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Abstract: Adequate surgical margins are essential in oral cancer treatment, this is, however, difficult
to appreciate during training. With advances in training aids, we propose a silicone-based surgical
simulator to improve training proficiency for the ablation of oral cavity cancers. A silicone-based
tongue cancer model constructed via a 3D mold was compared to a porcine tongue model used as
a training model. Participants of varying surgical experience were then asked to resect the tumors
with clear margins, and thereafter asked to fill out a questionnaire to evaluate the face and content
validity of the models as a training tool. Eleven participants from the Otolaryngology-Head and
Neck Surgery unit were included in this pilot study. In comparison to the porcine model, the silicone
model attained a higher face (4 vs. 3.6) and content validity (4.4 vs. 4.1). Tumor consistency was far
superior in the silicone model compared to the porcine model (4.1 vs. 2.8, p = 0.0042). Fellows and
staff demonstrated a better margin clearance compared to residents (median 3.5 mm vs. 1.0 mm), and
unlike the resident group, there was no incidence of positive margins. The surgical simulation was
overall useful for trainees to appreciate the nature of margin clearance in oral cavity cancer ablation.

Keywords: surgical simulation; oral cavity cancer; head and neck oncology

1. Introduction

Oral cavity cancers are amongst the most common cancers treated by the head and
neck surgeon. It has been cited as the sixth most common cancer in the world with an
estimate of close to 377,000 newly diagnosed patients in 2020 [1]. For curative intent,
surgical ablation remains the modality of choice in most cases where patients are fit to
undergo general anesthesia; alternative nonsurgical options such as chemotherapy and
radiation are generally reserved for patients who are inoperable, unfit for anesthesia or in
the palliative setting. Resection of these cancers demands a high level of clinical acumen
from the surgeon to ensure resection of the tumor with a clear margin of greater than 5 mm
in each three-dimensional direction. While clear surgical margins have been ubiquitously
demonstrated to be one of the most consistent prognostic factors for local control and overall
survival, excessive resection also has direct implications on a patient’s functional outcomes,
and surgeons have to be judicious to achieve the best outcomes for their patients [2–4].

To date, despite the advances in preoperative imaging, the final resection margins
are largely made following intraoperative decisions that often rely on a combination of
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visualization, clinical palpation and the surgeon’s experience. The infiltrative nature
of these tumors within the depths of the oral cavity, compounded by the rigid skeletal
framework surrounding it, makes access to, and therefore appreciation of, these margins
difficult. It is thus not surprising that the occurrence of inadequate margins in oral cavity
cancer surgery have has been reported to be as high as 85% [5,6].

Clearly the demands on the surgeon to achieve an ideal resection require significant
training and experience. That being said, teaching this skill is difficult as the narrow
surgical field often makes it technically challenging to demonstrate the decisions made in
the intraoperative setting, and often surgical trainees have difficulty in clearly visualizing
the surgical approaches during the resection. It is thus thought that, with the advances in
technology and reality-based teaching scenarios, a surgical simulator may provide a better
method for training surgeons on oral cavity ablation to allow for there to be a controlled
environment for the intraoperative margin assessment. In addition to the surgical technique,
a simulated tumor model would also allow surgical trainees to appreciate the different
manners in which the tumor and margins are processed in the pathology lab. Thereby
allowing them to gain a better understanding of the ways in which the histology reports
are generated and the nuances of margin analysis from the pathology standpoint.

To date there is no well-defined surgical simulator that has been shown to be a reliable
tool for training. The use of organic simulators such as ox tongues as a training model has
been described for surgical training; however, the re-creation of an accurate tumor within
these models is difficult [7]. An ideal surgical simulator would entail a configurable tumor
that can accurately be placed within the model substance to allow for the precise production
of a tumor model to achieve a standard conformance for surgical assessment following
resection. This would allow for consistent analysis of a trainee’s resection margins for
post simulation evaluation. Furthermore, this can be applied as a simulation model in the
preoperative setting for complex cases involving oral cavity cancer ablation. The use of
simulators has been shown to have significant benefits for trainees and has demonstrated
to facilitate a significant skills transfer to the intraoperative setting [8,9]. Thus, undergoing
a simulation prior to surgery could improve the trainees’ understanding and appreciation
of the surgery, thereby maximizing the surgical experience and exposure.

A realistic simulator also has a potential role in the development of novel tools for use
in oral cavity cancers. More recently, optical imaging technologies such as fluorescence
imaging have been explored for surgical navigation, particularly in the head and neck. The
development of these new technologies is often impeded by the lack of a realistic model
to perform preclinical testing as a proof of concept. Conventional use of animal models
such as bovine and porcine tongues are often unrealistic, while the use of fresh cadavers is
costly and they are time consuming to obtain. The development of realistic models would
allow for rapid testing of novel technologies in a consistent fashion for the purpose of
intraoperative navigation in the treatment of oral cavity cancers. It was thus our aim to
establish a structurally accurate model that would be able to simulate the surgical treatment
of tongue cancers and compare this to current available organic models. This model would
strive to act as both a model for surgeons in training as well as a vital research resource to
evaluate the feasibility of navigation technologies in the preclinical setting.

2. Materials and Methods

Amongst the subsites of the oral cavity, tongue cancers are one of the most commonly
encountered accounting for approximately 33.9–56.6% of all oral cavity cancers [10,11].
As such, a tongue cancer model was chosen as the first prototype in our aim to achieve a
surgical simulation model for the oral cavity. We sought to compare this to a model that is
commonly used for surgical simulation—a porcine tongue model. A waiver of IRB was
obtained from the University Health Network (UHN) Research Ethics Board prior to the
beginning of the study.
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2.1. Construction of a Silicone Tongue Model

An overview of the multi-step process to fabricate the silicone simulator is shown in
Figure 1. In order to establish a tongue model with customizable tumor volumes, head and
neck computed tomography (CT) images of patients with normal tongues were identified
and a three-dimensional (3D) segmentation was acquired from these images. For the
purpose of this pilot study, a small tumor measuring 2.0 cm by 0.8 cm was selected as
the tumor prototype and drawn within the normal tongue using 3D contouring software
(ITK-SNAP 3.8, University of Pennsylvania, Philadelphia, PA, USA). The resultant normal
tongue and tumor meshes were stretched in the anterior–posterior dimension by a factor
of 1.5 using 3D mesh processing software [Meshmixer (Autodesk, San Francisco, CA,
USA)]. This aimed to mimic the anterior pull of the tongue out of the oral cavity in the
intraoperative setting (Figure 1a). The 3D segmentations were then used to fabricate an
inverse mold using free 3D computer-aided design (CAD) software (OpenSCAD) and a
3D printer [3D Printer Dimension 1200es system (Stratasys, Eden Prairie, MN, USA)] with
two plugs for casting normal tissue (Plug 1) and the tumor (Plug 2) (Figure 1b). Small
3D print striations were smoothed with a brushed epoxy coating [XCT-3D (Smooth-On,
Easton, PA, USA)]. The mold was then filled in 2 stages with Smooth-On (Easton, PA, USA)
silicone rubbers and additives of differing compositions to recreate the elastic and cutting
properties of the tongue and tumor. First, the mold was filled with Ecoflex 00-30® and
Slacker® to recreate muscle, followed by Dragon Skin 20® for the tumor. Ecoflex 00-50®

was then applied to the exterior surface as mucosa. Each silicone rubber element had a cure
time of 4 h. Mixtures of Silc-Pig® silicone pigments (“Red”, “Blood” and “Flesh”) were
added by eye (<0.1% by volume) for realistic presentation (Figure 1c).
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2.2. Construction of an Organic Tongue Model 
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Canada) to establish a biological comparison to the silicone model. In general, this is best 
performed within 7 days of obtaining the model. Following this, degradation of the soft 
tissue affects tissue quality during dissection. Using an 18-gauge needle, a 2% solution of 
agar was injected into the lateral aspect of the tongue in the submucosal layer to simulate 
a tumor (Figure 2a). Approximately 5–8 mL of agar was infiltrated to simulate a 2 cm 
tumor (Figure 2b,c).  

Figure 1. Tongue simulator fabrication process. (a) Virtual 3D model showing tumor (2 cm × 0.8 cm)
embedded in tongue; (b) 3D printed mold and plugs for two-step casting (normal tongue then tumor);
(c) silicone tumor model.

2.2. Construction of an Organic Tongue Model

Pig tongues were obtained from a local butcher (Sumaq Wholesalers, Toronto, ON,
Canada) to establish a biological comparison to the silicone model. In general, this is best
performed within 7 days of obtaining the model. Following this, degradation of the soft
tissue affects tissue quality during dissection. Using an 18-gauge needle, a 2% solution of
agar was injected into the lateral aspect of the tongue in the submucosal layer to simulate a
tumor (Figure 2a). Approximately 5–8 mL of agar was infiltrated to simulate a 2 cm tumor
(Figure 2b,c).

2.3. Evaluation of Training Model

To evaluate the model, participants with varying levels of experience were invited
to perform tumor resections in the model. This included 4 senior residents, 4 fellows and
3 attending staff from the Department of Otolaryngology-Head and Neck Surgery at the
University Health Network. Participants were each given a synthetic and a porcine tumor
model and instructed to resect the tumor with clear margins. Participants were allowed
to feel and examine the model prior to the surgical extirpation, and in the silicone model,
MRI imaging [1.5T Magnetom Aera (Siemens Healthineers, Erlangen, Germany)] was also
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provided to simulate preoperative cross-sectional imaging. Imaging was not feasible for the
porcine model due to the lack of delineation of the agar to the porcine tongue musculature.
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Figure 2. Porcine tongue model. (a) Injection of 2.5 cc of agar (2% solution) into porcine tongue;
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Following resection, margins were then assessed by sectioning the removed specimen
in conjunction with head and neck pathologists to evaluate the margin of clearance from the
tumor. This was performed by gross evaluation of the resected specimen after sectioning.
A portion of the specimen was sectioned in an enface manner while another portion of the
specimen was evaluated by the “breadloaf” manner of sectioning. The distance between
the edge of specimen to the edge of the tumor was then measured to determine the margins
at each point. In addition to direct specimen evaluation, CT evaluation of margins could
also be performed for the silicone model. Due to the uniformity of the silicone model,
quantitative surgical margin analysis of the remanent tongue models (Figure 3a) was
feasible using cone-beam CT (CBCT) imaging (Figure 3b). CBCT imaging was performed
on a prototype flat-panel mobile C-arm developed for image-guided surgery [12]. Using
ITK-SNAP software, mesh segmentations (STL format) were acquired by delineating the
normal tongue and tumor on CT images of the original silicone model and the resection
bed surface and normal tongue on CT images of participant’s post-resection models. These
segmentations (pre- and post-operative) were then superimposed using an open-source
software [MeshLab, Institute National Research Council, Sejong-si, Republic of Korea]
implementation of iterative closest point (ICP) mesh registration to allow for a 3D evaluation
of tumor margins including the deep margins [13]. The point-wise distance of the resection
surface to the virtual tumor was then computed in MeshLab, and the minimum distance is
reported below (Figure 3c).
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To evaluate the models, we used a questionnaire focused on the face and content
validity and the usefulness of the simulation as a training exercise for margin evaluation
in oral cavity ablation. This was performed immediately upon completion of the session
and all participants were asked to fill this out. This was performed anonymously, and
participants were asked only to put in their level of training with no other identifiers. This
questionnaire contained 3 questions each on face and content validity and 4 questions on
the utility for application for medical training. All questions were scored from 1 to 5; 1
being poor to 5 being excellent. (Supplementary Materials) The mean scores of each of the
domains were then compared between the 2 training models.

As part of a secondary analysis, we hypothesized that the surgical simulator would be
able to distinguish between experienced and inexperienced surgeons. As such, we utilized
data obtained from the quantitative analysis of the resection of the silicone model with a fo-
cus on the closest distance to tumor and compared this between residents (trainee surgeons)
and those who have completed their residency training (fellows and attending surgeons).

2.4. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software, La
Jolla, CA, USA). Mann–Whitney U test was used to compare the participants evaluation of
both simulation models and a p value of <0.05 was deemed significant.

3. Results
Validity of Models for Training

The average face and content validity from the survey shows overall better scores
(Table 1) for the silicone model when comparing it to the porcine model (mean face validity:
4 vs. 3.6, mean content validity: 4.4 vs. 4.1). Assessment of the individual domains from
the questionnaire (Figure 4) allows for greater evaluation on each aspect of the model
constructs. On evaluation of the handling of the tongue models, both the silicone and
porcine models fared similarly (4.0 vs. 4.1). Tumor consistency, however, was far more
realistic in the silicone construct compared to the porcine model (4.1 vs. 2.8, p = 0.0042).
The assessment of realism in terms of the incision and operation demonstrated that there
was better validity in the porcine model compared to that of the silicone model (3.9 vs.
3.6). When using a score of ≥4 as a cut-off for validity, the average face validity of the
silicone model meant that it could be considered to be a valid model compared to the
porcine model.

Table 1. Mean face and content validity scores for silicone and porcine models.

Mean Face Validation Mean Content Validation

Silicone model 4 4.4
Porcine model 3.6 4.1

In the evaluation of the models’ use in training to determine surgical margins, the
silicone model fared slightly better across all domains; this was, however, not statistically
significant. Both models were valid in achieving the goals for the appreciation of margins
during tongue cancer extirpation, this is supported by a ≥4 score across all domains in
our survey. With the silicone model construct, we were further able to correlate surgical
margins with CT imaging. Margin distance could then be segmented and presented for a
comprehensive 3D analysis of margin clearance. This was useful as a pictorial guide for the
appreciation of the 3D nature of the tumor and the related tumor margins.

Using the data obtained from these margins, a comparison was performed between
the groups to determine the margins based on training levels. This aimed to determine
if the model would be able to differentiate clinicians by their experience, which would
allude to the realism of the model. This was evaluated using the closest tumor margin
obtained following an analysis of the resected specimens. This margin was then used
to compare between residents and the attending surgeons and fellows (Table 2). In this
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analysis, the resident cohort obtained a median closest margin at 1.0 mm (range 0–3.5 mm)
with the average closest margin reported at 1.4 mm. Within this group, one participant
obtained a positive margin, while another obtained an extremely close margin at 0.1 mm.
In contrast, the median closest margin in the attending/fellows group was measured to be
3.5 mm (range 1.4–4.5 mm) with the average closest margin reported at 3.0 mm. The closest
margin reported within this group was 1.3 mm. The ability to distinguish the surgical
outcomes based on clinical experience does support the realism of this model as a simulator.
While this result was not statistically significant, this is likely due to the limited number of
participants in this study.

J. Pers. Med. 2024, 14, x FOR PEER REVIEW 6 of 11 
 

 

Table 1. Mean face and content validity scores for silicone and porcine models. 

 Mean Face Validation Mean Content Validation 
Silicone model 4 4.4 
Porcine model 3.6 4.1 

 
1 = Poor 2 = Unsatisfactory 3 = Satisfactory 4 = Good 5 = Excellent 

Figure 4. Individual domain scores from questionnaire grouped in different domains – face, con-
tent and utility in medical training 

In the evaluation of the models� use in training to determine surgical margins, the 
silicone model fared slightly better across all domains; this was, however, not statistically 
significant. Both models were valid in achieving the goals for the appreciation of margins 
during tongue cancer extirpation, this is supported by a ≥4 score across all domains in our 
survey. With the silicone model construct, we were further able to correlate surgical mar-
gins with CT imaging. Margin distance could then be segmented and presented for a com-
prehensive 3D analysis of margin clearance. This was useful as a pictorial guide for the 
appreciation of the 3D nature of the tumor and the related tumor margins.  

Using the data obtained from these margins, a comparison was performed between 
the groups to determine the margins based on training levels. This aimed to determine if 
the model would be able to differentiate clinicians by their experience, which would al-
lude to the realism of the model. This was evaluated using the closest tumor margin ob-
tained following an analysis of the resected specimens. This margin was then used to com-
pare between residents and the attending surgeons and fellows (Table 2). In this analysis, 
the resident cohort obtained a median closest margin at 1.0 mm (range 0–3.5 mm) with 
the average closest margin reported at 1.4 mm. Within this group, one participant ob-
tained a positive margin, while another obtained an extremely close margin at 0.1 mm. In 
contrast, the median closest margin in the attending/fellows group was measured to be 
3.5 mm (range 1.4–4.5 mm) with the average closest margin reported at 3.0 mm. The clos-
est margin reported within this group was 1.3 mm. The ability to distinguish the surgical 

Figure 4. Individual domain scores from questionnaire grouped in different domains–face, content
and utility in medical training.

Table 2. Individual participants’ closest margins registered on resection model and mean/median
distances of closest margins differentiated between surgical experiences-residents vs. fellow/
attending surgeons.

Closest Margin Recorded Closest Margin Recorded

Resident 1 0 Fellow/attending 1 3.2
Resident 2 1.8 Fellow/attending 2 1.3
Resident 3 3.5 Fellow/attending 3 3.9
Resident 4 0.1 Fellow/attending 4 4.5

Fellow/attending 5 3.8
Fellow/attending 6 1.4

Median Distance of Closest Margin (mm) Mean Distance of Closest Margin (mm)

Residents 1 1.4
Fellow/attendings 3.5 3

4. Discussion

For a long time, surgical training has been likened to almost an apprenticeship whereby
surgeons in training mirror the actions of the senior surgeon. As with any practical skillset,
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the need for continual practice and repetition allows for greater mastery over the procedure.
While low-risk procedures are readily available for a surgical trainee to attain proficiency
through repeated exposure, this is often less so for complex and oncological cases due to
the inherent need to balance surgical training and patient safety/outcomes.

As such, the majority of these ablations and the related intraoperative decisions
are performed by the attending surgeon/fellows with assistance from surgical trainees.
Often though, the surgical field is confined and a lot of the intraoperative decisions are
determined by both visual and tactile feedback during the ablation which may not be fully
appreciated by the assistants/surgical trainees. The lack of practice and the subsequent lack
of confidence to perform these surgical tasks makes it difficult for surgical trainees to further
expand their skills and likely leads to poorer outcomes when they begin their practice [14].
This is possibly further impacted by an overall decrease in training time due to reduced
training hours and duty hour restrictions that are placed upon surgical residents [15–17].
Unfortunately, these factors do translate to patient outcomes and failure to obtain clear
surgical margins does translate to a poorer survival outcome of up to 11–15% [18].

Medical training has come a long way, and a rigorous structured program is now
the norm in most residencies. Most training programs today utilize cadaveric dissection
as part of their curriculum in head and neck surgical training during residency. This
exercise allows for a fundamental appreciation of surgical planes and an understanding
of the anatomy that provides the building blocks for surgery. Cadaveric dissection is also
an integral part of training as it reinforces the surgical approaches that one might use
for surgery and imparts tissue handling skills. Employing cadavers for temporal bone
dissection, endoscopic sinus surgery and neck dissections are ideal as often the general
focus of these procedures is centered on an appreciation of anatomical landmarks. As a
training resource for oncological ablation, it is, however, a poor model due to absence of
tumor pathology. For this purpose, different skill sets are required that are not centered on
anatomical recognition but rather on an ability to determine a safe margin from the tumor in
the preoperative and the intraoperative setting. This often requires tactile evaluation of the
submucosal extension of the tumor to ascertain an adequately deep margin. Furthermore,
the majority of training centers adopt formalin-fixed cadavers for dissection workshops,
which alters the normal anatomy and texture of tissues, especially that of the tongue. With
these limitations, it is clear a better training tool is required in this field of training.

In recent years, advances in medical training have led to greater sophistication and
realism in medical education. Amongst them, simulation has been shown to be an effec-
tive training tool in developing practical skills such as in the areas of resuscitation and
laparoscopic procedures [19–21]. The ability to create a realistic model to facilitate surgical
simulation has been shown to correlate with significant improvements in surgical training.
Simulation training is not novel in otolaryngology and has been particularly prominent
in the otology and rhinology subspecialities, where several studies have demonstrated
the positive impacts of simulation models on mastoidectomy and skull base procedures
in surgical training [22,23]. This is also reflected in the utilization of 3D printed models
for pediatric airway management and laryngeal surgery [24–27]. The use of simulation
models in head and neck oncology has, however, not been as readily adopted. This study
therefore aimed to recreate a viable surgical model for oral cavity cancers to allow for surgi-
cal simulation and appreciation of the 3D structure of mucosal lesions to ensure adequate
margins during ablation. Unique to head and neck oncology, tactile feedback is important
in surgical management of oral cancers. As such, other simulation programs, i.e., virtual
reality/augmented reality-based modalities, were felt to be inadequate in recreating the
surgical environment. Therefore, the creation of a physical model was favored during the
conception of this training simulation.

This pilot study demonstrates the utility of a simulation model for training surgeons
in oral cavity ablation and margin analysis. Based on the feedback scores for content
validity, all participants felt that this exercise was useful for gaining an appreciation of
surgical margins. Between the two models, however, the silicone model fared better in
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demonstrating the nuances of intraoperative decisions to obtain clear margins. This was
reinforced by improved scores in both domains regarding tumor margin assessment. This
could have been attributed to a distinct advantage of the silicone model with its ability
to review the participant’s surgical planes post resection in comparison to an “ideal” line
of resection which enabled a comprehensive 3D analysis of the margins, especially of the
deep margins, thereby allowing for feedback on the surgical ablation by each participant.
In addition to this, participants had the benefit of the preoperative MRI imaging for the
silicone model. As mentioned, this was not feasible in the porcine model due to a lack of
definition and this is likely to contribute to the greater realism in surgical simulation seen
between the two models.

The mean face validity scores, which evaluate the construct of the models, invariably
favored the silicone model, particularly with reference to the tumor construct. This was
not surprising as the ability to control the interface between the “normal” tongue and
the tumor allows for a subtle change in consistency that closely replicates the clinical feel
during surgery. This further allows for an appreciation of a submucosal extension of tumor
that is often difficult for less experienced surgeons to appreciate. Comparatively, this was
not easy and at times not possible with the porcine model as the injection of the agar
depended on multiple variables such as the thickness and consistency of the underlying
muscle. With regard to the better scores for incision/operation and the feel of the tongue
model, it is hypothesized that the porcine model fared better as the muscle fibers in the
porcine model allowed for a more natural tensile reaction when performing the dissections
compared to the silicone model. This is not unexpected and was a foreseeable limitation in
the silicone model due to its inability to mimic the muscular fibers of an organic tongue.
In the future, this may be reconstituted in the silicone model by the creation of small
intervening bridges in the 3D mold to mimic the muscular fibers of the actual tongue.
Certainly, another limitation of the model would be the lack of ability to appreciate the
margins on the microscopic level; however, this was expected and is likely to be a limitation
in all surgical models that would be difficult to overcome.

With regard to the target audience for this simulation exercise, the participants’ feed-
back indicated that this was more useful for those with less experience, i.e., medical students
and residents. This was not unexpected, as the tumor model used in this exercise was
fairly simple. However, it is hypothesized that a more complex tumor model may allow
for greater benefits to the more advanced participants, i.e., senior residents and fellows.
Furthermore, the use of a 3D printed mold could potentially create models of greater
complexity, incorporating other components such as the mandible/maxilla that might be
useful in preoperative assessment for both surgical ablation and reconstruction.

In the setting of medical education, cost remains a constant concern. Simulation
training can incur a significant cost and this should certainly be evaluated before adoption.
Clearly, the ability to construct this simulation model requires 3D printing facilities which
would incur a significant cost. However, in the current setting, it is not uncommon for most
teaching centers to have such 3D printing facilities. Furthermore, over the past decade, the
cost of this technology has decreased significantly. Thus, excluding the costs of a 3D printer,
we conducted a cost assessment between the fabrication of the silicone model and that of
the porcine model to see which of the two models was more economically viable. Based
on our overall cost analysis, the creation of a silicone model compared to a porcine model
demonstrated greater cost savings when several models (15 models used for cost-analysis)
were printed. Furthermore, unlike the porcine model, the silicone model did not require
any period of thawing, did not require a cold room for storage, had a much longer shelf-life
and was smaller and easier to store.

A review of the literature demonstrates that a number of studies have looked at surgical
simulations for head and neck oncology training. Clearly this is an area of interest for
training centers, as is evident from the numerous publications and different approaches to
developing these simulators. Recent articles have proposed revascularization of cadaveric
models to further improve realism in surgical dissection with impressive face and content
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validity [28]. Other articles have reviewed the use of animal models, virtual reality and
augmented reality approaches for head and neck and microsurgical training [29,30]. As
discussed above, these studies are generally focused on technical capabilities for surgical
access, tissue handling and recognition of surgical planes. These skill sets differ from
oncological resection and intraoperative decision making, which is not feasible in cadaveric
or animal simulations for the reasons mentioned above. In that setting, this is a novel
simulator that can augment the current training tools. Another key advantage of this model
when comparing it to cadaveric and animal models is its high fidelity and low cost, which
are critical to the adoption of training materials for institutions around the world.

In addition to its use for training, the creation of a hyperrealistic model with properties
that mimic the tongue/tumor interface will be extremely useful for testing different optical
modalities that might potentially be used in surgical ablation of the oral cavity. Current
methods include the use of animal models which have significant variability and lack
accuracy. While the best option would be to go to the operating room at each instance, this
is often cumbersome and inefficient. A realistic model allows for testing and optimization
in the lab prior to its evaluation on-table which is efficient in both cost and time [31].

With the widespread availability of 3D printing and the ability to generate life-like
phantom models, it is likely that this will impact surgical training in the future. This
is particularly the case for complex, high-stake surgeries such as oral cancer ablations.
This pilot study demonstrates the validity of using these tools to further improve training
experiences to prepare surgeons better in appreciation of their surgical margins during
oral cavity ablation. Further work will be required including the fabrication of the other
subsites of the oral cavity and incorporation of the skeletal framework to establish a true
intraoperative simulation to enhance the user’s experience.

5. Conclusions

In conclusion, our study demonstrates a novel approach to surgical training for oral
cavity ablation. It demonstrates a high-fidelity, low-cost training tool that can replicate
surgery for oral cancers. Compared to conventional animal training models that have
been used previously, the silicone model demonstrates improved overall face and content
validity in surgical training. In particular, the ability to customize and design variable
tumor types with precise submucosal extension allows trainee surgeons to develop clinical
experience in intraoperative evaluation and improved decisions during oral cavity cancer
ablation. Certainly, as this is a prototype, further development will be required to improve
the construct; nonetheless, in its current form it allows for a different set of training skills to
be practiced during the development of a head and neck surgical trainee.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jpm14050450/s1. Questionnaire evaluation of surgical simulation models.

Author Contributions: Conceptualization, D.E., J.C.I. and M.J.D.; methodology, D.E., M.J.D. and S.T.;
software, M.J.D., A.N.G. and A.S.; validation, D.E., S.T., A.S. and A.N.G.; formal analysis, S.T. and
A.S.; investigation, D.E., S.T. and A.S.; resources, M.J.D., A.S. and A.N.G.; data curation, D.E. and S.T.;
writing—original draft preparation, D.E.; writing—review and editing, D.E., M.J.D., A.S., A.N.G., S.T.
and J.C.I.; visualization, M.J.D. and A.N.G.; supervision, M.J.D. and J.C.I.; project administration, D.E.
and J.C.I.; funding acquisition, J.C.I. All authors have read and agreed to the published version of
the manuscript.

Funding: This work is supported by the Princess Margaret Cancer Foundation (PMCF)—Image
Guided Surgery Fund GTx.

Institutional Review Board Statement: Ethical review and approval were waived for this study in
accordance with the University Health Network (UHN) Research Ethics Board (REB) tri-council
policy statement V.2.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/jpm14050450/s1
https://www.mdpi.com/article/10.3390/jpm14050450/s1


J. Pers. Med. 2024, 14, 450 10 of 11

Data Availability Statement: Study data is available upon reasonable request to the correspond-
ing author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Chen, T.C.; Wang, C.P.; Ko, J.Y.; Yang, T.L.; Lou, P.J. The impact of pathologic close margin on the survival of patients with early
stage oral squamous cell carcinoma. Oral Oncol. 2012, 48, 623–628. [CrossRef] [PubMed]

3. Loree, T.R.; Strong, E.W. Significance of positive margins in oral cavity squamous carcinoma. Am. J. Surg. 1990, 160, 410–414.
[CrossRef] [PubMed]

4. Solomon, J.; Hinther, A.; Matthews, T.W.; Nakoneshny, S.C.; Hart, R.; Dort, J.C.; Chandarana, S.P. The impact of close surgical
margins on recurrence in oral squamous cell carcinoma. J. Otolaryngol. Head Neck Surg. 2021, 50, 9. [CrossRef] [PubMed]

5. Luryi, A.L.; Chen, M.M.; Mehra, S.; Roman, S.A.; Sosa, J.A.; Judson, B.L. Positive surgical margins in early stage oral cavity cancer:
An analysis of 20,602 cases. Otolaryngol. Head Neck Surg. 2014, 151, 984–990. [CrossRef] [PubMed]

6. Smits, R.W.; Koljenovic, S.; Hardillo, J.A.; Ten Hove, I.; Meeuwis, C.A.; Sewnaik, A.; Dronkers, E.A.; Bakker Schut, T.C.; Langeveld,
T.P.; Molenaar, J.; et al. Resection margins in oral cancer surgery: Room for improvement. Head Neck 2016, 38 (Suppl. 1),
E2197–E2203. [CrossRef]

7. Camelo-Nunes, J.M.; Hiratsuka, J.; Yoshida, M.M.; Beltrani-Filho, C.A.; Oliveira, L.S.; Nagae, A.C. Ox tongue: An alternative
model for surgical training. Plast. Reconstr. Surg. 2005, 116, 352–354. [CrossRef]

8. Dawe, S.R.; Pena, G.N.; Windsor, J.A.; Broeders, J.A.; Cregan, P.C.; Hewett, P.J.; Maddern, G.J. Systematic review of skills transfer
after surgical simulation-based training. Br. J. Surg. 2014, 101, 1063–1076. [CrossRef]

9. Higgins, M.; Madan, C.; Patel, R. Development and decay of procedural skills in surgery: A systematic review of the effectiveness
of simulation-based medical education interventions. Surgeon 2021, 19, e67–e77. [CrossRef]

10. Chen, S.W.; Zhang, Q.; Guo, Z.M.; Chen, W.K.; Liu, W.W.; Chen, Y.F.; Li, Q.L.; Liu, X.K.; Li, H.; Ou-Yang, D.; et al. Trends in
clinical features and survival of oral cavity cancer: Fifty years of experience with 3362 consecutive cases from a single institution.
Cancer Manag. Res. 2018, 10, 4523–4535. [CrossRef]

11. Justesen, M.M.; Stampe, H.; Jakobsen, K.K.; Andersen, A.O.; Jensen, J.M.; Nielsen, K.J.; Gothelf, A.B.; Wessel, I.; Christensen, A.;
Gronhoj, C.; et al. Impact of tumor subsite on survival outcomes in oral squamous cell carcinoma: A retrospective cohort study
from 2000 to 2019. Oral Oncol. 2024, 149, 106684. [CrossRef] [PubMed]

12. Sternheim, A.; Kashigar, A.; Daly, M.; Chan, H.; Qiu, J.; Weersink, R.; Jaffray, D.; Irish, J.C.; Ferguson, P.C.; Wunder, J.S. Cone-Beam
Computed Tomography-Guided Navigation in Complex Osteotomies Improves Accuracy at All Competence Levels: A Study
Assessing Accuracy and Reproducibility of Joint-Sparing Bone Cuts. J. Bone Jt. Surg. Am. 2018, 100, e67. [CrossRef] [PubMed]

13. Cignoni, P.; Callieri, M.; Corsini, M.; Dellepiane, M.; Ganovelli, F.; Ranzuglia, G. MeshLab: An Open-Source Mesh Processing Tool.
In Proceedings of the Sixth Eurographics Italian Chapter Conference, Salerno, Italy, 2–4 July 2008; Vsardcau, E., Ed.; Eurographics
Association for Computer Graphics: Eindhoven, The Netherlands, 2008; pp. 129–136.

14. Bilimoria, K.Y.; Phillips, J.D.; Rock, C.E.; Hayman, A.; Prystowsky, J.B.; Bentrem, D.J. Effect of surgeon training, specialization,
and experience on outcomes for cancer surgery: A systematic review of the literature. Ann. Surg. Oncol. 2009, 16, 1799–1808.
[CrossRef] [PubMed]

15. Bolster, L.; Rourke, L. The Effect of Restricting Residents’ Duty Hours on Patient Safety, Resident Well-Being, and Resident
Education: An Updated Systematic Review. J. Grad. Med. Educ. 2015, 7, 349–363. [CrossRef]

16. Awan, M.; Zagales, I.; McKenney, M.; Kinslow, K.; Elkbuli, A. ACGME 2011 Duty Hours Restrictions and Their Effects on Surgical
Residency Training and Patients Outcomes: A Systematic Review. J. Surg. Educ. 2021, 78, e35–e46. [CrossRef]

17. Coverdill, J.E.; Alseidi, A.; Borgstrom, D.C.; Dent, D.L.; Dumire, R.; Fryer, J.; Hartranft, T.H.; Holsten, S.B.; Nelson, M.T.;
Shabahang, M.M.; et al. Assessing the 16 hour intern shift limit: Results of a multi-center, mixed-methods study of residents and
faculty in general surgery. Am. J. Surg. 2018, 215, 326–330. [CrossRef]

18. Patel, V.; Galloway, T.J.; Liu, J.C. The impact of positive margin on survival in oral cavity squamous cell carcinoma. Oral Oncol.
2021, 122, 105499. [CrossRef] [PubMed]

19. Kalidindi, S.; Kirk, M.; Griffith, E. In-Situ Simulation Enhances Emergency Preparedness in Pediatric Care Practices. Cureus 2018,
10, e3389. [CrossRef] [PubMed]

20. Larsen, C.R.; Soerensen, J.L.; Grantcharov, T.P.; Dalsgaard, T.; Schouenborg, L.; Ottosen, C.; Schroeder, T.V.; Ottesen, B.S. Effect of
virtual reality training on laparoscopic surgery: Randomised controlled trial. BMJ 2009, 338, b1802. [CrossRef]

21. Monachino, A.; Caraher, C.; Ginsberg, J.; Bailey, C.; White, E. Medical Emergencies in the Primary Care Setting: An Evidence
Based Practice Approach Using Simulation to Improve Readiness. J. Pediatr. Nurs. 2019, 49, 72–78. [CrossRef]

22. Compton, E.C.; Agrawal, S.K.; Ladak, H.M.; Chan, S.; Hoy, M.; Nakoneshny, S.C.; Siegel, L.; Dort, J.C.; Lui, J.T. Assessment of a
virtual reality temporal bone surgical simulator: A national face and content validity study. J. Otolaryngol. Head Neck Surg. 2020,
49, 17. [CrossRef] [PubMed]

https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1016/j.oraloncology.2012.01.015
https://www.ncbi.nlm.nih.gov/pubmed/22349276
https://doi.org/10.1016/S0002-9610(05)80555-0
https://www.ncbi.nlm.nih.gov/pubmed/2221245
https://doi.org/10.1186/s40463-020-00483-w
https://www.ncbi.nlm.nih.gov/pubmed/33579388
https://doi.org/10.1177/0194599814551718
https://www.ncbi.nlm.nih.gov/pubmed/25257901
https://doi.org/10.1002/hed.24075
https://doi.org/10.1097/01.PRS.0000173550.42201.B5
https://doi.org/10.1002/bjs.9482
https://doi.org/10.1016/j.surge.2020.07.013
https://doi.org/10.2147/CMAR.S171251
https://doi.org/10.1016/j.oraloncology.2024.106684
https://www.ncbi.nlm.nih.gov/pubmed/38211527
https://doi.org/10.2106/JBJS.16.01304
https://www.ncbi.nlm.nih.gov/pubmed/29762285
https://doi.org/10.1245/s10434-009-0467-8
https://www.ncbi.nlm.nih.gov/pubmed/19444524
https://doi.org/10.4300/JGME-D-14-00612.1
https://doi.org/10.1016/j.jsurg.2021.06.001
https://doi.org/10.1016/j.amjsurg.2017.08.053
https://doi.org/10.1016/j.oraloncology.2021.105499
https://www.ncbi.nlm.nih.gov/pubmed/34509101
https://doi.org/10.7759/cureus.3389
https://www.ncbi.nlm.nih.gov/pubmed/30533324
https://doi.org/10.1136/bmj.b1802
https://doi.org/10.1016/j.pedn.2019.09.017
https://doi.org/10.1186/s40463-020-00411-y
https://www.ncbi.nlm.nih.gov/pubmed/32264952


J. Pers. Med. 2024, 14, 450 11 of 11

23. Zheng, J.P.; Li, C.Z.; Chen, G.Q.; Song, G.D.; Zhang, Y.Z. Three-Dimensional Printed Skull Base Simulation for Transnasal
Endoscopic Surgical Training. World Neurosurg. 2018, 111, e773–e782. [CrossRef]

24. Ainsworth, T.A.; Kobler, J.B.; Loan, G.J.; Burns, J.A. Simulation model for transcervical laryngeal injection providing real-time
feedback. Ann. Otol. Rhinol. Laryngol. 2014, 123, 881–886. [CrossRef] [PubMed]

25. Carter, J.C.; Broadbent, J.; Murphy, E.C.; Guy, B.; Baguley, K.E.; Young, J. A three-dimensional (3D) printed paediatric trachea for
airway management training. Anaesth. Intensive Care 2020, 48, 243–245. [CrossRef] [PubMed]

26. Kavanagh, K.R.; Cote, V.; Tsui, Y.; Kudernatsch, S.; Peterson, D.R.; Valdez, T.A. Pediatric laryngeal simulator using 3D printed
models: A novel technique. Laryngoscope 2017, 127, E132–E137. [CrossRef]

27. Ock, J.; Gwon, E.; Kim, D.H.; Kim, S.H.; Kim, N. Patient-specific and hyper-realistic phantom for an intubation simulator with a
replaceable difficult airway of a toddler using 3D printing. Sci. Rep. 2020, 10, 10631. [CrossRef] [PubMed]

28. Rulliere, A.; Danion, J.; Fieux, M.; Tonnerre, D.; Faure, J.P.; Legre, M.; Favier, V.; Oriot, D.; Dufour, X.; Carsuzaa, F. SimLife(R):
A New Dynamic Model for Head and Neck Surgical Oncology Simulation. Otolaryngol. Head Neck Surg. 2024, 170, 972–976.
[CrossRef] [PubMed]

29. Razavi, C.R.; Tanavde, V.; Shaear, M.; Richmon, J.D.; Russell, J.O. Simulations and simulators in head and neck endocrine surgery.
Ann. Thyroid. 2020, 5, 3. [CrossRef] [PubMed]

30. Weber, M.; Backhaus, J.; Lutz, R.; Nobis, C.P.; Zeichner, S.; Koenig, S.; Kesting, M.; Olmos, M. A novel approach to microsurgical
teaching in head and neck surgery leveraging modern 3D technologies. Sci. Rep. 2023, 13, 20341. [CrossRef]

31. LaRochelle, E.P.M.; Streeter, S.S.; Littler, E.A.; Ruiz, A.J. 3D-Printed Tumor Phantoms for Assessment of In Vivo Fluorescence
Imaging Analysis Methods. Mol. Imaging Biol. 2023, 25, 212–220. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.wneu.2017.12.169
https://doi.org/10.1177/0003489414539922
https://www.ncbi.nlm.nih.gov/pubmed/24963092
https://doi.org/10.1177/0310057X20925827
https://www.ncbi.nlm.nih.gov/pubmed/32536185
https://doi.org/10.1002/lary.26326
https://doi.org/10.1038/s41598-020-67575-5
https://www.ncbi.nlm.nih.gov/pubmed/32606342
https://doi.org/10.1002/ohn.630
https://www.ncbi.nlm.nih.gov/pubmed/38111133
https://doi.org/10.21037/aot.2020.03.03
https://www.ncbi.nlm.nih.gov/pubmed/32395699
https://doi.org/10.1038/s41598-023-47225-2
https://doi.org/10.1007/s11307-022-01783-5

	Introduction 
	Materials and Methods 
	Construction of a Silicone Tongue Model 
	Construction of an Organic Tongue Model 
	Evaluation of Training Model 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

