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Abstract

Background Due to its complexity and to existing treatment alternatives, exposure to intracranial aneurysm microsurgery at the
time of neurosurgical residency is limited. The current state of the art includes training methods like assisting in surgeries,
operating under supervision, and video training. These approaches are labor-intensive and difficult to fit into a timetable limited
by the new work regulations. Existing virtual reality (VR)-based training modules lack patient-specific exercises and haptic
properties and are thus inferior to hands-on training sessions and exposure to real surgical procedures.

Materials and methods We developed a physical simulator able to reproduce the experience of clipping an intracranial aneurysm
based on a patient-specific 3D-printed model of the skull, brain, and arteries. The simulator is made of materials that not only
imitate tissue properties including arterial wall patency, thickness, and elasticity but also able to recreate a pulsatile blood flow. A
sample group of 25 neurosurgeons and residents (n = 16: early residency with less than 4 years of neurosurgical exposure; n = 9:
late residency and board-certified neurosurgeons, 4—15 years of neurosurgical exposure) took part to the study. Participants
evaluated the simulator and were asked to answer questions about surgical simulation anatomy, realism, haptics, tactility, and
general usage, scored on a 5-point Likert scale. In order to evaluate the feasibility of a future validation study on the role of the
simulator in neurosurgical postgraduate training, an expert neurosurgeon assessed participants’ clipping performance and a
comparison between groups was done.

Results The proposed simulator is reliable and potentially useful for training neurosurgical residents and board-certified neuro-
surgeons. A large majority of participants (84%) found it a better alternative than conventional neurosurgical training methods.
Conclusion The integration of a new surgical simulator including blood circulation and pulsatility should be considered as part of
the future armamentarium of postgraduate education aimed to ensure high training standards for current and future generations of
neurosurgeons involved in intracranial aneurysm surgery.

Keywords Resident training - Surgical simulation - Surgical education - Microsurgery - Intracranial aneurysm - Neurosurgery

Introduction

Because of its complexity and the alternative treatments avail-
able, neurosurgery trainees today have limited exposure to
microsurgery of intracranial aneurysms [1-3]. Exposure to
aneurysm clipping usually occurs during the advanced phase
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of a residency program or, for a select group, during a dedi-
cated fellowship [4, 5]. The current state-of-the-art approaches
are typically labor-intensive and difficult to fit into a time
schedule depending on the work regulations. Other surgical
disciplines have successfully implemented simulation tools
and considered them as an effective training method [6, 7].
However, existing neurosurgical training models, like static
simulators and virtual reality (VR) training, do not provide a
realistic experience and are hard to use for limited and com-
plex surgical anatomy [8—12]. Intracranial aneurysm micro-
surgery is also difficult to practice on ex vivo models (human
or animal specimens) because vascular pulsatility cannot yet
be realistically replicated [1, 13—15]. To successfully train
neurosurgeons to operate under realistic conditions, a simula-
tion tool should replicate the risk of aneurysm rupture, provide
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them with a realistic experience of microsurgical manipula-
tion, and give them a thorough knowledge of the morphology
of the brain and surrounding vascular structures [3, 11, 16].

3D aneurysm surgical simulators and physical models have
been reported, but they lack blood-like flow time resolution
and other crucial components like patency, dynamic behavior,
haptics, tactility, and feedback for handling micro-surgical
tools and clips [2, 17]. Existing models to date cannot expose
trainees to the entire surgical workflow, which includes
indocyanine-green video angiography (ICG) for inspecting
aneurysm occlusion [18, 19]. Because the aneurysm wall
and sac are very delicate, it is also difficult to mimic and
simulate the sub-millimeter field [20, 21]. Today’s residents
are more likely to learn through the conventional process,
resulting in a global shortage of surgical exposure and making
it difficult to train qualified cerebrovascular neurosurgeons
[4].

Functional training simulators that replicate the required
surgical anatomy and physiology could address this problem.
In the last few years, manufacturing techniques have im-
proved enough to produce true scale models of a patient-
specific intracranial aneurysm, based on image data from real
patients [22, 23]. We have developed a bench-top simulator
that meets this need for realistic neurosurgical training models
with blood flow and pulsatility, an additional dimension.

Our goal was to assess the realism of the simulation model
and determine if it is feasible to use the simulator to train
residents and neurosurgeons in intracranial aneurysm
microsurgery.

Material and methods
Simulator and phantom

Image datasets from a patient with a left 14-mm middle cere-
bral artery (MCA) bifurcation aneurysm were used, including
various imaging modalities (e.g., digital subtraction angiogra-
phy [DSA], computer tomography [CT], and magnetic reso-
nance images [MRI]) for thresholding-based segmentation
with Amira 6.3 (Thermo Fischer Scientific, MA, USA). No
additional special techniques were employed. True scale hard-
tissue and soft-tissue portions of the required anatomy (skull,
brain, intracranial arteries, and aneurysm) were 3D printed
and produced according to standard additive manufacturing
principles [24].

We selected materials that replicate human mechanical and
haptic properties [25, 26]. A standard left pterional cranioto-
my approach was made in the 3D-printed skull using
Solidworks 2019 (Dassault Systems, France), as shown in
Fig. 1a. The physical models, including the vascular anatomy,
were positioned, assembled, and spatially oriented (Fig. 1b)
using the image datasets and according to the patient’s
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anatomy [27]. The replica of the left distal internal carotid
artery was connected to a custom-designed pulsatile pump
able to reproduce a patient’s cardiac physiology (heart rate
50-110 BPM) and blood pressure (60—100/100—140
mmHg). A software application controlled the pumping unit
to vary the heart rate and pressure, but we kept them constant
for the purposes of this study (heart rate 70 BPM; blood pres-
sure 80/120 mmHg). The continuous, pulsatile blood circula-
tion was connected to a reservoir, closing the loop. The blood
flow emulates haptic and optical behavior when mixed with
ICG dye (VERDYE 5 mg/ml, Diagnostic Green GmbH,
Germany).

The head model was placed and fixed with an adjustable 6-
degrees of freedom arm to properly position the head (flexion/
extension and rotation). The brain retractors were part of the
simulator, but it was up to surgeons and participants to decide
whether or not to use them. A neurosurgical microscope
(OPMI® Pentero® 600, Carl Zeiss Surgical GmbH,
Germany) was included in the bench-top training module.

Study arrangements and participants

This study included 25 neurosurgery residents and board-
certified neurosurgeons from several countries. Most partici-
pants had chosen cerebrovascular neurosurgery as their sub-
specialty focus (Table 1). To evaluate the quality of the train-
ing, we divided participants into two groups based on their
surgical exposure and experience: group A included those in
their early residency (< 4 years of full training); group B in-
cluded those in their late residency (at least 4 years of full
training) and board-certified neurosurgeons. Of the 9 partici-
pants in group B, 3 had over 4-15 years of neurosurgical
experience, had clipped 10—150 aneurysms, and had more
advanced neurosurgical experience than the other participants.
The other 6 participants in group B were less experienced or
had never performed neurovascular surgeries without super-
vision. Group A included 16 doctors in early residency, of
mixed experience levels that varied from a few months to
almost 4 years. All 16 participants in group A had assisted
or viewed neurovascular procedures like aneurysm clipping
but none had clipped an aneurysm (Table 1).

Participants were provided with a 2D DICOM image
dataset of the patient model in order to anticipate the vascular
anatomy and the clipping strategy. Five copies of the head
replica were available and ready to switch into the simulator
if the aneurysm ruptured during training.

Study design

State-of-the-art microsurgical instruments, including intracra-
nial aneurysm clips, manipulators, and dissectors, were avail-
able for the training. Participants viewed the mimicking pa-
thology through a surgical microscope (OPMI® Pentero®
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Fig. 1 Representation of the
model during the training study: a
Patient-specific 3D-printed
trephined skull with brain model.
b MCA aneurysm model located
in the left Sylvian fissure. ¢
Pulsating blood vessel and access
to the pathology of the model. d
Brain retractor during manipula-
tion by resident

600, Carl Zeiss Surgical GmbH, Germany). They manipulated
the vessel structures before they chose the correct clip config-
uration (Fig. 2). Participants were given only one attempt to
clip. Blood-like pulsatility through the model was held con-
stant for all participants. The clipping procedure was recorded
under the microscope and used by a blinded fully trained
cerebrovascular neurosurgeon (DB) to assess the quality of
each participant’s clipping after the training. The procedures
were scored after reviewing ICG imaging (aneurysm obliter-
ation: complete vs. incomplete) and assessing normal artery
patency. Clipping results fell into one of three categories: (a)
successful clipping (complete aneurysm occlusion, normal ar-
tery patency); (b) partial clipping (if clipping resulted in only
partial aneurysm occlusion and normal artery patency); and
(c) failed to clip/unsuccessful clipping ((1) could not attempt
clipping, (2) aneurysm sac unsuccessfully occluded, (3) nor-
mal artery patency compromised, (4) aneurysm rupture). After
a participant had clipped the aneurysm and marked the attempt
as complete, she or he was asked to complete the study ques-
tionnaires (Table 2).

Table 1 Overview of participants and background

Survey instrument development and administration

Attitudinal questions were formatted as 5-point Likert scales
(Table 2). Some questions were multiple-choice questions to
provide insight into the ease of use of this new training ap-
proach. Study data were collected and managed in REDCap
9.7.8 (Research Electronic Data Capture, Vanderbilt
University) electronic data capture tools, hosted at
ARTORG Center, Switzerland [28, 29].

Statistical analysis and study outcomes

Survey responses were coded and double-checked for accuracy.
Survey data was statistically analyzed with descriptive statistics
for different endpoints with dedicated software (R Studio 1.2.5
Programming, 2020). The primary aim of the study was to de-
termine if it is possible to use the simulator to train residents and
neurosurgeons. We compared the clipping performance of each
study group to find out if we could use the simulator to conduct a

No. of participants n = 25

Years of neurosurgical experience Group A: < 4 years

Early residency

Group B: 4-15 years
Late-residency and board-certified neurosurgeons

No. of participants in each group 16 2 2 2 3
Background Neurosurgery-resident Functional Pediatrics and Vascular Vascular
neurosurgery tumor neurosurgery neurosurgery
No. of aneurysm clipped as the main 0 0 10-150
surgeon
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Fig. 2 Pictorial representation
from the simulator and study
participation: a Expert
neurovascular surgeon
manipulating the aneurysm model
in the simulator and trying to clip.
b Young resident neurosurgeon
clipping. ¢ Attempt to clipping. d
Exploration after clipping

validation study that would measure the learning curve of resi-
dents as they train with the simulator.

Results
Surgical anatomy simulation

Participants were asked eight questions about simulation anat-
omy to determine how closely the simulation models emulat-
ed reality and to compare the effectiveness of training with the
simulator with that of the theoretical learning process. Many
respondents scored the benefits of the model in a range differ-
ing from helpful to same as of theoretical learning. A large
majority (84%; n = 21) found that the simulator improved
their understanding of microvascular structures and anatomy
far more than theoretical learning. A similar number (88%; n =
22) found that the simulator was of great help in preparing
them for surgery. Most (80%; n = 20) found the simulator very
useful for teaching them the neighboring anatomy and the
same number (80%; n = 20) found that the simulator helped
them learn the morphology of the surgical field so they could
differentiate the surrounding anatomy from the pathology.
Most participants (88%; n = 22) thought this novel training
method improved their understanding of surgery and was
more useful than theoretical learning for the understanding
of flow patency during aneurysm clipping. Most participants
(84%; n = 24) found the clipping simulation to be as realistic
as surgery and all participants felt that the global visual
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appearance of the model was realistic. Differences in their
responses to the simulation anatomy are shown in Fig. 3.
Figure 4 shows the responses on general usability feedback
and future use areas of the simulator.

Haptics, tactile feedback, and clipping similarity

Three questions on haptics, tactility, and clipping similarity were
asked only of group B (late residency and board-certified neuro-
surgeons) in order to assess the unique features of the simulator.
Almost all group B members (89%; n = 8/9) felt that the model’s
tactility while clipping was realistic. The same number found the
haptics realistic, and most (78%; n = 7) found that the simulation
resembled real clipping surgery (Fig. 5).

Status of clipping nature

A comparison of clipping performance between group A (ear-
ly residency) and group B (late residency and board-certified
neurosurgeons) is shown in Fig. 6. In group A, 12 out of 16
failed to clip, 3 partially clipped, and 1 clipped the aneurysm
successfully. In group B, 2 out of 9 failed to clip, 3 partially
closed the aneurysm, and 4 clipped successfully.

Discussion

During surgery, neurosurgeons must be judgmental when choos-
ing the matching clip(s) arrangement to completely occlude the
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Table 2  List of questionnaire

1. Background / Specialization
2. Years of Experience
3. Number of aneurysms clipped or treated (Approximately)

Micro Neurosurgical Intracranial Aneurysm Simulator- Questionnaire

Simulator- Surgical Anatomy

Helps a Lot Helps Moderate Not Helpful Same as Theoretical Learning
4. Understanding the Vascular structure [0} [0} o o (e}
5. Helps in preparing for surgery o O O o (e}
6. Realizing spatial relation with respect to the nearby surgical o o o o (e}
field
7. Did it improve your understanding of the surgical view? o o o o (e}
8. Understanding the morphology of the field () (0] 0] 0] (0]
9. Patency and gathering idea in Clipping o o o o (e}
Amazing Good Moderate Not Bad No Visual Appeal/
Not required
10. Visual Appearance o o o o (0]
11. Realism of Simulation (e] (e] (e] o (0]
Simulator- Usage Feedback
Helpful and Very Helpful Required Not Sure Not Helpful and
much required  and required Not Required
12. Patient lllustration (Model ready with trephined Skull and your (e] (e] (e] (e] (0]
opinion)
13. Teaching o o o o (o}
14, Medical Education (e] (¢] (e] o (0]
15. Surgical Training ) ) o ) (0]
16. Preoperative Planning o o o o (e}
17. Ease of manipulating neck with pulsation (e] (e] (¢] (e] [e]
Simulator- Tactility, Haptics and Clipping Similarity
Very Realistic _Realistic Notsgéz:)lli]sttic Quite Hard Hard
18. Feeling the Intracranial Aneurysm or sense of touch (Tactility) o o o o (e}
Excellent Good Moderate Ok, but can No Haptics feeling
Haptics Haptics be improved
19. Help in preparing for surgery (Haptics) ) ) ) ) (0]
Highly Similar Moderate Something is Not Known
Similar to missing
real
clipping
20. Did the clipping application seem realistic? (Similarity) o o o o (e}

Yes, Definitely/ and | recommend for others

No, | don't recommend

21. Do you think surgical skill improves by training in such (e] (0]
simulators?
22. Would you use the simulator? [0} (e}

23. More Suitable Training Method

O  Aneurysm Simulator O Virtual Reality

24. Which improves your level of education/understanding?

O  Aneurysm Simulator O CT/MRI Patient Data

25. | would like to use the simulator in other areas like

O Research O Education and Training O Improving my skills during regular clinical

practice/ Patient-Specific Training
26. Successfully Clipped (Reviewed by Expert)

O  Successfully clipped O Partially Clipped

O Augmented Reality

O Graphical Visualization

O Unsuccessful clipping

O Conventional method

O | would like to continue using the simulator for
every procedure or once in a few weeks
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Fig. 3 Likeability scoring- Simulator- Surgical Anatomy
neurosurgical simulation anatomy Percentage (Number of Participants)
Questions Mean Same as Not Helpful Moderate Helps Helps a Lot
Theoretical
Learning
4. | Understanding the Vascular 4.76 0.0% (0) 0.0% (0) 8.0% (2) 8.0%(2) 84.0% (21) RREIE
structure 100
5. | Helps in preparing for surgery 4.83 0.0% (0) 0.0 % (0) 4.0% (1) 8.0%(2) 88.0% (22)
6. | Realizing spatial relation with 4.76 0.0% (0) 0.0% (0) 4.0% (1) 16.0 % (4) 80.0 % (20) 75
respect to the nearby surgical field | 50
7. | Did it improve your understanding 4.88 0.0% (0) 0.0% (0) 0.0% (0) 12.0 % (3) 88.0% (22)
of the surgical view? 25
8. | Understanding the morphology 4.80 0.0% (0) 0.0% (0) 0.0 % (0) 20.0% (5) 80.0 % (20) 0
9. Patency and gathering idea in 4.88 0.0% (0) 0.0 % (0) 0.0% (0) 12.0% (3) 88.0% (22)
Clipping
10. | Visual Appearance 0% (0) 100 % (25)
11. | Realism of 4D Simulation 16 % (4) 84 % (21)
Not Required Not Bad Moderate Good . Amazing

intracranial aneurysm. Proven aneurysm remnant after clipping is
reported in the literature to be as high as 14% [30], while surgical
manipulation and aneurysm clipping put adjacent vessels at risk
for stenosis, occlusion, or insult, this being potentially responsi-
ble for brain ischemia and infarction [31-34].

Cerebrovascular neurosurgery is and will always be
motivated by technical skills, and the operating room
is becoming an increasingly difficult environment for
residents to obtain these skills. Residency work hour
restrictions, the need to perform research, the increase
in patient complexity, and the proliferation of alternative
procedures have resulted in a reduction in hands-on op-
erative learning opportunities and a change of required
competencies. Several simulation training platforms are
available for many medical disciplines and in a variety
of forms like ex vivo models (cadaveric and animal),
virtual reality handling, and static 3D anatomical dem-
onstrators. Simulation training allows deliberate practice,
progressive operative responsibility, and coaching by a
senior surgeon. Simulators have been used to improve
the performance of trainees in many areas of surgery

Fig. 4 5 Likert scale score on the
usefulness of the simulator about

a different area of applications —
13. Teaching

and there is a growing demand for technological devel-
opment in this area. Multiple studies have consistently
demonstrated that the use of simulators improves quali-
tative and quantitative performance measures as well as
overall resident and surgeon confidence in clinical set-
tings. [35-38]

Although simulated training methods for practicing
invasive procedures have been made available in other
surgical specialties, realistic simulation options in cere-
brovascular neurosurgery, including aneurysm clipping,
are scanty. In neurosurgery, training modules reported
so far have been missing blood-like flow time resolution
(pulsatility) and other crucial phenomena like vascular
patency, dynamic behavior, haptics, tactility, and the
feedback of handling micro-surgical tools or to deal
with intraoperative hemorrhage. This makes the sur-
geons unexposed to the complete surgical workflow.
These aspects, together with the procedure-related mor-
bidity, raise the need for functional, more realistic train-
ing simulators replicating the required surgical anatomy
and physiology.

12. Patient Illustration (Model ready with trephined Skull and your opinion)

@ Springer

14. Medical Education

15. Surgical Training

16. Preoperative Planning

17. Ease of Manipulating neck with pulsation

Helpful and
Required (4)

Not Helpful and Not Sure (2) Required (3)

Not Required (1)

Helpful and Very
much Required (5)
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Fig. 5 Likert user rating on the
simulation training evaluating the

Simulator- Group B (n=9) -Tactility, Haptics and Clipping Similarity Feedback

18. Feeling the Intracranial Aneurysm or sense of touch (Tactile Feedback)

tactile, haptics, and clipping
similarity during the training
process

11% (1)

Hard Quite Hard

78% (7)

Soft but not realistic Realistic . Very realistic

19. Help in preparing for surgery (Haptics Feedback)
11% (1)

67% (6)

No Haptics feeing

Ok, but can be improved Moderate Good Haptics . Excellent Haptics

20. Did the clipping application seem realistic? (Clipping Similarity)
119% (1) 11% (1)

78% (7)

Hard Quite Hard Soft but not realistic Realistic . Very realistic

The recent development of additive manufacturing tech-
niques leads us to develop a true scale, patient-specific
bench-top simulator prototype.

The present study showed that more than 80% of the partic-
ipants felt that our new anatomy simulation was a good alterna-
tive to theoretical and conventional learning [39]. All participants
found the visual aspects of the simulation appealing, while most
participants found the anatomical environment and the tactile and
haptic aspects of the pathology in the simulation to be realistic.
Participants’ responses to the multiple-choice questions indicated
that over 80% were willing to use the simulator for education and
training purposes. The same number felt that the simulator could
be useful for patient-specific preoperative training in regular clin-
ical practice and agreed that it would possibly improve their
surgical skills.

The comparison of clipping performance between the
groups showed, as intuitively expected, that trainees in their
early stages of residency potentially need a long exposure to
the simulator to improve their microsurgery clipping skills. In

W Successful Clipping
Partial Clipping
M Unsuccessful Clipping

T esw@

18.7% (3)

80

60

40

PQUTrSOODO

33.3% (3)

20

Years

Group B

Group A
Early- Residency Late- idency and Board
Certified Neurosurgeons

Fig. 6 Nature of clipping (successful, unsuccessful, and partially done)
vs. years of experience between group A and group B participants

group B (late residency and board-certified neurosurgeons), 2
of the 9 participants also failed, perhaps because their expo-
sure to this type of surgical procedure was limited, and per-
haps because of the anatomy of the aneurysm we selected for
this study was particularly challenging. This underlines the
need for a validation study aiming to measure the learning
curve of residents as they train with the simulator.

Limitations and future directions

Despite our effort to reproduce the skull, brain, and vascular
anatomy, further anatomic elements like the skin, galea, me-
ninges, veins, and arachnoid were missing. This did not allow
the complete surgical workflow to be reproduced.

Our study design and data did not allow us to compare the
effectiveness of training. Future studies should focus on collecting
long-term follow-up data and quantified parameters on simulated
outcomes. This would allow us to measure the performance ca-
pacity and to establish a learning curve in order to determine
whether there is an advantage to training in the simulated envi-
ronment. To date, neurosurgeons have been using only one indi-
cator of performance: patient outcomes. Our simulator could in-
corporate alternative measures to improve and maintain skills.

Further studies are needed in order to confirm that the pres-
ent simulator is a valuable clinical tool for measuring, evalu-
ating, and maintaining quality assurance in the training and
education of future generations of neurosurgeons. These stud-
ies should include an assessment of the learning curve and
skills improvement over time, with the goal of ensuring a high
level of post-graduate education and patient care.

Conclusion

The integration of a new surgical simulator including
blood circulation and pulsatility should be considered as
part of the future armamentarium of postgraduate educa-
tion aimed to ensure high training standards for current and
future generations of neurosurgeons involved in intracra-
nial aneurysm surgery.
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