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Comparison of Modern Stroke Thrombectomy Approaches
Using an In Vitro Cerebrovascular Occlusion Model

M. Mokin, S.V. Setlur Nagesh, C.N. lonita, E.l. Levy, and A.H. Siddiqui
O=

ABSTRACT

BACKGROUND AND PURPOSE: A new in vitro cerebrovascular occlusion model of the intracranial circulation was developed recently for
testing thrombectomy devices. Using this model, we compared recanalization success associated with different modern endovascular
thrombectomy approaches.

MATERIALS AND METHODS: Model experiments were performed in 4 thrombectomy test groups: 1) primary or direct Stentriever
thrombectomy with a conventional guide catheter (control group), 2) primary Stentriever thrombectomy with a balloon-guide catheter,
3) combined Stentriever—continuous aspiration approach, and 4) direct aspiration alone. Successful recanalization was defined as a TICI
score of 2b or 3.

RESULTS: Seventy-one thrombectomy experiments were conducted. Similar rates of TICI 2b—3 scores were achieved with balloon-guide
and conventional guide catheters (P = .34). The combined Stentriever plus aspiration approach and the primary aspiration thrombectomy
resulted in significantly higher rates of TICI 2b or 3 than the conventional guide-catheter approach in the control group (P = .008 and P =
.0001, respectively). The primary Stentriever thrombectomy with the conventional guide catheter showed the highest rate of embolization
to new territories (53%).

CONCLUSIONS: Data from our in vitro model experiments show that the Stentriever thrombectomy under continuous aspiration and
primary aspiration thrombectomy approaches led to the highest degree of recanalization.

ABBREVIATIONS: ADAPT = direct aspiration first pass technique; EDT = embolization in distal territory; ENT = embolization in new territory; SWIFT = Solitaire

FR With the Intention for Thrombectomy; TREVO 2 = Thrombectomy REvascularization of large Vessel Occlusions in acute ischemic stroke

ince the publication of the Solitaire FR With the Intention for
Thrombectomy (SWIFT) and Thrombectomy REvascular-
ization of large Vessel Occlusions in acute ischemic stroke
(TREVO 2) randomized clinical trials, Stentrievers (Trevo;
Stryker, Kalamazoo, Michigan) have become widely used for
endovascular treatment of stroke. "> Postmarketing experience
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indicates that in modern clinical practice, Stentrievers are of-
ten used in conjunction with another device such as an aspira-
tion thrombectomy catheter or a balloon-guide catheter.’™
Moreover, direct aspiration thrombectomy by using recently
developed large-bore aspiration catheters has shown promise
as an effective alternative approach for intra-arterial revascu-
larization.®” However, the recanalization effectiveness of these
types of thrombectomy devices has not been compared in a
randomized trial, to our knowledge.

A novel in vitro intracranial cerebrovascular occlusion model
for testing thrombectomy devices was developed recently.®® This
3D printed model is uniquely constructed on the basis of patient-
specific anatomies to mimic a typical intracranial circulation by
the presence of robust collaterals through both anterior and
posterior communicating arteries and the typical tortuosity en-
countered in the intracranial circulation. In addition, the modu-
lus of the model is closer to normal physiologic vessels than typ-
ical silicone models, allowing a feel and device deformation that
are similar to those in a real clinical situation.'®'! Here, we com-
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FIG1. Combined Stentriever plus aspiration approach to thrombectomy. A, Baseline angiogram,
anteroposterior view, left ICA injection, demonstrating occlusion at the MCA origin (white ar-
row). ACA indicates anterior cerebral artery. B, Combined left ICA and microcatheter injection
shows the extent of the thrombus within the left MCA (dotted black lines). Black arrow points to
the tip of the microcatheter within an M2 branch of the MCA. C, Solitaire FR stent retriever is
deployed within the M1 MCA segment. Black arrow points to the distal tip of the 5SMAX ACE
reperfusion catheter. D, Final angiogram after successful thrombectomy shows robust filling of
the left MCA branches except for some distal superior trunk vessels. The final recanalization

grade is TICI 2b.

pare primary Stentriever thrombectomy with the aforementioned
other modern thrombectomy approaches by using this in vitro
model.

Ethics Statement. The collection of clinical data for the model
design was approved by the University at Buffalo institutional
review board.

MATERIALS AND METHODS

Model Description

The in vitro model of the intracranial cerebrovascular occlusion
has been described in detail previously.>® This model closely re-
sembles the human intracranial circulation and consists of 3
separate inflow channels mimicking the basilar artery and the 2
intracranial ICA branches. The design includes the MCA
branches (M1-M4 segments with the smallest vessels of 1 mm
in diameter), bilateral Al anterior cerebral artery segments
connected to a single anterior cerebral artery, and a single pos-
terior communicating artery (right side), allowing near-com-
plete circle of Willis circulation. The circulating fluid (40%
glycerol, 60% water) was maintained at 37°C. A pulsatile pump
(Masterflex; Cole-Parmer, Vernon Hills, Illinois) was used to
simulate cardiac output.

Fresh clots were prepared by mixing 4 mL of fresh swine blood
(no anticoagulant), 32 mg of fibrinogen from bovine plasma
(Sigma-Aldrich, St. Louis, Missouri; catalog No. F8630), and 1 U
of thrombin from bovine plasma (Sigma-Aldrich, catalog No.
T4648) in a 5-mL syringe for at least 3 minutes. The mixture was
placed into plastic tubing (4-mm-diameter) and incubated at
room temperature for at least 60 minutes. Clots were then cut
into 10-mm-length pieces and were introduced into the flow
loop through a 9F sheath. The clots were navigated into the M1
or M2 MCA segment with anterograde flow of the circulatory
fluid. Pressure measurements of the intracranial vessels by us-
ing the conventional guide catheter before and after clot intro-
duction were reported in our initial publication describing the
model.” Inflation of the balloon-guide catheter resulted in a
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3-mm Hg decrease in pressure imme-
diately proximal to the clot.

Thrombectomy Procedures

After placing the clot into the target ves-
sel (either the M1 or proximal M2 MCA
segment), we performed baseline an-
giography injections to confirm the oc-
clusion site. A single thrombectomy at-
tempt was allowed for each experiment
in the 4 groups described below.

The control group (group 1) con-
sisted of thrombectomy cases per-
formed by using a conventional guide
catheter. For these experiments, we used
a 6F Shuttle (Cook Medical, Bloom-
ington, Indiana), which was placed
into the segment corresponding to the
cervical ICA. A 0.021-inch microcath-
eter was delivered over a 0.014-inch wire
to cross the clot under fluoroscopy and road-mapping guidance.
A microinjection through the microcatheter was performed to
document the extent of occlusion distally. A Solitaire FR device
(Covidien, Irvine, California) or a Trevo ProVue Stentriever
(Stryker) was delivered by using the 0.021-inch microcatheter,
deployed at the occlusion site, left in place for 5 minutes, and then
retrieved.

For experiments testing the balloon-guide-catheter approach
(group 2), thrombectomy was performed with an 8F catheter (Con-
centric Medical, Mountain View, California) or an 8F Cello Balloon-
Guide Catheter (Covidien). The balloon was inflated before the Sten-
triever was withdrawn, and manual aspiration though the guide
catheter was applied by using a 20-mL syringe.

For experiments testing the combined Stentriever and aspiration
approach (group 3), an intermediate catheter (SMAX ACE Reperfu-
sion Catheter; Penumbra, Alameda, California) and the 6F Cook
Shuttle were used. The Stentriever was withdrawn into the reperfu-
sion catheter under continuous aspiration by using the Aspiration
Pump (Penumbra). Figure 1 shows an example of this experiment.

For experiments testing the primary aspiration approach, no
Stentriever was used (group 4). The 5SMAX ACE catheter was
delivered over the microcatheter (always attempting not to cross
the clot with the microcatheter-microwire construct) and ad-
vanced to the level of the thrombus, according to the previously
described direct aspiration first pass technique (ADAPT).® Aspi-
ration through the Penumbra Aspiration Pump was applied while
the aspiration catheter was gently pushed forward to ensure com-
plete contact with the clot. After 2 minutes of continuous aspira-
tion, if no clot was collected, the aspiration catheter was with-
drawn under continuous aspiration.

While performing thrombectomy, we continuously moni-
tored the clot and thrombectomy devices via gross observation
and high-definition video recording to document the location of
any clot breakdown. Primary outcomes included the degree of
recanalization (based on the TICI grading scale) and the occur-
rence of emboli. Successful recanalization was defined as a TICI
score of 2b or 3. Embolization in new territory (ENT) was defined



Radiographic outcomes of thrombectomy experiments

Conventional Guide +
Stentriever (n =19)

Direct
Aspiration (n =15)

Stentriever +
Aspiration (n =17)

Balloon-Guide +
Stentriever (n = 20)

TICl score
0 (No.) (%) 7 (37%) 8 (40%) 0(0%) 0(0%)
1(No.) (%) 2 (%) 0(0%) 1(6%) 0(0%)
2a (No.) (%) 3(16%) 1(5%) 2 (12%) 0(0%)
2b (No) (%) 2(1%) 3 (15%) 3(18%) 2 (13%)
3 (No) (%) 5(26%) 8 (40%) 1(65%) 13 (87%)
2b or 3 (No.) (%) 7 (37%) 11(55%) 14 (82%) 15 (100%)
Embolic events
Embolization of new territories (No.) (%) 10 (53%) 2(10%) 2(12%) 0(0%)
Embolization of distal territories (No.) (%) 3(16%) 3(15%) 4(24%) 2 (13%)
TICI 2b/3 ENT EDT The primary Stentriever thrombec-
P=0.0001 P=0.0007 tomy with the conventional guide cath-
100 P=0.008 eter showed the highest rate of ENT
2 80 o-0.34 (53%) (Table). The rate of ENT after
8 60 Stentriever thrombectomy was signifi-
“o; 20 cantly reduced with the balloon-guide
= 2 |-| catheter or continuous direct aspiration,
0 compared with thrombectomy by using
(gg}é é::;o:*é &;o the conventional guide catheter (P =
A & & g .0057 and P = .0014, respectively; Fig

FIG 2. A,Rates of TICI 2b or 3 recanalization achieved with different thrombectomy approaches.
“Guide + Stentriever” represents the primary Stentriever approach by using a conventional guide
catheter. “BGC + Stentriever” represents the primary Stentriever approach by using a balloon-
guide catheter. “Stentriever + aspiration” represents the combined Stentriever plus continuous
aspiration approach. “Direct aspiration” represents thrombectomy performed by using the direct
aspiration approach without the use of a Stentriever. B, Rates of embolization of new territories
with different thrombectomy approaches. C, Rates of embolization of distal territories with

different thrombectomy approaches.

as emboli observed on postthrombectomy angiography within
previously unaffected territories. Embolization in distal territory
(EDT) was defined as emboli seen within the territory of the vessel
where the thrombus was originally placed. Final TICI scores and
postthrombectomy embolic events were analyzed blinded to the
type of thrombectomy approach.

Statistical Analysis
Analysis of variables was performed by using the Fisher exact test.
P < .05 was statistically significant.

RESULTS

We conducted 71 thrombectomy experiments: 19 primary Sten-
triever thrombectomies by using a conventional guide catheter,
20 primary Stentriever thrombectomies by using a balloon-guide
catheter, 17 combined Stentriever plus continuous aspiration
thrombectomies, and 15 primary aspiration thrombectomies.
The Table summarizes angiographic outcomes in each group.
There was no significant difference in achieving TICI 2b or 3 with
a balloon-guide catheter versus a conventional catheter for pri-
mary Stentriever thrombectomy (P = .34; Fig 2A). The combined
Stentriever plus continuous aspiration approach and primary as-
piration thrombectomy resulted in significantly higher rates of
TICI 2b or 3 than the primary Stentriever thrombectomy with the
conventional guide catheter (P = .008 and P = .0001, respec-
tively; Fig 2A).

2B). The most significant reduction in
ENT rates was seen in cases of primary
aspiration thrombectomy versus Sten-
triever thrombectomy with the conven-
tional guide catheter (P = .0007; Fig 2B).
There was no difference in the rate of
EDT events among the studied ap-
proaches (Fig 2C).

DISCUSSION

Our study showed that the highest degree of revascularization was
achieved with the use of the combined Stentriever—aspiration
thrombectomy or primary aspiration techniques. The use of the
balloon-guide catheter for Stentriever thrombectomy did not re-
sult in significant improvement in recanalization, though a trend
toward higher TICI scores was noted. Embolic events can occur in
up to 12% of cases of Stentriever thrombectomy and are associ-
ated with a 2-fold increase in mortality compared with cases with-
out embolic complications.’® In our experiments, we observed
the presence of substantial ENT with all approaches except for
direct aspiration; however, regarding EDT events, no technique
protects effectively from this occurrence.

Nguyen et al'? published their experience with the use of the
balloon-guide catheter in conjunction with Solitaire FR stent re-
triever thrombectomy. Although TICI 3 recanalization was seen
more often in cases in which the balloon-guide catheter was used
(54% with the balloon-guide catheter versus 33% without; P <
.001), overall rates of TICI 2b or 3 recanalization were similar
(76% with versus 71% without, P = .3). Occurrence of distal
emboli or emboli in new territories was also similar. Of impor-
tance, the discharge NIHSS score and 3-month favorable clinical
outcome were significantly higher in the balloon-guide catheter
group. It is possible that with a higher number of thrombectomy
experiments in our study, we could have achieved a significant
difference in obtaining higher recanalization results with the bal-
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loon-guide catheter because a trend toward higher TICI 2b-3 was
observed in this group.

Our in vitro results with direct aspiration or the combined
Stentriever-aspiration approach are different from those of the
real-world clinical experience. Direct aspiration alone resulted in
TICI 2b or 3 recanalization in 75%-78% of cases, whereas the
addition of Stentrievers improved the rate of successful recanali-
zation to 95%, according to the 2 recent studies of the direct-
aspiration approach to stroke thrombectomy.®” EDT prompting
additional aspiration was noted in 16% of cases in the initial ex-
perience with direct aspiration.® In the ADAPT FAST series, the
rate of EDT was also high (10%) but no cases of ENT were
observed.” In our model, the rate of TICI 2b or 3 recanalization
reached 100%, which is remarkably higher than that previously
reported in clinical data. However, the 13% EDT rate is similar
to rates reported in the ADAPT and ADAPT FAST studies.
Turk et al” compared radiographic outcomes from the real-
world experience in the ADAPT FAST, SWIFT, TREVO, and
North American Solitaire Stent-Retriever Acute Stroke studies,
which can further help readers when matching our model data
to the clinical results.

Our results should be interpreted with caution. First, this
model is likely representative of an embolic stroke-type of large-
vessel occlusion, in which aspiration thrombectomy could be
highly effective. The design of the model did not simulate intra-
cranial atherosclerosis, thrombotic plaque, or embolic debris
from a ruptured extracranial plaque, for which a Stentriever
rather than primary aspiration thrombectomy might be of
more benefit. Approximately one-third of large-vessel-occlusion
strokes are of noncardioembolic origin (eg, 31% in TREVO 2%).
Another limitation is that intimal damage or occlusion of perfo-
rators, which can be evaluated in animal stroke models with the
use of different thrombectomy devices, cannot be tested in our in
vitro model."*

Second, only a single thrombectomy attempt was performed
in each experiment, whereas in clinical practice multiple throm-
bectomy attempts are often required to achieve recanalization. It
would also be interesting to study how the mode of aspiration
affects revascularization success in our model. Simon and Grey'>
demonstrated that manual aspiration with syringes can provide a
substantially higher dynamic pressure at the catheter tip than the
Penumbra aspiration system. We are planning to investigate this
finding in future experiments. Third, because the smallest MCA
M4 branches in the model were 0.5 mm in diameter, we did not
account for embolization that could have occurred with debris
under that size, which could further affect our final TICI score
interpretation.

CONCLUSIONS

Data from these experiments indicate that the Stentriever throm-
bectomy under continuous aspiration and primary aspiration
thrombectomy approaches lead to the highest degree of recanali-
zation. However, embolization in nonaffected territories and in
distal territories remains a major issue, which could affect even-
tual clinical outcomes. Such data might prove helpful in clinical
practice when estimating radiographic outcomes with different
endovascular treatment approaches.
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