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Biomodex patient-specific brain aneurysm models:
the value of simulation for first in-human experiences
using new devices and robotics
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ABSTRACT

Background With the recent advent of advanced
technologies in the field, treatment of neurovascular
diseases using endovascular techniques is rapidly
evolving. Here we describe our experience with pre-
surgical simulation using the Biomodex EVIAS patient-
specific 3D-printed models to plan aneurysm treatment
using endovascular robotics and novel flow diverter
devices.

Methods Pre-procedural rehearsals with 3D-printed
patient-specific models of eight cases harboring brain
aneurysms were performed before the first in-human
experiences. To assess the reliability of the experimental
model, the characteristics of the aneurysms were
compared between the patient and 3D models. The
rehearsals were used to define the patient treatment
plan, including technique, device sizing, and operative
working projections.

Results The study included eight patients with their
respective EVIAS 3D aneurysm models. Pre-operative
simulation was performed for the first in-human
robotic-assisted neurovascular interventions (n=2) and
new generation flow-diverter stents (n=6). Aneurysms
were located in both the anterior (n=5) and posterior
(n=3) circulation and were on average 11.0+6.5mm

in size. We found reliable reproduction of the aneurysm
features and similar dimensions of the parent vessel
anatomy between the 3D models and patient anatomy.
Information learned from pre-surgical in vitro simulation
are described in detail, including an improved patient
treatment plan, which contributed to successful first in-
world procedures with no intraprocedural complications.
Conclusions Pre-procedural rehearsal using patient-
specific 3D models provides precise procedure
planning, which can potentially lead to greater operator
confidence, decreased radiation dose and improvements
in patient safety, particularly in first in-human
experiences.

INTRODUCTION

New technologies have been in constant devel-
opment in endovascular neurosurgery since the
first Guglielmi detachable coils were deployed in
the early 1990s." New concepts in the treatment
of intracranial aneurysms (IA) have brought new
devices, such as new-generation flow-diverter stents
(FDS), and new technologies, such as endovascular
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robotics, all of which come with their own unique
learning curves.” Thus, even for senior interven-
tionalists, previous experience with novel technol-
ogies flattens this learning curve, facilitates ease of
use, and reduces technical complications.

There is a strong body of evidence to support the
use of simulator-based technology in surgical educa-
tion and procedure planning.®> * Standard training
focuses on either cadaveric models or on simu-
lator technology.” Cadaveric models are expensive
and in limited supply, and do not translate well to
endovascular-based simulation. This has stimulated
the development of 'in vitro' alternatives for endo-
vascular training.® Training models are available
that can be generated based on medical imaging
data.” These aim to replicate the anatomy of an
individual patient in a three-dimensional structured
template. The most recent iterations of these simu-
lators are also connected to a hydraulic system that
reproduces patient blood flow for a more realistic
experience.*? Pre-procedural training has been
shown in various other fields of surgery to improve
surgical skills and operational success rates, while
decreasing operator time and technical errors,
with a more pronounced benefit for early-career
physicians. "

In this study, we describe our experience with
pre-surgical simulation using patient-specific,
3D-printed models to plan aneurysm treatment for
early in-human experiences of newer-generation
FDS'™ ' and robotic-assisted endovascular
procedures.

METHODS

We included eight consecutive patients harboring
intracranial aneurysms scheduled for treatment
using new devices or techniques. Two cases included
simulation of stent-assisted coiling treatments using
the assistance of a robotic arm (CorPath GRX,
Corindus, a Siemens Healthineers Company,
Waltham, MA, USA), and six included rehearsal for
first time use of new-generation FDS, including the
Silk Vista Baby (SVB) (Balt, Montmorency, France)
and Surpass Evolve (Stryker, Fremont, California).
All rehearsals and procedures were performed by
the same operator (VMP). We evaluated clinical
and procedural factors as well as short-term patient
outcomes.
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Patient-specific 3-D printed aneurysm models

The training models used (Endovascular Intracranial Aneurysm
Solution — EVIAS - Biomodex, Paris, France) were manufac-
tured based on computed tomography angiography (CTA) scans
acquired before the procedure. Images were segmented, post
processed, and 3D-printed using the following specifications:

Image acquisition
CTA images acquired with a 0.5mm?’ isotropic resolution
(Toshiba Aquilion One Scanner).

Segmentation

Biomodex uses a third-party segmentation service ISO 13485
certified and proprietary software suite CE- and FDA-cleared
that accepts DICOM-compliant medical images acquired from a
variety of imaging devices, including CT and MR. The segmen-
tation method is based on an automated global hierarchical
approach completed by an interactive process of local correc-
tion by anatomical experts using their proprietary software. The
hierarchical approach consists of the sequential delineation of
organs and pathologies. Each delineation is performed using
density, morphological, and geometrical-based algorithms.

Post-processing

The 3D segmentation is edited for anatomical accuracy and veri-
fied by two radiological technicians specialized in anatomopa-
thology and medical image processing. Then the 3D model is
further edited by a Biomodex computer assisted design techni-
cian to adapt the segmented model to the Biomodex cartridge
design. This is performed by the same operators each time to
reduce variability.

3D-printing
The final step in 3D printing is performed by a company called
Statasys, and has the following configuration:
» Layer thickness: down to 27 microns
» Accuracy of the printer accordingly: up to 200 microns
» Materials: photopolymer acrylates

The aneurysm model is mounted on a standardized frame,
which is then connected to the EVIAS station that includes a
hydraulic system that replicates the blood flow by pumping a
specific blood-analog fluid through the vessels (online supple-
mentary figure 1A). Models were printed using a proprietary
algorithm called INVIVOTECH. It combines soft and rigid
materials at the microscopic level to produce a more realistic
mechanical behavior of the 3D-printed models. Unlike single-
material models such as silicone, 3D-printed anatomies are made
with various flexible photopolymers which allow control of the
pliability of the target area, providing critical tactile feedback. In
this way, the internal structure of the vascular model simulates
the friction against the arterial wall and hemodynamic forces
experienced during catheter navigation. The hemodynamics of
the model system are as follows.

Blood mimicking fluid

The proprietary 'BloodSim' formula contains the following prop-
erties: Vviscosity: w=(4.3554+0.0001).10" Pa.s (the viscosity
of blood at 37°C is normally 3x107 to 4x10-3); density:
P=1.030+/-0.005 g.cm™ (average density around 1060kg/m?).

Flow rates

The pump is set to 180-200 mL/min. Actual flow rate fluctu-
ates between 2—4 mL/s depending on the anatomy of the loaded
cartridge.

The EVIAS system was set up in the angiosuite using the
typical clinical set-up, including flushes and automatic injector
pump, to simulate the real patient procedure (online supplemen-
tary figure 1B).

In order to assess the reliability of the experimental model,
we analyzed the patient’s anatomy (size of proximal and distal
parent vessel: the presence of side branch vessel) and the char-
acteristics of the intracranial aneurysm (aneurysm type and
shape; aneurysms sizing — neck, dome, diameter, irregularities
in the aneurysm sac) from the intra-operative 3D-RA images and
compared these measurements to the measurements made on the
3D-RA from the 3D models. Stent sizes were estimated based on
the 3Ds acquired from the models during the simulations. Simi-
larly, achievable biplane working angles were also planned using
the 3D models. In the case of the robotic-assisted procedures,
device compatibility with the robotic system (guide-/interme-
diate-/micro-catheter combinations+stent & coils) were tested.

Study population and outcomes

During rehearsal in the 3D models, we evaluated if the device
that was chosen was appropriate and also practiced techniques
for deployment and assessed the feasibility of access, support,
and procedure planning. Furthermore, any technical issues were
recorded during the training and the clinical use, such as: recap-
ture and repositioning; poor opening of the proximal or distal
ends of the stent; oversized device; need for second device; need
for removal of the device; and incorrect placement with partial
aneurysm coverage. Additionally, we subjectively evaluated the
relevance of the patient-specific 3D models in terms of anatomic
details and determination of a treatment strategy for each indi-
vidual case, and we present the highlights of this evaluation in a
case report style.

Statistical analysis

Continuous variables were compared using the student #-test.
Statistical analysis was conducted with Statistical Package for
Social Sciences (IBM SPSS Statistics for Windows, version 24.0.
Armonk, NY: IBM Corp.). Statistical significance was assumed
for P<0.05.

RESULTS

We included eight patient-specific simulation models used for
training before the patient’s treatment: six before first time
novel FDS treatments and two before the first in-world robotic-
assisted intracranial endovascular neurointerventional proce-
dures. The mean age was 60.3+9.0 years. All aneurysms were
diagnosed as incidental findings (n=8; 100%). Aneurysms
treated with the Surpass Evolve arose from either the paraoph-
thalmic (n=4; 50%) or cavernous segment (n=1; 12.5%) of the
internal carotid artery, while the patient treated with the SVB
had a dissecting aneurysm of the posterior inferior cerebellar
artery (PICA) (n=1; 12.5%). The two patients treated with
robotic assistance had aneurysms arising from the basilar artery
(n=2; 25%) (table 1). Patients possessed various aneurysm risk
factors including hypertension (n=3; 37.5%), family history of
aneurysms (n=2; 25%), smoking (n=1; 12.5%), multiple aneu-
rysms (n=1; 12.5%), or dyslipidemia (n=1; 12.5%).

For the flow divertor series (n=6), the Surpass Evolve stent
was used in five patients and the SVB in one patient. The stent
sizes ranged from 3.25x25 mm (SVB) to 5.0x40 mm (Evolve).
In four out of the six (66.7%) flow divertor cases, the same
stent size was deployed in the patient as was chosen during the
rehearsal, with the stent size being underestimated in the model
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Table 1 Patients' aneurysms characteristics vs patient-specific
models
Patients (n%) 3D models (n%) P-value
Location
Paraophthalmic 4 (50%) -
Cavernous 1(12.5%) -
PICA 1(12.5%) -
Basilar 2 (25%)
Aneurysm type
Saccular 7 (87.5%) -
Dissecting 1(12.5%) -
Irregular shape (lobulation) 1(11.1%) 3 (37.5%) -
Dome (mm) 6.7+2.1 5.9+2.6 0.74
Neck (mm) 5.9+2.6 6.0+1.6 0.28
Dome:neck ratio 1.19+0.2 1.21+0.2 0.50
Parent vessel (mm)
Proximal 3.5+0.4 3.2+0.6 0.17
Distal 4.0+0.8 3.2£0.5 0.19
Aneurysm size 11.0+6.5 11.2+8.5 0.58

1(11.1%)
PICA, posterior inferior cerebellar artery.

Side branch vessel 1(11.1%) -

in one (16.7%) case and oversized in another (16.7%) case. For
the robotic-assisted stent assisted coiling procedures, an Atlas
stent (4.25 %21 mm; Stryker, Freemont, California) was placed
followed by various Axium coils (€V3, Medtronic, Irvine, Cali-
fornia). There were no intraprocedural complications.
Comparing the patient-specific 3D models and the patient’s
anatomy, we found a very reliable reproduction of the aneurysm
features and similar dimensions of the parent vessel anatomy.
There were no statistical differences in sizes of the IAs and
parent vessels between the simulation models and patients
(table 1). The biplane working projections for stent deployment
that were previously rehearsed by using the 3D models were all
successfully replicated during the patient’s treatment. The main
concerns about the 3D models were related to the aneurysm
shapes and the vessel tortuosity: it was felt that ‘in vivo’ the
arteries were smoother and more tortuous than in the ‘in vitro’
models. Each of the rehearsals provided additional value by
allowing the operator to practice challenging maneuvers, such as
how to open FDS in tortuous anatomies or how to safely cross
through the Atlas stent using the robotic arm to coil the aneu-
rysm. The following are a selection of representative case illus-
trations to describe these case-specific learnings in greater detail.

Subjective assessment of 3D models: representative case
illustrations

Case 1- First in-human Surpass Evolve: maneuvers to improve
apposition of flow diverter stent in tortuous anatomy

A patient with hypertension and family history of subarachnoid
hemorrhage presented with an 8 mm left-sided paraophthalmic
aneurysm. This case was challenging, as the carotid cave segment
was tortuous and dysplastic. A 3D model was made based on
the CTA for pre-treatment simulation. We used the opportu-
nity of the simulation to see how the stent would behave in the
curve and understand the degree of stent foreshortening in the
dysplastic segment. The working projections were defined and
measurements were made to plan the stent size. Although the

model measured 3.4mm distally and 4.0mm proximally with
a 21 mm predicted stent length (figure 1A, right), we only had
a 4.5x25mm stent available for experimentation purposes.
Despite being longer than desired, we learned that by alter-
nating between pushing the stent and putting forward slack on
the system we were able to open the stent in the curve. We also
learned that the proximal end of the stent was more difficult
to open after this curve (figure 1B, middle), so this is why we
decided to use a 4.0x20mm stent for the patient procedure.
This resulted in a precise proximal landing with excellent stent
opening and apposition along the parent artery wall (figure 1C).
Three months later, the aneurysm was completely occluded on
imaging follow-up.

Case 2 — Treatment strategy and working projections for a giant
aneurysm

A patient had an incidental finding of a 20 mm aneurysm in the
cavernous segment of the right internal carotid artery (ICA). We
planned a flow diverter for patient’s treatment using a 3D-printed
model. During the rehearsal, the main challenge was to define
an ideal working projection for microcatheter navigation and
placement of the stent since the aneurysm sac imaging on the
digital subtraction angiography (DSA) would always overlap the
parent vessel image on any single projection. Using the working
angles selected during the model simulation, the microcatheter
was efficiently navigated across the aneurysm neck and the stent
was placed with excellent wall apposition during the patient
procedure. A microcatheter was jailed in the aneurysm between
the stent, and coils were placed inside the aneurysm sac. At
4-months' follow-up, the aneurysm was completely occluded
(figure 2).

Case 3 — Simulating the world's first robotic-assisted intracranial
neurointervention

A patient presented to the ER with severe vertigo. The CTA
revealed an 11 mm wide-necked saccular basilar aneurysm arising
at the left lateral aspect of the basilar artery between the origins of
the anterior inferior cerebellar artery (AICA) and superior cere-
bellar artery (SCA). The patient was followed-up in clinic and
consented to robotic stent-assisted coiling using the GRX neuro
system from Corindus (Walthan, MA, USA). Two case simula-
tions using 3D-printed models of the patient’s specific anatomy
were performed the day before the procedure. During the simu-
lation, access equipment for the triaxial treatment approach
were fine-tuned for optimal robotic compatibility, and stent and
coil sizing were planned. During the simulation, after the Neuro-
form Atlas (Stryker, Freemont, California) stent was placed, the
robotic operator encountered some difficulty crossing through
the stent with the microcatheter to proceed with aneurysm
coiling. Interestingly, this procedural challenge was precisely
replicated during the patient procedure as well. The operator
said they felt more confident handling this challenge since they
had already practiced it during the simulation. The robotic-
assisted treatment was a success, with the stent being placed with
millimetric precision and 14 coils densely packing the aneurysm
sac (figure 3), and no intraprocedural complications.

DISCUSSION

The use of simulation in surgical training is well established.
It has been shown to improve trainee confidence, decrease
errors, improve procedural success, and, more importantly, has
improved patient safety.'” Endovascular simulation in partic-
ular has been shown to decrease procedure time, fluoroscopy
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Figure 1  (A) 3D-printed model demonstrated (left) with 3DRA (middle) and endoluminal cross-section analysis (right). Model measures 3.4mm
distally (yellow) and 4.0 mm proximally (green). Centerline length from planned proximal to distal landing zone approximately 20.8 mm. (B) processed
fluoroscopy runs show kink of the stent in the model at the level of the dysplastic carotid cave segment (left). the middle panel shows the difficultly
in opening the stent (4.5x25 mm Surpass Evolve) proximal to this curve. The stent was deployed and then the microcatheter was used to re-enter the
stent over the stent pusher wire in order to open the stent. (C) Unsubtracted DSA (left) and VasoCT images from the patient procedure demonstrate
excellent stent (4.0x20 mm Surpass Evolve) apposition over the neck (middle) and distal (right, top) and proximal (right, bottom) landing zones.
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Figure 2

time, and contrast volume administered.” '® ¥ Most endovas-
cular simulators are based on a combination of computer hard-
ware and software. These simulators offer many advantages,
however, there are some significant limitations, such as the lack
of haptic feedback, limited applicability to novel devices, as well
as the tactile “feel’ of such novel devices inside a given patient

Figure 3

Basic Science

(A) Cartridge (left) and surface rendered 3D-rotational angiogram (3DRA)(right) demonstrate 3D-printed model and working projects for
navigation of right-sided giant cavernous IA. (B) DSA (left) and fluoroscopy roadmap image (right) demonstrate mimicked anteroposterior (AP) and
lateral working projection views selected from the pre-procedural simulation that allowed for successful catheterization of the distal ICA. (C) DSA
control run after coiling the aneurysm sac with jailed microcatheter, demonstrating total occlusion — Raymond—Roy scale I.2°

anatomy. Most simulators also lack accurate simulacra of patient
hemodynamics.

The 3D-printed patient-specific models we used allowed us
to simulate our imaging working angles as well as mimic patient
hemodynamics, providing a high-fidelity replica of the patient’s
anatomy. Performing the simulation using these models on the

(A) Angiosuite room with aneurysm model set-up and robotic arm. (B) surface rendered 3D DSA (left) demonstrating a 12mm IA in

simulated model (1-7.6 mm; 2-3.32 mm; 3-3.22 mm); DSA AP view (right) demonstrating working projection for treatment of the saccular basilar la.
(C) DSA control run (left) demonstrating total aneurysm occlusion and unsubtracted left vertebral run (right) showing precise stent position and coil
placement using the robotic system in the simulated model. Corindus Inc. used with permission.
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same fluoroscopy equipment as the actual ‘in vivo’ case allowed
the team to better delineate the patient's anatomy, to plan
working angles, and to assess procedural feasibility and technical
strategies using these novel stents or robotic equipment. Further-
more, simulation using the 3D-printed patient-specific models to
rehearse for novel/first-in-man procedures, such as the robotic-
assisted cases or Evolve FDS cases, provided the operator with
improved confidence through learned experience when treating
the actual patient.

An ideal 3D 'in vitro' model requires a patient-specific recon-
struction, spatial accuracy with a uniform scaling compared with
a patient, and allow a degree of tactile feedback.” Many of the
previously described simulation models are limited in one or
more of these regards.® The Biomodex EVIAS model we used
provided several advantages in this respect. Our confidence in
the spatial accuracy of the model allowed us to predict and plan
the landing zones for the FDS deployment and the stent sizes
we would require, as well as be confident regarding the biplane
angiographic working angles we could use.

One of the main downsides of these simulation models are
their relatively high cost.'” It must be considered, though, that
for complex giant aneurysms or when using novel devices or
robotic equipment for the first time, the added patient safety
gained by use of the pre-surgical simulation might be worth
this cost. Less expensive 3D models can potentially be created
in-house as an alternative to the expensive manufactured
templates,” '° however, these models may be constructed from
silicone which may be flimsy and may not provide the same real-
istic feedback or vessel wall response to devices as was seen with
the models used in this study. In addition, over time it is likely
the 3D-printing methods will become more affordable, allowing
more widespread use of these pre-surgical simulation tools in the
neurovascular practice.

Limitations

Our study has some limitations. This is a single center, single-arm
study with a relatively small sample size. At the present time,
we believe that the pre-surgical rehearsal models should ideally
be used for selected complex cases where the benefits of pre-
procedural rehearsal are clear. There were some concerns
regarding vessel tortuosity and the irregularity of the aneurysm
sac in the models. The aneurysm sac was more irregular in the
flow models than they appeared from the formal angiogram and
the parent artery diameters were between 10%-20% smaller,
which could have been a result of the spatial resolution of the
CTA or 'smoothing' that happened during conversion of the CTA
into a 3D- model. Ideally 3DRA imaging, which has a higher
spatial resolution, is recommended as an input for 3D-modeling,
however, diagnostic angiograms are not standard of care at our
institution and we were limited to the imaging resolution of CTA.
This being said, this slight difference in the appearances of the
aneurysm wall did not influence the procedure rehearsal since
the FDS consist of an extrasaccular reconstructive technique.

CONCLUSIONS

Pre-procedural use of 3D-printed patient-specific simulation
models provides enormous training and rehearsal advantages
for the endovascular treatment of intracranial aneurysms. We
believe that for complex anatomies, such as giant aneurysms, or
in those cases where novel devices or equipment are being used,
the benefits of a pre-procedural experience in a patient-specific
model might allow more precise procedure planning, decrease
procedure time and radiation exposure, and, above all, improve

patient safety. This technology is likely to play a growing role in
the field of endovascular neurointervention in the future.
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