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Abstract

Preclinical testing platforms have been instrumental in the research and development of
thrombectomy devices. However, there is no single model which fully captures the complexity

of cerebrovascular anatomy, physiology, and the dynamic artery-clot-device interaction. This
paper provides a critical review of phantoms, /n-vivo animal, and human cadaveric models

used for thrombectomy testing and provides insights into the strengths and limitations of each
platform. Articles published in the last ten years that reported thrombectomy testing platforms
were identified. Characteristics of each test platform, such as intracranial anatomy, artery
tortuosity, vessel friction, flow conditions, device-vessel interaction, and visualization, were
captured and benchmarked against human cerebral vessels involved in large vessel occlusion
stroke. Thrombectomy phantoms have been constructed from silicone, direct 3D-printed polymers,
and glass. These phantoms represent oversimplified patient-specific cerebrovascular geometry but
enable adequate visualization of devices and clots under appropriate flow conditions. They do not
realistically mimic the artery-clot interaction. For the animal models, arteries from swine, canines,
and rabbits have been reported. These models can reasonably replicate the artery-clot-device
interaction and have the unique value of evaluating the safety of thrombectomy devices. However,
the vasculature geometries are substantially less complex and flow conditions are different from
human cerebral arteries. Cadaveric models are the most accurate vascular representations but

with limited access and challenges in reproducibility of testing conditions. Multiple test platforms
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should be likely used for comprehensive evaluation of thrombectomy devices. Interpretation of the
testing results should take into consideration platform-specific limitations.

INTRODUCTION

Thrombectomy has become the standard of care for large vessel occlusion (LVO) stroke
since 2015.1 Although large-bore catheter and stent retriever technologies have been

refined and clinical experience has steadily accumulated, the limitations of low rates of first-
pass efficacy and complete recanalization persist.22 Interestingly, many devices currently

in clinical use demonstrated recanalization rates in pre-clinical models close to 100%,
suggesting that current testing platforms tend to oversimplify thrombectomy conditions
and/or underestimate pitfalls. More realistic pre-clinical testing platforms would enable the
scientific community to generate new knowledge in thrombectomy mechanics and develop
devices more likely to achieve first-pass efficacy. Although various test platforms have

been described in the literature to date, a critical comparison is lacking, especially because
each research group has generally focused on one subtype neglecting the others. Several
reviews have been published on this topic. Mehra et al. provided a review mainly on animal
models back in 2011, but over 50 articles on different thrombectomy models have been
published ever since. In the latest two reviews on thrombectomy models, Herrmann et al.
reviewed large animal models,® and Wagas et al. reviewed 3D printed models,8 neither of
which provided a systematic comparison between benchtop phantoms and animal models

or included the lately published cadaveric models. In this review, we collected articles
published from January 2011 to Oct 2020 and describing in vitro or in vivo models for
mechanical thrombectomy testing. To compare against human cerebral vessels, the following
characteristics for each type of platforms were summarized: intracranial tortuosity, proximal
artery tortuosity, vessel friction, flow conditions, visualization, and artery-device interaction.
The recanalization rates and complications such as distal embolization and vasospasm were
also compared against clinical results of thrombectomy. Clot analogs used to replicate LVO
are also summarized. We provide a critical discussion on the advantages and disadvantages
of each test platform so that readers understand the pros and cons of testing devices in any
given models. We also include insights and suggestions derived from first-hand experience
in the development, optimization and testing of devices involving each model category.’-11

BENCHTOP PHANTOMS

Nineteen articles were included for the benchtop phantoms used for thrombectomy testing
(Table 1), including: silicone (13 articles), direct 3D-printed (five articles), and glass (three
articles).

Silicone phantoms

Silicone is the most frequently used material to build thrombectomy phantoms. In many
cases, silicone phantoms were commercial products and the fabrication techniques were
proprietary,12:13 Chueh et al. described the technique for small-batch fabrication.14 Briefly,
patient-specific vasculature was reconstructed from CT and then modified to make a core-
shell mold with the core having the same geometry as the reconstructed lumen. The mold
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was then 3D printed and liquid silicone was infused into the mold. The mold was dissolved
after silicone cured, resulting in silicone vessels with the patient-specific lumen geometry.

Most of the reported silicone phantoms (8/13) can accurately replicate the gross geometry
of the main intracranial arteries (Table 1). Replicating the proximal arteries such as the
common carotid arteries and aortic arch is possible but have been seldomly implemented

in research.8:12.13 There are commercially-available solutions such as the Replicator from
Mentice that provides transfemoral and transradial access. To reduce the friction, the inner
wall of the silicone vessel can be coated by liquid silicone rubber to mimic the lubricity

of the endothelial layer and infused with slippery fluid,814 resulting in similar navigation
difficulty compared to patients.8 The silicone phantoms can be connected to a pump system
to deliver accurate (both in flow rate and pressure) flow of blood mimicking fluid, such

as 40 vt% glycerin solution with similar rheological properties to blood.15-18 In addition,
the silicone vessels are transparent and allow radiation-free observation of clot-device
interaction (Fig. 1A).8 However, the synthetic nature of silicone prevents the phantoms
from accurately mimicking vessel wall injury, the interaction of the clot to the vascular
surface, and the phantoms are significantly stiffer than biological arteries. A large range of
recanalization rates (16%-100%) were reported as different blood material and devices were
tested. Distal embolization was reported in most (12/13) of the studies.

Direct 3D-printed phantoms

Similar to the silicone phantoms, direct 3D-printed phantoms were also fabricated from
reconstructed patient-specific anatomy. Two kinds of proprietary polymer have been used:
Stratasys Tango Plus®,19 and Formlab Clear Resin® which is rigid and more transparent.®
The 3D-printed phantoms have the least amount of lead time to prepare and cost the least
among all the benchtop phantoms.®

The 3D-printed phantoms had per report an accurate representation of the geometry of the
main intracranial arteries (Table 2). Replicating the proximal arteries is possible but has
not been reported. The friction of the 3D-printed arteries is high, resulting in more difficult
navigation than what is seen in patients.® All of the reported phantoms were connected

to a pump system to deliver physiological flow, although glycerin solution to match the
blood’s viscosity was only reported in one study (Table 1).18 Optical visualization of the
thrombectomy process (Fig. 1B) is possible but not as good as in silicone phantoms.8 The
3D printed arteries are much stiffer than human arteries and cannot be used to study artery-
device interaction.8 Similar to the silicone phantom studies, a large range of recanalization
rates (8%—100%) was reported and distal embolization was reported in all the studies.

Glass phantoms

Glass phantoms are fabricated by blowing glass tubes for hand-shaping and connection,
and were only reported in three studies (Table 1).”8:20 Due to the fabrication techniques,
the glass arteries had a mildly simplified geometry compared to human anatomy, and glass
models including the proximal artery tortuosity have not been reported in the literature
(Table 2). The lubricity of the glass arteries has not been quantified, although navigation
was shown to be easier than patients.8 The glass phantoms can also be connected to a
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pump system to deliver physiological flow, although only water or saline which were less
viscous than blood were used. The glass arteries have the highest optical transparency and
clarity, allowing the best visualization of the clot-device interaction (Fig. 1C). However,
glass arteries are rigid so it is not possible to evaluated the response to mechanical loading of
the devices. A recanalization rate of 85%, which is similar to clinical experience,?! has been
reported in glass models (Table 1). Distal embolization was reported in all the studies.

ANIMAL MODELS

Nineteen articles were included for the animal models used for thrombectomy testing
(Table 3) including: swine (15 articles), canine (two articles), and rabbit (two articles).
The endothelium lining of animal arteries better mimics friction in human artery and the
animal blood better resembles the rheologic properties of human blood when compared
to the benchtop phantoms. However, visualization for artery-clot-device interaction in the
animal models is limited to fluoroscopy.

Swine model

The swine anterior intracranial circulation is not accessible for catherization due to the
presence of the rete mirabile and extracranial arteries are the most used for thrombectomy
testing (Table 3). A variety of arteries, although significantly less tortuous than human
intracranial arteries, have been used with lumen sizes spanning from the M2 segment of
human middle cerebral artery (MCA) to human internal carotid artery (ICA) (Fig. 2).
Catheters were delivered via femoral access for most (11/16) of the studies,22-32 while
carotid access was also used in another two studies.33:34 Flow velocity was not evaluated
in any of these studies but the peak systolic velocity in the swine carotid was reported
about 20 cm/s,3> much slower than that of human MCA (95 cm/s).36 In addition, these
swine arteries are rather muscular with higher diastolic resistance than human intracranial
arteries. Among the studies where histopathologic evaluation of arterial wall response was
carried out, the most common (9/12) vessel wall injury was endothelial denudation, and
no arterial dissection was reported. Swine arteries were overly susceptible to vasospasm.
Among studies (10 articles) where vasospasm was evaluated, over a half (7 articles)

have reported vasospasm happening during every recanalization procedure (Table 3). In
comparison, clinical vasospasm rate is only 3.9%-23%.37 A large range of recanalization
rate (50%-100%) was reported. Among studies where distal embolization was evaluated,
over half (6/10) studies reported absence of distal embolization while the clinical incidence
rate is about 20%,38 implying an underestimation of the distal embolization event in the
swine models.

Canine model

Canines lack the rete mirabile and therefore catheterization of intracranial arteries is
possible. The canine MCA (Table 3) has been used for thrombectomy testing although

the lumen diameter (1.2-1.4 mm) is much smaller than human MCA (3.1 mm) (Fig. 2),39:40
limiting the capacity of testing large-bore catheters. In another study, the canine internal
maxillary artery (IMA) with comparable lumen diameter (2.4-3.0 mm) to human MCA was
used for thrombectomy testing (Fig. 2).41 Flow velocity was not evaluated but the mean
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velocity was reported to be slower than human MCA (18 cm/s vs 71 cm/s) in another
study.#243 Vessel wall injury was limited to endothelial denudation and rare vasospasm (1/6)
was reported for the MCA, 40 and no vasospasm was reported for the IMA.41 In addition, the
degree of vasospasm was milder than that seen in swine arteries.23 Recanalization rates of
67% and 100%, and distal embolization rates of 0 and 40% were reported for the MCA and
the IMA, respectively.

Rabbit model

The rabbit CCA has been used to replicate LVO and catheterization has been done via
transfemoral access (Table 3).#44° The lumen diameter of the rabbit CCA (2.2-2.8 mm)

is similar to those of M1(3.1 mm) and M2 (2.4 mm) segments of human MCA(Fig.

2).3946 Rabbit blood has the closest rheological similarity to human blood,*” but blood

flow conditions have not been evaluated in the thrombectomy studies. From another study,
the mean blood velocity in the rabbit carotid is slightly less (53 cm/s vs 71 cm/s) than human
MCA.#348 During thrombectomy testing, vessel wall injury was limited to endothelial
denudation and vasospasm was not evaluated. Neither successful recanalization nor events of
distal embolization were reported.

CADAVERIC MODELS

Whole human brain model

Hybrid test bed consisting of pressurized human brains had been developed and validated
for LVO and revascularization with aspiration catheters and stent retrievers.® In this
model, fresh human brains were harvested en-bloc and tested within 24 hours of death

to minimize postmortem degradation effect on testing results, and histological analysis of
tissues confirmed the tissue integrity. The ICAs and vertebral arteries were cannulated
and connected to a hydraulic system. This model reproduced LVVO by embolization of
representative clot analogs (elastic, fragment-prone, and stiff). Physiological pressure with
pulsatile waveforms can be generated consistently, and the optically semi-transparent
arterial walls enabled conventional cameras to visualize the artery-clot-device interaction
without the need of radiation (Fig. 1D)!1. This model is the most accurate to replicate

the cerebrovascular anatomy, including perforating arteries and small arterial branches,
and to capture the response of the arterial wall to mechanical forces.? Recanalization
rates are similar to the observed in clinic.® In addition, this model has demonstrated
previously suspected but unproven failure mechanisms of current thrombectomy devices,
including arterial collapse, arterial traction and avulsion, and residual occlusion in small
and perforating arteries in the context of “complete” parent artery revascularization.1!
Limitations of the model includes the absence of carotid petrous and cavernous ICA
segments and the ex-vivo nature of the tissue that precludes the analysis of biologically
active phenomena such as vasospasm. %11

Whole cadaver model

This model has been used to evaluate the navigation of a device to a target intracranial
artery but not to test thrombectomy. In this model, fresh-frozen cadavers were infused with
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hot water and thrombectomy devices were advanced to the MCASs or basilar arteries via
transfemoral access.*?

CLOT ANALOGS

Most of the clot analogs were made by whole blood (Tables 1 and 3), which are soft and
easy to be removed and could be a reason for the reported high recanalization rates in some
studies. In comparison, clots retrieved from patients are known to have a large range of
compositions and mechanical properties.”>0 To make clinically representative clot analogs,
blood components were separated and mixed with different ratios,>12 and mechanical
properties were validated against a group of clots retrieved from patient with LVO by
compression test to evaluate the clot stiffness,>3 or tensile test to evaluate the stiffness

and strength.52 The tensile test mimics the clot response to the tensional force (applied by
pulling of a suction catheter or a stent retriever) during thrombectomy.>2

EVALUATION OF RECANALIZATION AND DISTAL EMBOLIZATION

Testing results should be interpretated in the context of using different evaluation

methods compared to fluoroscopy in clinic. To evaluate recanalization, studies using
benchtop phantoms used the presence of clots or TICI score to evaluate recanalization.
Although conventionally accepted, TICI is a scoring system for flow restoration (i.e.
anterograde reperfusion angiographically detected by contrast penetration in the hemispheric
vasculature), which cannot be accessed in phantoms as they only include proximal

cerebral vasculature. Studies using animal models also employed TICI score although

the extrapolation to human is limited given the major difference with human cerebral
architecture. The whole human brain model, similar to benchtop phantoms, also focused
on recanalization in proximal large vessel occlusion, although TICI score evaluation is also
possible if post thrombectomy angiography is performed. For the published whole cadaver
model, thrombectomy testing was not performed.

Distal embolization could be evaluated by fluoroscopy in animal and cadaveric models
by comparing pre and post thrombectomy angiography or by employing radiopaque clots.
However, quantification of size and numbers of emboli is significantly more precise in
benchtop phantoms as the fluid can be collected and analyzed by a particulate analyzer.>*

ADVANTAGES AND DISADVANTAGES OF DIFFERENT PLATFORMS

Multiple platforms should be used in combination to comprehensively evaluate
thrombectomy in different aspects (Table 4) to support premarket submissions for new
devices. Per the US FDA guideline, bench testing should be conducted to evaluate the
devices’ maneuverability, flexibility, durability, and torque strength and animal testing
should be conducted to evaluate the devices’ usability, safety, and effectiveness.>®

Benchtop phantoms are the easiest to use and provide a decent representation of the anatomy
for navigation testing. They can also allow direct optical visualization of the recanalization
procedure to understand the action mechanism with much finer details than fluoroscopy;,
although the vessels are significantly stiffer than human cerebral arteries, limiting the
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fidelity of artery-clot-device interaction. Benchtop phantoms can also replicate physiological
flow to study distal embolization. In addition, the benchtop phantoms are much more
consistent and replicable compared to other testing platforms. However, benchtop phantoms
usually lack small branching arteries and perforators, due to the limitation of the fabrication
techniques.8 Therefore, distal occlusions or residual occlusions in small branching arteries
cannot be captured.

In comparison, the animal models do not have realistic vascular anatomy or allow detailed
observation of device-clot-artery interactions but have the unique value of assessing device
safety. However, vessel damage might be underestimated. The human intracranial arteries
have a much thinner adventitia, lack an external elastic lamina, and have a much smaller
wall to lumen ratio,%8 making them rather prone to damage during device maneuver. In
addition, human intracranial arteries are surrounded by cerebrospinal fluid and are more
easily injured than tested animal arteries with soft tissue surrounded. In addition, distal
embolization could also be underestimated in animal models. Many tested animal arteries
such as swine carotid, canine MCA, and rabbit CCA have lower flow velocity compared
to human MCAs. Such lower flow velocity is associated with lower shear stress on the
clot, resulting in an underestimation of distal embolization. In this review, most of the
swine models reported absent or minimal embolization events (Table 3) while the clinical
incidence rate is over 20%.38 For future animal models, the vascular bed should be selected
to match both the lumen size and flow conditions of human cerebral arteries. Finally, the
consistency of the testing results will inevitably suffer from animal subject variance.

The whole human brain model is the only model that enables the analysis of artery-
clotdevice interaction under physiologic hemodynamic conditions within the unmodified
complexity of the cerebral vasculature. However, it cannot accurately represent the
challenges in device navigation from a peripheral arterial access to intracranial arteries. In
comparison, the whole cadaver model replicates the access-to-target navigation experience
with fluoroscopic guidance. However, it is challenging to recreate flow conditions that can
mimic both the hemodynamics and friction behavior and there is no published description of
thrombectomy procedures.

FUTURE THROMBECTOMY TESTING PLATFORMS

Future thrombectomy testing platforms should focus on optimizing the modelling of
recalcitrant occlusions and challenging access. In a recent patient cohort study, of the 17%
of the cases where only mTICI0-2a were achieved, top reasons were: persistent or new
occlusions (65% cases) and the occlusion could not be reached or passed due to anatomical
difficulty (20% cases).>’ To model recalcitrant occlusions, there has not been a consensus.
Srinivasan et al. have defined recalcitrant occlusion as unsuccessful recanalization after first
pass and have recreated such occlusion by lodging large clot burden at bifurcations in a
swine model.30

The higher recanalization rates observed in the bench implies oversimplified testing
platforms. The thrombectomy devices apply tensional load (by suction or stent pull) to
overcome the static friction between the clot and vessel wall and the pressure gradient
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across the clot to dislodge the clot.” After clot is dislodged, the restored blood flow applies
hemodynamic pressure and shear stress, which, together with the dynamic friction between
the clot and vessel wall, can strip clot substance away from the main clot mass, leading to
residual occlusion or distal embolization. Therefore, the thrombectomy test platform must
accurately replicate hemodynamics and vessel wall friction. While physiological flow has
been successfully replicated in the phantoms, the characterization of vessel wall friction is
lacking and could be a future research topic. Tubular tissue scaffolds where the inner wall is
seeded with endothelial cells have been used to compare the endothelial damage caused by
aspiration and stent retriever.>8 However, this approach is limited by the technical difficulty
of making bifurcated and tortuous scaffolds. In addition, the adhesion forces between the
endothelium and substrate has not been quantified and therefore the fidelity of endothelial
damage is not validated.

The lack of realistic clot analogs that can accurately replicate the device-clot interactions
may be another contributor for the non-realistic biomechanics inside thrombectomy test
platforms. Although clot analogs made by mixing different blood components were
described, these clot analogs have homogeneous structure while patient clots are known

to frequently be heterogeneous,®® which are easier to fragment under the tensional load

and hemodynamic forces and prone to cause residual occlusion or distal embolizations.’

In addition, most of the clot analogs used in thrombectomy testing have focused on the
fibrin or RBC content while patient clots have more components and much more complex
structure which can potentially affect thrombectomy efficacy. In a recent study, patient clots
were found to be composed of RBC-rich and platelets-rich region, where dense fibrin/von
Willebrand factor structure and neutrophil extracellular traps are presented and can affect the
clot mechanical properties.5% However, von Willebrand factor and neutrophil extracellular
traps have been overlooked in making clot analogs for thrombectomy testing and future
research is warranted. Fabrication of clot analogs with similar mechanical properties and
structure to patient clots is needed to improve the platform fidelity.

The inability to reach or pass an occlusion suggests an insufficient optimization of devices
in challenging anatomies. Extreme tortuosity can make device delivery more challenging
(i.e. stentrievers) and can possibly introduce kinks and bends to aspiration catheters,
limiting aspiration forces. Cadaveric models could theoretically enable optimization of
device navigability, but the tortuosity varies for each specimen and a large number is likely
required to find challenging anatomy. The benchtop phantoms can be a better option as the
geometry can be fully customized. By modularizing the vasculature (from femoral arteries
and radial arteries to intracranial arteries) and having different representative anatomies
for each module, such benchtop phantoms could be used to optimize the navigability of
thrombectomy devices with a wide spectrum of anatomical difficulties.

Given the strength and weakness of each testing platform, different platforms should be
utilized to achieve a comprehensive and accurate evaluation of thrombectomy devices.
Ideally, all these platforms should be harbored in a single center employing a unified

clot analog model to interpret and compare results across different models. However, multi-
center pre-clinical trials could be potentially carried out to take advantages of the experience
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and expertise on specific testing platforms from different centers and a unified clot analog
model should be used.

In addition to physical models, computational modelling is gaining attention and likely

to have an increasing role in medical device development. For example, the INSIST

project (IN-Silico trials for treatment of acute Ischemic Stroke) was recently launched

for thrombectomy and thrombolysis. The INSIST project is developing a platform where
computational simulations of thrombosis and thrombolysis, thrombectomy, perfusion, and
brain tissue infarction are carried out on “virtual patients”.61 These “virtual patients” have
clinically important characteristics such as clot properties, vessel geometries, and clinical
record. However, accurately modelling the complex physiology, anatomy, and arterial
response to mechanical loads remain a daunting challenge and the clinical value needs to be
validated prospectively.

CONCLUSION

A combination of benchtop phantoms, animal models, and cadaveric models should be used
to complement each other to get a comprehensive understanding of the failure modes of
thrombectomy devices. The generation of new knowledge in thrombectomy mechanics and
the next generation thrombectomy devices will require improved test platforms with more
realistic anatomy, friction, flow conditions, and vessel wall response.
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Figure 1. Optical visualization of thrombectomy of clotsin the anterior circulation inside a
silicone phantom (A), direct 3D-printed phantom (B), glass phantom (C), and whole human
brain model (D).

All the test platforms can enable high-definition and radiation-free observation of device-

clot interaction and the glass phantom provides the best clarity.
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Figure 2. Lumen diameter of thetarget vesselsin animal models for thrombectomy and
comparison to human cerebral arteriesinvolved in large vessel occlusion.

Included arteries: human M2,3% M1,39 D-ICA,39 and P-ICA,39 swine SCA,26:31 renal
arteries,33 APA,33 IMA,30 SFA 2572 and CCA;3! canine MCA, %0 IMA 4! and VA6 rabbit
CCA.46 APA: ascending pharyngeal artery, CCA: common carotid artery, C-ICA: cavernous
ICA, ICA: internal carotid artery, IMA: internal maxillary artery, MCA: middle cerebral
artery, SCA: superficial cervical artery, SFA: superficial femoral artery, T-ICA: terminal
ICA, VA: vertebral artery.
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Table 4
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Silicone 3D-printed Glass Swine Canine Rabbit Hblig%n Cadaver
Navigation Good Fair Fair Poor Poor Poor Poor Good
Safety Poor Poor Poor Good Good Good Good Poor
Distal
embolization Good Good Good Poor Poor Poor Good Poor
Action .
mechanism Good Fair Good Poor Poor Poor Excellent Poor
Analysis of
failure Fair Fair Fair Fair Fair Fair Good Fair
mechanisms
Recanalization Overestimates  Overestimates ~ Overestimates ~ Overestimates  Overestimates ~ Overestimates ~ Accurate NA

rates
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