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Background: Endoscopic skull base surgery (ESBS) is complex, requiring
methodical and unremitting surgical training. Herein, we describe the
development and evaluation of a novel three-dimensional (3D) printed
simulation model for ESBS. We further validate the efficacy of this model as
educational support in neurosurgical training.

Methods: A patient-specific 3D printed simulation model using living human
imaging data was established and evaluated in a task-based hands-on
dissection program. Endoscopic endonasal and transorbital procedures were
simulated on the model by neurosurgeons and otorhinolaryngology surgeons
of varying experience. All procedures were recorded using a high-definition
camera coupled with digital video recorder system. The participants were
asked to complete a post-procedure questionnaire to validate the efficacy of
the model.

Results: Fourteen experts and 22 trainees participated in simulations, and the
32 participants completed the post-procedure survey. The anatomical realism
was scored as 4.0/5.0. The participants rated the model as helpful in hand-eye
coordination training (4.7/5.0) and improving surgical skills (4.6/5.0) for ESBS.
All participants believed that the model was useful as educational support for
trainees (4.7 [ + 0.5]). However, the color (3.6/5.0) and soft tissue feedback
parameters (2.8/5) scored low.
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Conclusion: This study shows that high-resolution 3D printed skull base
models for ESBS can be generated with high anatomical accuracy and
acceptable haptic feedback. The simulation program of ESBS using this
model may be supplemental or provide an alternative training platform to

cadaveric dissection.

KEYWORDS

3-dimensional printed simulation, endoscopic endonasal approach, endoscopic
transorbital approach, endoscopic skull base surgery, surgical simulation

Introduction

Endoscopic skull base surgeries (ESBS), such as endoscopic
endonasal (EES) and transorbital surgery (ETOS), are emerging
as mainstream skull base surgeries and provide a minimally
invasive treatment option for various skull base diseases (1-3).
The skull base is a complex and unique anatomical structure,
containing many critical neurovascular structures (4). High
anatomical knowledge and experienced surgical techniques are
imperative, which can only be obtained by unremitting surgical
training. However, traditional surgical training for ESBS has
been limited to cadaveric studies as there are currently no
alternative training tools available prior to carrying out live
surgeries (5, 6). The importance of hands-on training is
overemphasized in ESBS as ESBS techniques require distinct
ergonomics, equipment, and surgical practice, which are quite
different from those of conventional transcranial microscopic
skull base surgery (7). Encouragingly, recent advances in three-
dimensional (3D) printing technology have allowed diverse
simulation models for EES procedures (8-12). Such models
have been used in medical education and surgical skill training
as precise replications of the complex anatomical structures of
the skull base (10, 13). The development of patient-specific
models and improvement of cost-effectiveness have allowed
these models to be used in preoperative planning and patient
counseling (8). However, to the best of our knowledge, there are
currently no simulation models for ETOS procedures. The
pioneers of ETOS have demonstrated novel surgical
techniques for ETOS procedures based on cadaveric studies
and case descriptions (14-21). A steep learning curve,
technical expertise, and unfamiliar anatomy limit the
opportunities for surgical training of the ETOS procedure.
Well-established 3D printed simulators offering good tactile
sensation and realistic anatomy may supplement surgical
training on a wider scale in a field where access to cases
is limited.

We have designed a patient-specific 3D printed simulation
model for surgical training of ESBS procedures, including EES
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and ETOS. The detailed anatomical information from multi-
modal neuroimaging profiles was combined and reconstructed
to identify the bony structures, soft tissues, vessels, and nerves of
the skull base. We obtained preliminary application results and
validated this 3D printed simulation model as an alternative
training tool to cadaver dissection for EES and ETOS.

Materials and methods
Image acquisition

This study utilized living human medical imaging data,
including computed tomography (CT) and magnetic
resonance imaging (MRI) scans. A Lightspeed VCT CT
scanner (GE Healthcare, Chicago, Illinois, United States) was
used for continuous axial tomography of the skull with 0.625-
mm slice thickness and 0.35-mm in-plane resolution, scanning
parameters of 120 kV and 205.50 mAs, and a scanning matrix of
512 x 512 in size. MRI scans of the corresponding region were
acquired using a 3.0T unit (Ingenia 3.0T CX; Philips,
Amsterdam, Netherlands). Post-contrast T1-weighted axial
images (1-mm-thick slices) were merged with CT images for a
better bone-soft tissue contrast. Imaging data, including CT data
of the skull and cervical vertebrae, MRI of tumors, and CT
angiography of the intracranial arteries, were obtained, saved in
the Digital Imaging and Communications in Medicine format,
and exported.

3D printing processing

Using the collected imaging data, 3D reconstruction was
performed using a dedicated software program (MEDIP PRO,
Medical IP, Seoul, Republic of Korea). After the acquisition of
3D stereolithography image files suitable for printing, the
physical model was printed on a 1:1 scale using 3D printing
equipment. The model replicated the patient-specific anatomical
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structure for realistic visualization. The skull, brain, dura mater,
cerebral venous sinuses, and arterial anatomies were segmented
from the surrounding structures according to a grayscale, and
tissues with a certain level of gray were converted into 3D images
using the software algorithm. In this study, the prototype was
obtained by a PolyJet process for additive manufacturing on J850
Prime and J750 Digital Anatomy Printing printers (Stratasys,
Eden Prairie, MN).

Model evaluation and application

The main structures printed by the 3D printer were
evaluated by five neurosurgeons with at least 5 years of
working experience in performing ESBS. We confirmed the
lesions’ locations, directions, sizes, and their spatial
relationship with the adjacent neurovascular structures.
Different surgical approaches were tested on the models to
elaborate the virtual simulation. The models were observed
and investigated at various endoscopic surgical angles. The
final simulation models were established after repeated
revision to replicate the conditions of an actual
surgery (Figure 1).

On September 30, 2021, the first endoscopic skull base
hands-on course using the 3D printed simulation model was
held at Medtronic Innovation Center in Osong, Republic of
Korea. Thirty-six neurosurgeons and ENT surgeons attended the
course, and a total of 11 sets of simulation models were
evaluated. The simulation procedures of the course included
EES and ETOS procedures. Each procedure was demonstrated
by the four experienced instructors. The model was connected to
a neuronavigation system to aid in the accurate dissection. All
procedures were recorded using a high-definition camera
coupled with digital video recorder system. Subsequently, the
other 32 participants were asked to complete a series of ESBS

FIGURE 1
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procedures using the simulation models. The participants were
assigned to the expert or trainee group based on their previous
exposure to ESBS. Experts were defined as surgeons with at least
5 years of experience in ESBS as the primary surgeon. All others
were designated as the trainee group. The 3D printed anatomical
structures and lesions corresponding to real patient-specific
anatomy were approached and handled in each model.

Evaluation survey

Immediately following the completion of the ESBS
procedures, the participants were asked to complete a de-
identified survey on their experience. The questionnaires were
grouped into the following four domains: anatomical realism,
task-based usefulness, usefulness as a training tool, and overall
reactions. Likert scale questionnaires were administered to
evaluate the anatomical and haptic accuracies of the simulator
using the different instruments of dissection. The answers were
scaled using a 5-point system, varying from strongly agree (5),
agree (4), neutral (3), disagree (2), to strongly disagree (1).

Ethical approval

The protocol for this study was reviewed and approved by
the Ethics Committee of Samsung Medical Center.

Results

A total of 32 (10 experts and 22 trainees) participants
evaluated the models and completed the survey (Table 1). The
four instructors with conflicts of interest were excluded from the
survey. Endoscopic procedures were performed using a rigid 4-

The three-dimensional printed simulation model. External view (A) and reconstructed neurovascular structures and lesions (B, C). Key: 1, pons;
2, optic nerve; 3, oculomotor nerve; 4, trochlear nerve; 5, trigeminal nerve; 6, abducens nerve, 7, facial nerve; 8, vestibulocochlear nerve; 9,
lateral wall of cavernous sinus; 10, middle cerebral artery; 11, superior petrosal sinus; 12, vestibular schwannoma lesion; 13, trigeminal
schwannoma lesion; 14, spheno-orbital meningioma lesion; 15, craniopharyngioma lesion; 16, anterior clinoid process; 17, internal carotid

artery; 18, anterior cerebral artery; 19, pituitary gland.
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TABLE 1 Baseline characteristics of participants who completed the
hands-on endoscopic skull base surgery course and post-simulation
questionnaire.

Features Number (%)
Participants 32 (100)
Training grade

Experts 10 (31)
Trainee 22 (69)
Male : Female 28:4
Age group

30s 15 (47)
40s 15 (47)
50s 2(6)
ESBS dissection course experience

None 8 (25)
1 3 (10)
2 2 (6)
3< 19 (59)

ESBS, endoscopic skull base surgery.

mm-diameter endoscope with 0°, 30°, and 45° lenses (Karl
Storz). Twenty-four participants had at least one experience of
a cadaver dissection course for ESBS.

10.3389/fonc.2022.966051

EES procedures

A standard bi-nostril transsphenoidal approach was
performed using the simulation model (Figure 2, Video 1) The
extent of dissection was tailored according to the practicality of the
simulation model. The anatomy of the intranasal cavity was
identified and resected to access the sphenoidal sinus. After
entering the sphenoid sinus, the anterior skull base was drilled,
and the dura of the sella, clivus, and anterior wall of the cavernous
sinus (CS) were exposed. The dura was opened, and the intradural
structures were explored. The model contained a tumor
reconstructed from a patient with a craniopharyngioma. The
feasibility of the transclival approach was also evaluated. After
resection of the dorsum sella and posterior clinoid process,
neurovascular structures ventral to the brain stem were identified.

ETOS procedures

The superior eyelid ETOS was performed on the same
simulation model used in the EES procedures (Figure 3, Video
2). After subperiosteal dissection of the periorbita, the ocular
surface of the greater sphenoid wing was drilled to expose the
middle cranial fossa. The temporal dura was exposed, and the

FIGURE 2

Stepwise dissection of the endoscopic endonasal surgery procedures using the simulation model. The mucosa and bony structures of the
intranasal cavity were identified (A). After wide sphenoidotomy (B), the anterior skull base was drilled to expose the sella, clivus, and anterior wall
of the cavernous sinus (C, D). The dura ventral to the brain stem was colored in blue to indicate the basilar venous plexus. Intradural
neurovascular structures were observed after opening the dura (E), and the tumor lesion reconstructed from the patient with a stalk originated
craniopharyngioma was identified (F). After resection of the dorsum sella and posterior clinoid process, neurovascular structures within the
posterior fossa were identified (G, H). IT, inferior turbinate; MT, middle turbinate; ON, optic nerve; ICA, internal carotid artery; ACA, anterior
cerebral artery; PG, pituitary gland; BA, basilar artery; Pcom, posterior communicating artery; PCA, posterior cerebral artery; SCA, superior

cerebellar artery; CN, cranial nerve.
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bone composing the lateral border of the superior orbital fissure
was completely removed. The lateral wall of the CS was exposed,
and a tumor lesion reconstructed from a patient with a
trigeminal schwannoma was identified. The neurovascular
structures within the CS were identified. The feasibility of
anterior petrosectomy was evaluated, and the seventh and
eighth cranial nerves were identified.

Validation of the simulation model

The anatomical realism was scored as 4.0 ( + 0.7) (Table 2).
The participants agreed that the depth perception (4.4 [ + 0.7])
and drilling sensation (4.7 [ + 0.7]) were favorable. However, the
color appearance (3.6 [ + 0.7]) and soft tissue sensation (2.8

FIGURE 3
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[ £ 0.8]) were scored low. The similarity of the model with the
cadaver was rated as 3.4 ( £ 1.0). The participants rated the model
as helpful in hand-eye coordination training (4.7 [ + 0.5]) and
improving surgical skills (4.6 [ + 0.5]) for ESBS. All participants
believed that the model was useful as educational support for
trainees (4.7 [ £ 0.5]). From a task-based perspective, the model
was rated as slightly more useful for the EES procedure (4.3 [ +
0.6]) than the ETOS procedure (4.2 [ + 0.8]). The utility of the
model for surgical training of ESBS was rated as 4.6 ( £ 0.6). The
participants agreed that the simulation model should be included
in the resident training curriculum (4.6 [ * 0.6]).

The participants reported that this simulation model would
be most useful for the doctors in their fellowship (Figure 4).
Thirty (93%) participants answered that they would attend this
hands-on simulation course again.

Temporal
lobe

Stepwise dissection of the endoscopic transorbital surgery procedures using the simulation model. The superior eyelid incision was made on
the simulation model (A). Subperiosteal elevation of the periorbital was performed (B). After identifying the superior (SOF) and inferior orbital
fissure, the ocular surface of the greater sphenoidal wing was drilled to expose the middle cranial fossa (C, D). The temporal dura was exposed,
and the bone composing the lateral border of the SOF and maxillary strut was completely removed (E, F). The lateral wall of the cavernous sinus
(CS) (blue shaded area) was peeled off from the dura propria of the temporal lobe, and the tumor (Tm) lesion reconstructed from the patient
with a trigeminal schwannoma was identified (G, H). The ophthalmic branch (V1), maxillary branch (V2), and mandibular branch (V3) of the
trigeminal nerve were identified after resection of the Tm (I). Anterior petrosectomy was performed, and the seventh and eighth cranial nerves
were identified (J, K). The lateral wall of the CS was opened, and the neurovascular structures were identified (L). TM, temporalis muscle; ACP,
anterior clinoid process; OC, optic canal; PA, petrous apex; SPS, superior petrosal sinus; pICA, petrous segment of the internal carotid artery;

GG, Gasserian ganglion.
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TABLE 2 Validation of the simulation model.

Categories

Anatomical realism

The depth perception is comparable to real surgery.
The drilling sensation is comparable to a real human bone.

The color appearance is close to real surgery.

The soft tissue is realistic.
Similarity to the cadaver.

Usefulness as a training tool

This model is useful for improving the surgical skills of trainees.

This model can be used as an educational tool.

Task-based usefulness EES procedures
ETOS procedures

Overall reaction

I will recommend this model to my colleagues
This model is useful for improving my surgical skills

This model should be included in the resident training curriculum

*Only for participants who have at least one ESBS cadaver dissection course experience.

Questions

The anatomical structures are realistic.

This model is useful for ESBS training*

This model is useful for the hand-eye coordination training of ESBS.

10.3389/fonc.2022.966051

Mean 5-point Likert score (SD)

4.0 (£0.7)
44 (+07)
47 (£0.7)
3.6 (£0.7)
2.8 (+£0.8)
34 (+1.0)
47 (+0.5)

SD, standard deviation; ESBS, endoscopic skull base surgery; EES, endoscopic endonasal surgery; ETOS, endoscopic transorbital surgery.

Discussion

The applications of 3D printing technology in neurosurgery are
rapidly expanding, and 3D printed anatomical models are
increasingly being used for education and surgical training (8, 13,
22-24). Surgical training using 3D printed simulation models allows
practitioners and trainees to refine their surgical skills and
anatomical knowledge before working in real clinical settings
(6, 25). Providing additional education and training outside of the
operating room is important for trainees to improve their skills and
confidence. In this study, we designed and validated the efficacy of
our 3D printed simulation model for ESBS training. All participants
believed that the model is useful as an educational tool for trainees
to improve their surgical techniques. The major purpose of the
development of the 3D simulation model is to help trainees
familiarize themselves with the unique viewing angle of the
endoscope and the basic skills of endoscopic surgery. From our

This model will be most useful for

FIGURE 4
Usefulness as a training tool.

personal experience, trainees without basic skills in endoscope
surgery tend to focus more on how to use the surgical
instruments rather than on the anatomical features of the
specimen or patient during the dissection. Meticulous bone
drilling and fine dissection techniques within the small space are
essential for surgeons performing ESBS. The depth perception of
our model was comparable to a real surgery, and the model
provided a realistic drilling sensation under an endoscopic
environment. Although the color sensation and soft tissue
feedback need to be improved, our model was nevertheless
recognized as useful for participants to improve their surgical skills.

The use of the endoscopic technique in skull base surgery has
been growing, and progressively more complex procedures are
being performed (1, 12, 26). ETOS, the most recent field of
neurosurgery, has been adopted for use in various skull base
diseases (21, 26). Skull base surgery has little margin for error. To
become proficient at this novel surgical procedure, surgeons must

Resident (6%)

Assistant professor
o,
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overcome the challenging ergonomics, unfamiliar anatomy, and
high-stakes nature of surgery (27). Our model is the first 3D printed
physical model for ETOS procedure simulation. We demonstrated
the feasibility of performing the ETOS procedure in our model and
validated the anatomical and surgical realism. A methodical
training program using the realistic simulation models offers an
attractive alternative to current training restricted to either lab-
based cadaveric workshops or on-the-job training during live
surgery (9, 10, 12, 28). The findings of the participants’ post-
training subjective feelings also showed that all participants strongly
agreed or agreed that they could benefit from ETOS simulation
training using the model. With further validation of ongoing work,
improvements in anatomy and haptic feedback can be achieved,
which would lead to the simulation of various endoscopic
surgical scenarios.

Overall, 3D models are powerful tools that can contribute to
diverse fields of neurosurgery. Low cost and high fidelity have
facilitated the wide adoption of 3D technology in neurosurgical
education and training (8, 23, 29-33). From a patient-specific
model perspective, our model was able to reproduce the tumor
model. Such an individualized simulation model can be used in
patient counseling, preoperative planning, and rehearsal of
surgical procedures (34). Careful simulation before the real
operation may contribute to improved patient safety and
clinical outcomes by enhancing the surgical planning and
procedural performance of the surgeon (25). The portability or
digital transferability of the model is another advantage of the
3D model, which allows accessibility in multiple locations (13).

This study has several limitations. Firstly, the small number of
participants is insufficient to fully validate the effectiveness of this
model as a training tool. Second, the results were evaluated based
only on the participants’ subjective feelings. Inaccuracies of self-
reported experience are considerable. More objective scales should
be developed for accurate verification of the model. Thirds, tactile
feedback is one of the most important factors for decision-making
during surgery. Our model lacks haptic feedback, such as pulsation,
blood, or cerebrospinal fluid. Furthermore, the texture of the soft
tissue was not fully replicated. Lastly, the impact of this simulation
on actual surgery is unknown. Further validation of our models will
be needed in the future. Efforts are currently underway to identify
the best material to increase the fidelity of replicating the
human body.

Conclusion

In this study, we showed that high-resolution 3D printed
skull base models for ESBS can be generated with high
anatomical accuracy and acceptable haptic feedback. This
model has the potential to be useful in education and surgical
training for trainees who wish to learn and perform the EES and
ETOS procedures. The simulation program of ESBS using this
model may be supplemental or provide an alternative training
platform to cadaveric dissection.
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