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Middle Meningeal Artery Model
for Training Endovascular
Treatment of Chronic Subdural
Hematomas in Interventional
Neuroradiology

Technical progress and the development of smaller treatment instruments allow neuro-
interventional procedures to be used to treat diseases involving small vessels (< 2 mm). One
example is the subdural hematoma (SDH), which can be treated by embolizing the middle
meningeal artery (MMA) to cut off blood supply to SDH. The procedure was first used in
2018, following efficacy and safety studies. The embolization is technically very challenging
and requires extensive training of the physicians. This work presents the development of an
MMA model for endovascular training simulations of SDH with original instruments and
particle embolization for integration into the existing neurointerventional training
simulator Hamburg ANatomical NEurointerventional Simulator (HANNES). The develop-
ment and testing were carried out by an interdisciplinary team of physicians and engineers.
The aim of this work is to avoid the disadvantages of animal experiments, such as ethical
aspects, anatomical differences to human vessel architecture, and long-term availability.
First, aprinting study of the MMA model was carried out to determine suitable processes and
materials. Subsequently, suitable models were tested by experienced neurointerventional
physicians in a realistic treatment setting, whereby they assessed 4 out of 20 models as
sufficiently good. Relevant criteria were, among others, the flowrate, probing ability,
elasticity, haptics, and geometric mapping. Based on these findings, an embolization module
was developed to capture particles during training, which was evaluated as a moderate basic
model for SDH embolization training. In conclusion, the novel MMA model with
embolization module integrated in the simulator HANNES enables an innovative state-of-
the-art neurointerventional training opportunity of physicians. [DOIL: 10.1115/1.4068146]

Keywords: interventional neuroradiology, endovascular therapy, chronical subdural
hematoma, cSDH, embolization, particle embolic agent, ContourTM, simulation model,
HANNES, 3D printing
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Introduction

Over the past few decades, medicine has made significant
progress in the areas of diagnosis, treatment, and therapy. In
particular, in the field of neuroradiology, the development of
neurointerventional procedures has revolutionized the understand-
ing and treatment of neurological diseases. During neurointerven-
tional procedures, the pathological vessels are localized and treated
via a catheter, which is advanced into the target vessel under X-ray
control. This method, which is also known as endovascular
treatment (EVT), has increasingly become the standard treatment
in the field of cerebral vascular medicine over the last few years,
reducing the need for open surgery [1,2]. Cerebrovascular diseases
affect the blood vessels in the brain, including narrowing, occlusion,
or vessel wall rupture causing strokes or cerebral hemorrhage [3].
With the technological progress in the development of treatment
instruments and neurovascular materials, it is now possible to use
neurointerventional procedures to treat diseases involving small
peripheral vessels [4,5]. Navigating the treatment instruments inside
these small vessels as well as locating the diseased artery poses
specific challenges. In cerebral vascular medicine, this comprises in
particular the procedures for treating small vessels with a diameter
of under 2 mm, including the middle meningeal artery (MMA),
which plays a key role in the development of chronic subdural
hematomas (cSDH). A ¢SDH is a hemorrhage in the subdural space,
a space between the hard and soft meninges [6]. The cSDH is an

encapsulated collection of fluid, blood, and blood degradation
products, which is typically found as a half-moon-shaped formation
along the cerebral hemisphere on a computer tomography (CT)
image (see Fig. 1(a)) [6]. The traditional method used to treat cSDH
is open surgery with burr hole trepanation or craniotomy [7]. This
involves opening the skull to remove the hematoma and aspirate the
blood [5,8,9]. This procedure has a recurrence rate of up to 37% due
to an inflammatory reaction caused by the residual blood [10]. The
blood supply to the membranes surrounding and feeding the
hematoma is provided by the MMA [10], which is closed with an
embolic agent in a neurointerventional procedure [5,8]. This MMA
embolization (MMAE) procedure is less invasive and has a
significantly lower recurrence rate [8]. A contrast agent induced
digital subtraction angiography (DSA) image of the MMA and the
characteristic curve of the artery passing the foramen spinosum is
shown in Fig. 1(b).

Endovascular treatment of cerebral vascular disease is a rapidly
evolving field that covers a variety of neurointerventional instru-
ments. This requires physicians to have not only anatomic and
clinical knowledge but also the understanding of the appropriate
selection and use of instruments and catheters. As EVT of ¢cSDH
with particle embolic agents is a relatively new treatment concept,
there is a need for systematic training of interventional physicians
and further practice. For training purposes, animal models are
mostly used despite disadvantages, including ethical aspects as well
as the unrealistic anatomical replication of the human brain [11,12].

Fig.1 (a) Computer tomography image of a SDH highlighted by a black arrow and (b) DSA image of the MMA

highlighted by a black arrow
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In addition, as animal experiments are difficult to reproduce because
it is necessary to artificially generate the subdural hematoma (SDH) by
implanting clotted blood into the subdural space [13]. To improve this
situation, the development of a model for integration into a physical
simulator is required, allowing training simulations of SDH with original
instruments, particle embolic agents, and patient-based geometry.

Current Models for Endovascular Treatment Training of
Subdural Hematoma Using Embolization

An analysis of the existing cSDH training methods shows that the
research into MMAE treatment, education, and training still appears
to be in its beginnings. In the literature, many studies of clinical
outcomes of patients with MMAE or comparison studies of open
surgery and MMAE can be found [14-22]. In addition, studies have
been carried out on various embolization techniques and embolic
agents like particle embolic agents, liquid embolic agents, and coil
embolization [23-28]. Particle embolic agents are the most
commonly used embolic agents due to their long-term efficacy
and proven safety [21,26,27]. This paper is therefore focused on this
embolization procedure. The studies on MMAE have provided
important findings on the effectiveness and clinical outcomes of
these interventions, but largely leave unconsidered aspects of
education and training in MMAE. The focus in the training of
neuroradiologists is on animal-based models [29], while MMAE
training is represented weakly with only two animal model
experiments in swine [11,12]. These animal models have significant
negative aspects such as long-term availability, anatomical
replication of human structures, ethical issues, and the artificial
creation of disease in animals to simulate realistic training
conditions. Prognostic models [30,31] and finite element methods
(FEM) [32-34] are increasingly being developed and used to better
understand the disease progression and recovery process. These
simulations offer valuable insights, particularly in predicting therapy
outcomes. Furthermore, deep learning (DL) models are being
developed and used for the detection of SDH [35-37]. However, a
physical simulation model that specifically enables the treatment of
¢SDH using MMAE by particle embolization with original instruments
in a real angiography suite is currently lacking. Such a model could
bridge the gap from training to treatment and significantly improve
training and further education in this relatively new form of therapy.

Development of the Middle Meningeal Artery Model
With Embolization Module

The MMA model for endovascular training treatment of cSDH
was developed through close collaboration between an interdisci-
plinary team of physicians and engineers. By combining medical
expertise and technical knowledge, the model was designed to
replicate realistic anatomy and reproduce the complexity and
particularities of the neurointerventional procedure as accurately as
possible. The development of the training simulation model for
c¢SDH treatment was carried out in two phases. First, an MMA model
was developed and the suitability of different manufacturing
processes and materials was investigated. Then, an embolization
module was designed and manufactured.

The developed model was integrated into an overall training
setup. The simulator HANNES (Hamburg ANatomical NEuro-
interventional Simulator), which is already utilized for training
applications under real conditions in angiography for aneurysm,
stroke, and stenosis treatment, is used for this purpose [38—41].
HANNES has a vascular tree from the femoral artery to the cerebral
vessels to simulate the entire endovascular procedure of cerebral
vascular diseases. The different patient-based additively manufac-
tured vascular models enable an edge-free connection using
standardized connectors and can be easily exchanged due to their
modular structure [38,40]. A realistic blood pressure is simulated by
a fluid system with individually adjustable temperature, pulse, and
volume flow individually. The fluid used is water with baby
shampoo, as described by Schmiech et al. [41].

Journal of Engineering and Science
in Medical Diagnostics and Therapy

Requirements and Design of the Middle Meningeal Artery
Model. The development of the MMA model was based on the VDI
2221 guidelines [42] (Development of technical products and
systems—Model of product development) with the steps planning,
conception, design and development, and the standardized process
flow of Spallek et al. [38], for the development of vessel models from
image data acquisition to design, manufacturing and application.
First, the requirements for the MMA model to be developed were
analyzed in an interview with the physicians and documented in the
form of a requirements list. According to Wegner et al., the
requirements can be classified in the aspects of geometrical,
physiological, and medical therapy mapping [43]. The MMA model
should replicate a patient-based geometry with anatomically correct
diameters to simulate the difficulty of treating small vessels
diseases. In addition, the anatomical landmark of the foramen
spinosum, which is a strong curve specific to the course of the MMA
in the body, should be replicated in the model (see Fig. 1(b) black
arrow).

Similarly, to the existing vascular models integrated in HANNES,
the MMA model should also have a hollow inner structure as well as
a smooth surface and no edges. Regarding material-specific
requirements, the model should not be manufactured using metallic
materials to avoid imaging artifacts. Furthermore, the material of the
MMA model should be liquid-tight and water-resistant. The model
developed is to be integrated into the HANNES training model for
simulation of the entire treatment process with original treatment
devices.

The standardized process flow of Spallek et al. [13] with the steps
of medical data acquisition, the design of specifications and the
production of the model up to the application was applied to develop
and produce the MMA model. Figure 2 shows the different process
steps from segmentation to design and additive manufacturing.
First, the physicians three-dimensional (3D)-rotational angiography
is used to acquire image data of the MMA from an anonymous
patient. This high-resolution image data served as the basis for
further processing. Using the Seg3D segmentation software (NIH
Center for Integrative Biomedical Computing at the University of
Utah), the relevant vessels of the patient were precisely segmented
by the physicians. The first step was to generate a threshold-based
preselection, which was then manually postprocessed. This step is
important as it ensures that only the essential vascular structures are
selected and extracted for the model. The resulting segmented model
of the MMA was converted into a Standard Triangulation Language
file (STL) to prepare the data for further processing. The STL fileis a
common format in 3D printing and computer-aided design (CAD),
as it describes the geometric information in the form of triangular
surfaces. In the next step, the segmented image data was used to
design a detailed and hollow MMA vessel model in the CAD
program CATIA (Dassault Systemes, Vélizy Villacoublay, France).
The model was analyzed in CATIA to determine the inner diameters
using the “wall thickness anaylsis” tool with the sphere method.
Figure 3 shows the internal volume of the hollow model with
diameters, d >2mm (blue), 2<d<0.8mm (green), and
d <0.8mm (red). The model was subsequently provided with a
wall thickness of 1mm on the outside and enhanced with
standardized interfaces. For this purpose, the existing edge-free
connector was used to integrate the model into the vessel tree of the
HANNES simulator (see @ in Fig. 4). Additionally, four outlet hose
connectors were integrated (see @ in Fig. 4). The wall thickness was
developed iteratively for existing larger brain vessel models for
HANNES and applied to the MMA models to find a compromise
between mechanical stability and a material-saving design.

The final designed MMA model with all connectors was prepared
for manufacturing by creating another STL file.

Manufacturing of the Middle Meningeal Artery Model. The
MMA models were fabricated from various materials using different
additive manufacturing processes to investigate what might be
suitable for the manufacturing of small vessel models. The different
additive manufacturing processes such as stereolithography (SLA),
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Segmentation

Design of
specification

Additive
manufacturing

Fig.2 Process steps for the development and manufacturing of the MMA model from segmentation to
design and additive manufacturing based on the standardized process flow from Spallek et al. [38]

B d<o08mm
B 2<d<08mm
B d>20mm

Fig. 3 Analysis of the inner diameters of the internal volume of
the hollow MMA model using the sphere method in CATIA with
diameters, d>2mm (blue), 2 <d<0.8mm (green), and
d<0.8 mm (red)

fused deposition modeling (FDM), and polyjet technology (PJ) were
analyzed. Either an external manufacturer was consulted or the
models were produced in-house. Production of the MMA model
using selective laser sintering (SLS) was rejected by various
manufacturers due to the difficulty of residue-free removal of the
support structures or the impossibility of fabricating small hollow
structures. A total of ten SLA models (SLA1-10), two FDM models
(FDM1-2) and eight polyjet models (PJ1-8) were analyzed. The
materials vary from elastic to hard and transparent to nontranspar-
ent. Due to the different elastic properties, the relevance of the
elasticity of the models for replicating realistically is to be
investigated in a blind test by the physicians. Transparent MMA
models theoretically have the potential for X-ray-free evaluation,
enabling training without X-rays or additional analysis. A summary
of the investigated processes and materials as well as their technical
specifications the hardness of the materials are listed in Table 1. As a
reference, a block with small channels was designed and printed in
order to investigate whether the production of complex MMA
models is difficult but simpler components could be manufactured

031017-4 / Vol. 8, AUGUST 2025

Fig. 4 SLA-manufactured models made of watershed material:
(a) MMA model with edge-free connector @ and hose connectors
@ and (b) block model with height (H), width (W) and thickness (T)
with straight and curved channels with diameters of 1.5mm,
1mm, and 0.8 mm

using the respective additive manufacturing process and material.
The block has the dimensions 40 mm (W) x 28 mm x (H) 5 mm (T)
and contains six channels, three linear and three curved. The
diameters of the channels are 1.5mm, I mm, and 0.8 mm
respectively and are arranged in descending order from top to
bottom of the component. Figure 4 shows an example of the block
and the MMA model produced using the SLA process made of
watershed material.

Requirements and Conceptual Design of the Embolization
Module. The development of the embolization module is also based
on VDI2221, and the requirements were again defined in
cooperation with the physicians first. Similarly, to the MMA model,
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Table 1

and materials. The layer thickness and resolution specifications are based on manufacturer information.

Summary of the manufacturing specifications and properties of the models from different additive manufacturing processes

Model ID Material 3D Printer Layer thickness (um) Resolution (um) Hardness Transparency
FDM1* PETG Anycubic i3 Mega 200 12.5 80-90D No
FDM2* ABS Ultimaker S5 150 6.9x6.9 n/a No
PJ1 Agilus 70 Stratasys J750 27 27 70A No
PJ2 Agilus 30 Stratasys J750 27 27 30A No
PJ3 Vero clear Stratasys J750 27 27 80-84D Yes
PJ4 High-detail resin n/a n/a n/a 83D No
PJ5 Vulcan soft elastomer Inkbit Vista 28 32 x63.5x 18 30A No
PJ6 AR-GIH Agilista 3200 W 30 63.5 x 40 65A Yes
PJ7 AR-GI1L Agilista 3200 W 30 63.5 x 40 35A Yes
PJg8* AR-G1L Agilista 3200 W 30 63.5 x 40 35A Yes
SLA1 Accura ClearVue 3D Systems - SLA 5000 100 n/a 84D Yes
SLA2 WaterShed® XC 11122 3D Systems - SLA Viper 100 n/a 85D Yes
SLA3 Standard resin n/a n/a n/a n/a Yes
SLA4 Transparent resin n/a n/a n/a 81D Yes
SLAS Accura Xtreme Prox800 von 3D Systems 100 n/a 86D No
SLA6* Flexible 80A Form 3 50 25 80A Yes
SLAT* Elastic 50A V1 Form 3 100 25 50A Yes
SLAS8* Clear V4 Form 3 25 25 82D Yes
SLA9* 63A Photon M3 50 40 63A Yes
SLA10* 82A Photon M3 50 40 82A Yes

Note: The models marked with * are in-house fabrication.

the embolization module should also have a hollow inner structure
as well as a smooth surface and no edges. Furthermore, the real
embolization behavior in the model and the realistic embolization
distribution under X-ray imaging are important requirements. The
training of the treatment with embolization should result in a partial
to complete flow disruption, as in humans. Furthermore, the
reusability of the model after embolization is desired. Like the
MMA model, the module should not be made of metallic materials,
taking into account the material-specific requirements to avoid
artifacts in imaging. The developed module should be integrated
into the HANNES training model to simulate the entire treatment
process with an edge free connection to the MMA model.

Once the requirements have been established, the conceptual
design phase begins as described in VDI2221 [42]. This involves
developing a functional structure that maps the main and
subfunctions necessary of the embolization module. This structure
is used to identify different working principles for each subfunction
and supports a systematic approach to the design process. Figure 5
shows the hierarchical function structure developed for the
embolization module. In this structure, the primary goal of “enable
embolization treatment training for SDH in HANNES” is divided
into several subfunctions, such as “enable embolization treatment
with original instruments” and “implement module in HANNES.”
Each of these subfunctions is further subdivided into more specific
tasks, such as “visualize embolization” and “avoid complete
blockage during embolization.” The morphological box was chosen

as the methodology for working out partial solutions to the
subfunctions developed in the hierarchical function structure. This
methodology is intended to help analyze complex problems and find
many different approaches to solutions. Several alternative solutions
were developed based on this, which were then evaluated using a
weighted scoring system according to technical criteria such as
anatomically correct mapping of embolization and economic
criteria such as production costs. The best-rated alternative solution
was then selected and developed.

Design and Manufacturing of the Embolization Module. The
solution for the embolization module was a corpus with an
integrated membrane. It was designed in a CAD program (Autodesk
Inventor, San Rafael, United States) and modified with connectors
for integration into the MMA model in the simulator HANNES. The
additively manufactured embolization module with the components
corpus and the membrane size of 25 mm as well as the connector for
integration with the MMA model @ and the hose connector @ can be
seen in Fig. 6. The corpus was manufactured from the material Clear
V4 (Formlabs Inc., Somerville, MA) in two different sizes using the
SLA printers Form 3 (Formlabs Inc.) available in-house for different
membrane sizes. The membranes used were borosilicate glass
membranes (Reichelt Chemietechnik GmbH, Heidelberg, Ger-
many) in diameters of 10 mm and 25 mm with different pore sizes of
40 um and 160 pum. The small pore sizes are aimed at stopping the
flow of particle embolic agents.

Enable embolization

treatment training for SDH

in HANNES

Enable embolization
treatment with
original instruments

|
Implement module
in HANNES

Enable insertion
of the embolic
agent

Dissolve
embolization

Visualize
embolization

Connect to the Avoid complete
vascular system blockage during
exchangeably embolization

Avoid unwanted
embolization flow

Fig.5 Hierarchical functional structure developed for the embolization module, illustrating the key functions and subfunctions

necessary for a treatment simulation of SDH in HANNES
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Fig. 6 Additively manufactured embolization module made up
of a corpus and a borosilicate glass membrane with a diameter of
25 mm and the connector for integration with the MMA model ©®
and the hose connector @

Results

The comparison of the different manufactured MMA models and
the application of the embolization module focus on the real use by
neuroradiologists with original treatment instruments and the
Contour™ particle embolic agent (Boston Scientific, Marlborough,
MA) used with different particle sizes from 45 ym to 150 um and
150 um to 250 um polyvinyl alcohol particle size in the simulation
model HANNES. The results are divided into the MMA models with
their properties and the application tests. For the embolization
module, the results are presented in two stages. First, the outcome of
the pretests on the behavior of the embolic agent outside the body in
a water circuit is first described. Following this, the results of the
tests conducted by the physicians are explained.

Middle Meningeal Artery Model Preliminary
Investigation. The comparison of the differently manufactured
MMA models focuses on their properties with regard to their
suitability for training catheter-based interventions. First, the entire
cavity of the MMA model has to be accessible and open. The
vascular models must be liquid-tight in order to be used in
angiography with water and contrast medium. In addition, the
materials should not swell during long-term use in the simulation
model with water. Furthermore, the roughness of the materials has to
allow easy navigation of the catheter.

Manufacturing. The in-house production of the FDM models
presented a challenge. The cavities of the MMA models could not be
printed freely and the models broke during manufacturing or while
removing the support structures. The breakage could be avoided by
increasing the wall thickness of the MMA model or using more
elastic materials than the FDM1 and FDM 2. In general, FDM
printers offer lower resolution and detail accuracy compared to SLA
or PJ printers, especially when used for printing small, fine structures
and smooth surfaces. In the following, the properties of the FDM-
printed models are analyzed, but no application tests are carried out.

Vessel Cavities and Liquid Tightness. To examine the cavities
and liquid tightness, water with red food coloring was injected into
the MMA models as well as into the blocks of transparent materials
to identity the continuity of the models. Water was also injected into
the nontransparent models to check if water was flowing out of any
outlets. In order to avoid an occlusion in the simulation model, only
continuous MMA models with at least one free outlet can be
analyzed for their suitability of the training simulation. Figure 7

031017-6 / Vol. 8, AUGUST 2025

I 50 mm_ *mn

Fig. 7 Colored cavities of the MMA models and blocks made of
the materials SLA1 (left), SLA8 (middle) and SLA10 (right). The
black arrow marks the occluded, not flowed-through outlet of the
maxillary artery.

shows the colored cavities of the MMA models and blocks made of
the materials SLA1 (left), SLAS (middle) and SLA10 (right). The
SLA1 models has free cavities throughout the MMA model and the
block, while the MMA model made of SLA10 is almost completely
sealed. However, the block demonstrates that printing of small
straight channels and some curved channels is possible. The models
made of SLA8 show a moderately good result, as some free cavities
can be recognized. The summary of all results from the vessel
cavities 20 MMA models can be seen in Fig. 8. All FDM models
have closed vessel cavities and are not liquid-tight, leading to water
leaks out of the walls of the blocks. Three of the PJ models have no
open vessels, while four models have completely open vessels. All
three closed models were produced on the same 3D printer
(Stratasys J750, Stratasys, Eden Prairie, MN), suggesting a possible
printer-related cause for the closed vessels. The MMA models
fabricated using SLA show three completely free and three
completely closed models. There are also five models with partially
open cavities, three of which were produced on the same 3D printer
(Form 3, Formlabs Inc.). The SLA and PJ manufactured models are
all liquid-tight. The partially closed cavities in SLA-manufactured
models may be caused by resin residues that were not washed out.
The complex design of the MMA model leads to difficulties in the
orientation of the outlets on the build platform during SLA printing.
In this case, the outlets should be perpendicular to the print platform
to ensure good run-off of the resin residue. In addition, the
comparison of blocks to MMA models shows that less complex
structures are easier to print in small dimensions. Furthermore, the
smaller overall length and size of the component could lead to more
open cavities. In Fig. 7, the black arrows indicate the passage of the
maxillary artery in the model, which was partially or completely
blocked in all models. It does not seem to be possible to remove resin
residues or support material entirely from an outlet without an
opening.

Roughness. In a further investigation, the roughness of the
materials used was analyzed using the MarSurf UD 120 roughness
and contour measuring machine (Mahr GmbH, Gottingen, Ger-
many). For this purpose, three roughness measurements (tolerance
0.1 um) were carried out on the block at different positions, each
with a scanning distance of 9.97 mm. The examination was carried
out transverse to the layer direction. The roughness is evaluated
using the parameters R_a (arithmetic mean roughness), R_z (mean
roughness depth) and R_max (maximum roughness depth). The
results are summarized in Table 2. The FDM blocks and the PJ5-8
blocks exhibit the highest roughness values of all the measured
materials. The block models PJ1-4 and SLAI1,2,5-8 have

Transactions of the ASME

Pwsal/5e0961./2101€0/€/8/4pd-ajone/sonsoubelp|eoipaw)/B1o-swse uoos|jodle)bipawse//:djy woly papeojumoq

0 €0 800 |

GZ0Z 18quianop || uo Jasn BingieH-BinquieH jeeysiaAiun ayosiuyoa] Aq pd-/LOLE



12

b .
8

Number of vessel models
[e)]

SLA

FDM PJ
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Yes

Partly ®mNo

Fig. 8 Results of the cavity analysis of the different printing processes, with free cavities
labeled yes (green), partially (yellow), and no (red)

comparable roughness properties, while the remaining SLA
materials have the lowest roughness. The materials PJ2 and PJ3
show clearly different R_max measurements despite similar R_a
values. This could indicate different surface structures despite
similar average roughness. The R_max parameter can indicate
extreme irregularities on the surface. A comparison of the measured
roughness values with the roughness evaluations of catheter
navigation by physicians can be found in the “MMA Model
Application Test’ section.”

Water Compatibility. The water compatibility of the individual
materials was analyzed in a 24-h test. First, the blocks were
measured before the test using a micrometer (width and height;
tolerance 0.01mm) and a slide gauge (thickness; tolerance
0.02mm). The blocks were subsequently placed separately from
each other in circulating water at 37 °C to simulate continuous use in
a fluid system. Materials that swell too much (increase >5%) or
show cracks or brittleness after the test should not be considered for
further study applications. These materials would not be suitable for
repeated use in the simulator over several hours. After the test, the
dimensions of the blocks were immediately recorded using the
measuring devices mentioned above. An overview of the results of
the percentage increase in the dimensions (width, height, thickness)

Table2 Results of the roughness for the different blocks, noting
the values R_a, R_z and R_max. The examination was carried out
transverse to the printing direction.

of the blocks for the various materials after the 24-h test can be seen
in Table 3. It can be Most of the materials showed a slight increase in
dimensions, with only SLA8 having minimal shrinkage. No
abnormal features such as brittleness or cracks could be detected
in an optical inspection. The results appear to be geometry-
dependent, as the greatest change in most cases concerns the
thickness of the blocks. This does not exclude other influencing
factors such as the manufacturing (printing direction) or the
measuring method. Further investigations need to be carried out
regarding these aspects, especially if material pairings are to be used
for connectors in the HANNES simulator. The change in size can
cause the fit to be modified and result in leaks. Further investigations
are not part of this work and should be analyzed again in more detail
when the material is selected.

Middle Meningeal Artery Model Application Test. To eval-
uate the remaining MMA models after the preliminary studies, the
models were tested by physicians. For this purpose, the models were
connected to the carotid artery in the HANNES simulator using the
edge-free connectors. In order to achieve the same alignment of the
MMA for both, hard and elastic materials, a holder was 3D printed.
The models were tested with original treatment instruments in a
realistic angiography suite to simulate real procedural conditions.

Table 3 Results of the percentage increase in the dimensions
(width, height, thickness) of the blocks for the different materials

Model ID R_a (um) R_z (um) R_max (um)  Model ID Width (mm) Height (mm) Thickness (mm)
FDM1* 18.7 97.2 116.2 FDM1* +0.12 +0.14 +0.1
FDM2* 9.9 453 49.4 FDM2* +0.02 +0.16 +0.0
PJ1 2.4 16.2 24.5 PJ1 +0.26 +0.36 +0.1
PJ2 1.2 11.2 18.6 PJ2 +0.89 +0.17 +0.1
PJ3 1.3 8.3 10.2 PJ3 +0.16 +0.12 +0.2
PJ4 33 21.9 29.2 PJ4 +0.28 +0.10 +0.1
PJ5 9.2 54.7 71.0 PJ5 +0.67 +0.41 +0.1
PJ6 8.7 53.6 63.8 PJ6 +0.10 +0.05 +0.1
PJ7 11.7 65.5 79.2 P17 +0.47 +0.18 +0.2
PI8* 12.1 68.8 83.8 PJg* —0.16 +0.15 +0.1
SLAI 2.5 159 21.1 SLA1 +0.15 +0.06 +0.1
SLA2 1.2 5.7 6.6 SLA2 +0.13 +0.14 +0.1
SLA3 0.8 4.7 5.5 SLA3 +0.33 +0.45 +0.1
SLA4 0.1 0.3 0.4 SLA4 +0.17 +0.05 +0.0
SLAS 4.8 29.5 34.0 SLAS +0.10 +0.15 +0.1
SLA6* 1.6 14.8 23.8 SLA6* +0.22 +0.13 +0.1
SLAT* 2.4 16.0 24.4 SLAT7* +0.64 +0.26 +0.2
SLA8* 1.6 11.2 13.5 SLA8* —0.24 —0.23 —0.1
SLA9* 0.9 6.9 135 SLA9* +0.54 +0.47 +0.1
SLA10* 0.7 7.1 11.6 SLA10* +1.45 +0.76 +0.0

Note: The models marked with * are in-house fabrication.
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Note: The models marked with * are in-house fabrication.
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Two physicians with 6 and 10 years of experience in interventional
neuroradiology simulated an SDH treatment to examine the MMA
model in HANNES. A standard Headway™ 17 microcatheter
(Terumo Neuro, Shibuya, Tokyo Prefecture, Japan) was used for the
study. This was inserted transfemoral into the Hannes vascular tree
using a sheath and guiding catheter throughout the test. The catheter
was then navigated under X-ray guidance through the existing
vascular tree into the MMA. To test another MMA model, the
catheter was removed to the cervical artery and then navigated from
there back into the MMA model. The catheterization and flow of the
MMA model were analyzed using DSA. This was done by injecting
a contrast agent into the simulation model. The MMA models and
their suitability for treatment simulation were initially tested without
embolization. In a separate test, embolization was tested on an
MMA model (see Embolization Module Application Test). The
parameters for the evaluation of the models relate to the geometric
mapping, elasticity, haptics, flow, and probing ability:

e How realistic would you rate the geometric representation of
the MMA model compared to a real MMA?

e How similar would you rate the elasticity of the MMA model
compared to real blood vessels during probing with the
catheter?

e How similar would you rate the haptics of the MMA model
compared to the existing vessel models in HANNES?

e How would you rate the internal surface smoothness of the
MMA model compared to real vessels?

e Does the model show parts without flow?

e How do you rate the flow of the model?

e Was it possible to probe the model with the catheter without
any problems?

The testing of the MMA was carried out by the two physicians
without seeing or touching the models beforehand to prevent
falsification of the results. After testing each individual model, a
questionnaire was filled out to rate the evaluation criteria on a Likert
scale with a score from 1 (very poor) to 5 (very good).

Geometric Mapping. The geometric mapping, which describes
the real anatomical representation of the patient MMA used in the
model, shows almost no differences between the individual models.
The score for all MMA models was between 3 and 4 points. The
more elastic materials (PJS, PJ6, SLAS5-7) were mainly rated with
the lower score of 3. This might be due to the higher flexibility of the
models, making them prone to shifting their positions.

Elasticity. For elasticity, the questionnaire focused on the
similarity of the elasticity of the MMA models compared to real
blood vessels. Points from 3 to 5 were given to the models. It would
appear the physicians could not feel any great difference between
elastic and hard materials, as some elastic (SLA7, PJ6) and hard
(SLASB) were rated with the highest score of 5. In order to be able to
make a more precise statement, this investigation should be carried
out again in a large-scale study with more physicians.

Haptics. Haptic feedback is an important parameter in simulation
models to imitate realistic instrument guidance as in the human
body. In this test, the different MMA models were analyzed by the
physicians for their similar haptic feedback to the existing vascular
models in HANNES. The associated friction was also analyzed. For
this purpose, the physicians were asked to compare and evaluate the
MMA models with real vessel walls. All but three models were
given a score of 4 and were therefore considered to have good haptic
feedback and suitable friction. The SLAS5 model received a
moderate score of 3, while the models PJ6 and PJ8 scored less
with 2 points. These models have weak haptic feedback and high
friction, which is also clearly shown in the roughness measurement
results (see Table 2).

Flow. To verify the flow through the model, contrast agent was

injected, a DSA image series was generated and checked to ensure
that all four outlets had flow. This identified clear differences

031017-8 / Vol. 8, AUGUST 2025

between the models. The PJ5 model has a very good flowrate and
was given a score of 5. The MMA model SLA1 is another well-rated
model in terms of flowrate, with only the fourth outlet not being
flushed (see Fig. 9(a)). Models SLA3 and SLA4 are rated as
moderate. All other models have an insufficient to bad flow (score
1-2). A bad flowed MMA model (SLA6) with a score of 1 is shown in
Fig. 9(b). Only half of the MMA is flushed and just 2 outlets are open.

Microcatheter Probing Ability. The DSA image series generated
for the flow analysis was used to evaluate the microcatheter probing
capability. The catheter was navigated through the model using the
DSA image. The probing ability of the PJ5S model was rated as very
good and is therefore similar to the evaluation of the flowrate. Good
navigation of the catheter was observed for models SLA1, SLA3,
SLAA4. The catheterization of model SLA1 is shown in Fig. 9(¢). In
the MMA model SLA2, the catheter could be navigated moderately.
All other models have insufficient to bad catheterization. Figure 9(d)
shows the catheterization of the MMA model SLA6, which is rated
as poor. In the PJ6 and PJ8 models, the catheter could not be
navigated deep into the model due to very high wall friction
perceived by the physicians. This shows a correlation with the
roughness measured in the preliminary examinations, which was
highest for these materials.

Summary Middle Meningeal Artery Models. Figure 10 summa-
rizes the MMA testing and shows the exclusion of individual models
after certain test steps. The FDM-manufactured MMA models
already caused problems during production. The accuracy of detail
is not suitable for the application of small, complex components.
Furthermore, the models would have to be smoothed in a
postprocessing step as they are not watertight. After the cavity and
flow tests on HANNES, some SLA and PJ models were excluded.

Fig. 9 DSA results of the application test with (a) well-flowed
model SLA1, (b) insufficiently flowed model SLAG, (c) catheter-
ization of model SLA1, highlighted by a white arrow, and
(d) catheterization of model SLAG, highlighted by a white arrow
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Test step

Manufacturing

Excluded models

> FDM1, FDM2

v

Cavity Test * PJ1, PJ2, PJ3, PJ4, SLAS, SLA10

v

Flow Test in HANNES » SLA2, SLA6, SLA7, SLA8, PJ7*

Catheter navigation > SLA5, PJ6, PJ8
Final Results:
PJ5, SLA1, SLA3, SLA4

Fig. 10 Summary of the MMA tests and the exclusion of
individual models after certain test steps

Resin or support residuals could be the reason for the poor cavity of
the models. To improve this, the postprocessing procedures for
small hollow structures should be optimized. The testing of catheter
navigation showed that despite good flow, PJ materials in particular
exhibit a high degree of roughness and made it impossible for the
physicians to navigate the catheter. This could be improved by
coating the inner surface. For all hard MMA models, a thicker wall
thickness is recommended for more stability, as some outlet of the
SLA1 model broke when removing outflow hoses. The remaining
models after testing as well as their weighted score according to the
criteria of flow, probing ability, geometric mapping, haptics, and
elasticity are summarized in Table 4. The remaining four MMA
models have no difference in the overall weighted evaluation with a
score of 4. All models can be used for training in the simulator.

Embolization Module Preliminary Investigation. During the
preliminary investigations, the behavior of the embolic agents in
water and the vessel models was to be analyzed and the suitability of
the module investigated. For this purpose, the module was
connected to the water circuit of HANNES, but due to unknown
properties of the embolic agents, it was not returned to the tank but
circulated in an open system using a collecting basin. The flow
sensor FCH-m-POM (B.1.O.-Tech GmbH, Vilshofen, Germany;
tolerance: =2%) integrated into HANNES was used to investigate
the flowrate and was connected directly downstream of the
embolization module. First, the flowrate through the membrane
models with a diameter of 25mm and the liquid-tightness were
analyzed. This showed clear differences between the membrane
with a pore size of 40 um and 160 um. With the smaller pore size, no
real flow was detectable, whereas after replacing the membrane with
the larger pore size, a high flow was noticeable. The models were
liquid-tight in both tests. The membrane model with a diameter of
10 mm also showed a good flowrate with a pore size of 160 um. An
access to the open system was established using a sheath and

Table 4 Summary of the models remaining after the test and
their weighted evaluation

Model ID

Evaluation parameters Factor PJ5 SLAL1 SLA3 SLA4

Flow 0.2 5 4 3 3
Probing ability 0.3 5 4 4 4
Geometric mapping 0.1 3 4 4 4
Haptics 0.3 4 4 4 4
Elasticity 0.1 4 3 4 3
Total score 4 4 4 4

Journal of Engineering and Science
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catheter system inserted into the embolization module. The embolic
agents, with a particle size of 45 um to 150 um, were mixed with
water and red food coloring to make them visible, as the examination
was X-ray-free. The particle embolic agent was injected into the
system in small pulsed doses of 0.5ml using a syringe to avoid
blocking the catheter. A reduction in water flow was observed even
after small amounts of embolic agent and complete occlusion of the
module was observed after continuous embolization. Following the
preliminary examination, the membrane and the corpus were
washed out and connected to the previously described water circuit
again to examine the flowrate. No apparent change in the flowrate
compared to the first test run was observed, implying the reusability
of the module.

Embolization Module Application Test. For the application
test of the embolization module, one of the best-rated models from
the MMA application test was adapted with an adapter for
connecting the module. The SLA1 model was selected primarily
due to its rapid availability. In order to test the embolization module,
it was again evaluated by a physician as in the MMA application
tests. For this purpose, the module was connected to the MMA artery
in the HANNES simulator using the adapted adapter. The module
was tested with original treatment instruments in a realistic
angiography suite to simulate real procedural conditions. A standard
Headway ™ 17 microcatheter (Terumo Neuro, Shibuya, Tokyo
Prefecture, Japan) was used as in the MMA application test. This
was also only inserted once into the simulator via a transfemoral
sheath. To replace the models to be analyzed, the catheter was
removed into the cervical artery and the next investigation was
started from there. The microcatheter was navigated through the
existing vascular tree and MMA up to the embolization module
under X-ray guidance. The catheter position and the flow through the
embolization module were detected using DSA. The test was carried
out with the two membrane models described above with the same
pore size of 160 um and the different membrane diameters of 10 mm
and 25mm. The embolic particles were dissolved in contrast
medium to make them radiopaque and therefore visible in the DSA.
The parameters for the evaluation of the models include the realistic
embolic agent distribution, flow stop by embolization, visualization,
and injected amount of embolic agent. After testing each individual
model, a questionnaire was filled out to rate the individual criteria
with a score from 1 (very poor) to 5 (very good) or a yes/no answer.

25 mm Membrane Model. The 25 mm membrane model was
tested with Contour™ particles with a size of 45 yum up to 150 ym, as
this size is usual for MMAE in humans. The model showed good
flow without leakage (see Fig. 11(a)). During embolization, it could
be seen under the DSA that the embolic agent was distributed over
the entire membrane surface in spite of the small inflow diameter of
2mm. After injection of the embolic agent, the flow within the
model was observed to be reduced, but no complete occlusion took
place (see Fig. 11(b)). The occlusion from the preliminary tests
could not be repeated using small particles. As the model only
showed a partial flow stop, this is considered insufficient for realistic
treatment simulation of SDH. The next step was to use the embolic
agent with larger particles (150 um-250 um). Here, a complete stop of
the flow was detected after a typical dose of injected embolic agent in
the DSA (see Fig. 11(c)). The embolization distribution in the module
was evaluated as moderate realistic with three points. The visual-
ization of the embolization in the module showed no complications.

10 mm Membrane Model. To compare the realistic distribution of
the embolic agents, the module with the smaller membrane diameter
of 10 mm was tested with the findings from the previous study with
particles of 150 um—250 um size. The test sequence was carried out
under the same conditions as the larger membrane model and the
module also showed a good flowrate but leakage (see Fig. 12(a)).
Despite that, complete occlusion could be achieved after injection of a
standard therapeutic dose of the embolic agent as shown in Fig. 12(b).
Visualization was also performed without complications in this
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(c)

Fig. 11 Digital subtraction angiography results of the application test of the 25 mm embolization module with
(a) flow of the contrast agent through the module (black arrow), (b) reduced contrast agent flow through the module
(black arrow), and (c) complete flow stop in the module (black arrow)

(a)

(b)

Fig. 12 Digital subtraction angiography results of the application test of the 10 mm embolization module with (a)
flow of the contrast agent through the module (black arrow) and (b) complete flow stop in the module (black arrow)

procedure. The embolization distribution was rated as insufficiently
realistic (score 2) and is therefore less suitable for a realistic training
simulation compared to the larger membrane model.

Current Limitations

The first developed MMA model with embolization module has
some limitations that will be revised as part of the optimization
process. The same microcatheter was used for the application test of

031017-10 / Vol. 8, AUGUST 2025

the 20 MMA models by the three physicians. A new one was not
used for each model because of the high cost. Minimal changes in
device performance are expected due to wear and tear. The model
allows training in the use of the relevant treatment instruments and
materials in a realistic angiography suite. To obtain a more realistic
embolization distribution, the model should depict a branched
vascular structure leading to the membrane and not just a single
vascular branch. Furthermore, the use of other embolic agents such
as liquid embolic agents should be tested covering different possible
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treatments of SDH by embolization. However, due to the use of
water as a blood substitute in HANNES, the model does not allow for
real embolization behavior, so no body reactions on the particles,
such as coagulation function, can be represented.

Conclusion

In this study, a model was developed and integrated into the
existing HANNES simulator to simulate treating the small vessel
disease (<2 mm) of the subdural hematoma. They rated 4 out of 20
models as sufficiently good. Relevant criteria included flowrate,
probing ability, elasticity, haptics, and geometric mapping. Based
on these findings, an embolization module was developed to capture
particles during training, which was evaluated as a moderate
baseline model for SDH embolization training. The developed
MMA model with embolization module enables a first approach for
the simulation of the neurointerventional procedures of SDH
treatment in the HANNES simulation model with the aim of
training physicians in the use of the relevant treatment instruments
and materials in a realistic angiography suite and thereby improving
patient safety. During the MMA model studies, problems had
already arisen with the production of the two FDM models, which
were not detailed enough for small, complex components and were
not watertight, requiring postprocessing. Cavity and flow testing at
HANNES excluded six SLA and five PJ models, possibly due to
resin or support residue affecting the cavity. Catheter navigation
showed that two of the PJ materials had a high surface roughness
despite good flow properties, which made navigation difficult; a
coating could help here. In addition, some outlets of the SLA1
models broke, indicating that the wall thickness was too low. The
membrane models for embolization with Contour particle embolic
agent (150 um-250 um) were evaluated as basic models for
routinely training SDH treatment. The results showed that the
membrane model with a large membrane with a diameter of 25 mm
produced a more realistic representation of the embolization
distribution than the small model with a membrane diameter of
10 mm. In addition, the production and postprocessing of the large
models is considerably easier as evidenced by the leaks in the small
membrane model. The good rated MMA models can be used in
combination with a membrane model as a basic model for
embolization training of SDH, but still require further revision in
some cases. For a more detailed evaluation of the models, the
application test should be repeated in a large-scale study with several
physicians to simulate SDH treatment.

Acknowledgment

The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the paper.

Funding Data

o MONTYPIE—Model for Neurointerventional Treatment in
Tiny and Peripheral Vessels (Grant No. 03 LW0301K BMBF;
Funder ID: 10.13039/501100002347).

Data Availability Statement

The datasets generated and supporting the findings of this article are
obtainable from the corresponding author upon reasonable request.

Nomenclature

H = height
HANNES = Hamburg ANatomical NEurointerventional Simulator
R_a = arithmetic mean roughness
R_z = mean roughness depth
R_max = maximum roughness depth
T = thickness
W = width
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