [32], [40] 

Lobe 

dimensions 

Height of first lobe extends to 3r arc, originating from 2r 

arc 

Height of second lobe is twice the height of first lobe, 

tapering to a point. 

[46], [44], [47], [45], 

[29] 

Width of the first lobe equals width of the defect 

Width of second lobe may be 25% less than width of 

first lobe 

 

Diameter of first lobe=90-100% of defect 

Diameter of second lobe=80-85 % of first lobe 

[19], [27], [29], [31], 

[32], [33], [35], [36], 

[38], [39], [40]. [46], 

[44], [47], [45] 

 

[41] 

Final placement of second lobe should be in the loose 

skin of the side wall (in laterally based) or upper dorsum 

of the nose (medially based) 

[19], [44], [47] 
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Reference Text 

[19], [44], [47], 

[46], [26], [33], 

[39], [41] 

Undermine widely above perichondrium on both sides of incision to avoid 

trap door deformity and ensure tension free closure. 

[46], [45], [31], 

[32], [35], [36], 

[38], [19] 

Dissection plane between periosteum, perichondrium and SMAS layers 

(nasal muscles) 

[46], [29] First closes defect, second closes first, second closed primarily, then burrow 

triangle / redundancy is excised / standing cutaneous deformity as marked by 

burrows triangle by design 

[19], [44], [47], 

[28], [36], [39] 

First excise standing cutaneous deformity as marked by burrows triangle by 

design. Subsequently, first closes defect, second closes first, second closed 

primarily.  

[46] Trim the tip of the second lobe to adjust the height 

[46], [45] Correct mismatch in thickness to avoid closed door deformity 

[46], [45] Use a suture anchored at the pivot point, or bent paper ruler, to make 

measurements, as an alternative to calipers or straight rulers because of the 

topography of the nose width.  

[46] For smaller defects, lobes of the flap may be designed in rhombic shapes. 
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Chapter 5 – Discussion 

Future Directions to Validate and Implement SMaRT Assessment Tool 

By critically reviewing the literature available on local flaps design simulation endeavours, 

we confirmed that lack of high-level education is due to lack of an objective assessment tool. 

Accordingly, we proposed an innovative assessment tool (SMaRT) which uses statistical shape 

analysis and has the capacity to proportionally score a spectrum of designs ranging from subtle to 

significant variations off optimal. During facial reconstruction, where precise planning and 

execution is paramount for excellent aesthetic and functional outcomes, we hope our novel 

assessment tool can be incorporated in future simulator development efforts and therefore allow 

trainees to gain the confidence and safely practice the design skills required to be competent. In 

order to justify implementation, the SMaRT assessment tool needs to be further validated in terms 

of construct validity, content validity, reliability, economic utility, and transferability of skills to a 

clinical scenario.10  

In order to establish construct validity, the required steps would include providing further 

data that the assessment tool has the capacity to score proportionally novice and expert designs by 

collecting design samples from variety of plastic surgery residents at different level of training for 

a specific design task. Construct validity can be demonstrated if higher level residents outperform 

novice learners.11 To achieve this objective in future studies, we aim to recruit a cohort of 5 senior 

medical students, 5 junior plastic surgery residents, 5 senior plastic surgery residents, and 5 

attending plastic surgeons. Participants will first be introduced to the SMaRT assessment tool and 

the study rationale; subsequently, they will be asked to design a bilobed flap for a sample defect 

presented on a sketched lateral view of a nose on a smart tablet. Participation in a structured, 
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interactive training module will ensue in order to teach subjects the basic principles of bilobed flap 

design. The training module will be designed as a series of slides based on the findings of the 

systematic review discussed in chapter 4. Trainees will be able to practice performing the essential 

steps presented in a sequential fashion. There will be opportunities for deliberate practice until 

subject is satisfied with design efforts. Following completion of training, participants will be asked 

to design a bilobed flap for two sample defects in order to assess for objective improvements in 

performance as measured by SMaRT assessment tool after undergoing the structured training 

curriculum. A post-participation survey will be administered to participating staff plastic surgeons 

in order to establish the model’s content validity addressing the value of the feedback provided by 

SMaRT assessment tool with regards to the flap design tasks and the capacity to show 

improvements towards competency. 

Once construct and content validity of the SMaRT assessment tool is established, another 

fundamental aspect to be studied would be the reliability of this novel tool. Practically, reliability 

of the scores can be demonstrated if senior residents, who have developed a rational thought 

process, score more accurately during multiple repeat design tasks. Accordingly, more junior 

residents will likely show significant variability in their SMaRT scores due to lack of an 

established geometric design thought process. Future research should be directed at collecting the 

SMaRT scores of residents participating in an educational module for a specific flap and defect 

focusing on repeated designs before and after training using the educational module. 

Demonstrating that by deliberate practice, the scores improve accordingly will provide evidence 

that the simulation platform accompanying the educational module has an impact on residents 

understanding of complex design processes.  
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Establishing economic utility remains a critical barrier to implementation for any 

simulation-based assessment tool. With prevalence of smart phones, the subsequent efforts should 

focus to incorporate the SMaRT assessment tool into a user-friendly mobile application which is 

compatible to be utilized by personal smart phones, without the need for purchase of further 

equipment. The potential for real-time feedback, without the need for in-person supervision, 

provides another educational tool that decreases the burden on educators and the resource intensive 

need for human supervision. SMaRT assessment tool has immense potential to be cost-effective 

by allowing independent deliberate practice. 

Finally, transferability of the skills attained using a bench-top or digital simulator in 

conjuction with an educational module should be validated in a clinical scenario. Future studies 

should focus on recruiting resident learners who perform a design exercise on a simulated patient 

with a drawn-on lesions of various sizes and locations in clinical scenarios. Expert supervisors 

would assess the learner’s performance based on traditional examiner checklists. Subsequently, 

the subjects undergo training using an educational module providing real-time feedback using 

SMaRT assessment tool. The learner’s progress would be serially tracked until competency is 

achieved as per pre-determined thresholds. Transferability of skills would be demonstrated by the 

improvement in evaluations of residents pre-training compared to post-training performance in 

clinical scenarios with simulated patients. The above-mentioned concepts to establish validity and 

justify implementation are of interest to our group and are subject of future studies. 

Current benchtop and digital models for local flaps simulation-based education, as 

discussed in chapter 2, have not been utilized as design assessment tools. The SMaRT assessment 

tool could potentially be paired with these models. Digital models need software modifications to 
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allow data extraction, which is in the realm of current technologies available. The main challenge 

remains capturing data points for analysis of benchtop models that have 3D appearance. Simple 

solution would be to utilize standardized photographs of local flap design markings on benchtop 

models and to convert these 3D surgical markings into 2D designs. Although possible, efforts to 

capture 3D data from benchtop models may be cumbersome without significant value added. The 

advantages of 3D vs. 2D datasets for education of surgical designs remain to be established. 

Although current studies presented here focus on bilobed flap as a proof of concept, the 

SMaRT assessment tool has the potential to be applied to other local flaps. Given its four-

component score feedback, the SMaRT tool is effective at, not only discerning mismatch, but also 

geometric deviations. For example, a rhomboid flap design needs to be properly aligned with 

relaxed skin tension lines of the face. Determination of orientation remains one of the common 

challenges when designing the rhomboid flap, which will be reflected in the rotation component 

of the score. We believe that SMaRT assessment tool or modified versions based on statistical 

shape analysis have the potential to be applied to other fields of plastic surgery, such as cleft lip or 

breast reduction surgery, where surgical planning and design dictates the functional and aesthetic 

outcomes.12,13 In  order to establish the optimal design assessment tool, each design task should be 

first studied thoroughly utilizing similar methods presented here for the bilobed flap, in order to 

elucidate the clinically relevant design aspects. Subsequently, similar validation efforts should be 

done with such complex surgical design tasks with the goal of eventually establishing a surgical 

design training curriculum for plastic surgery procedures. 

In conclusion, the research presented in this thesis provide the foundational steps to move 

away from subjective assessment of surgical designs to objective, specific, practical feedback 
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while allowing deliberate practice. Finally, with an objective assessment tool available, researchers 

have the necessary metrics to justify the cost-effectiveness of simulation models developed.  
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