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ABSTRACT

BACKGROUND AND PURPOSE: Previous studies have successfully created blood clot analogs for in vitro endovascular device test-
ing using animal blood of various species. Blood components vary greatly among species; therefore, creating clot analogs from
human blood is likely a more accurate representation of thrombi formed in the human vasculature.

MATERIALS AND METHODS: Following approval from the Mayo Clinic institutional review board, human whole-blood and platelet
donations were obtained from the blood transfusion service. Twelve clot analogs were created by combining different ratios of
red blood cells + buffy coat, plasma, and platelets. Thrombin and calcium chloride were added to stimulate coagulation. Clot
composition was assessed using histologic and immunohistochemical staining. To assess the similarities of mechanical properties to
patient clots, 3 types of clot analogs (soft, elastic, and stiff) were selected for in vitro thrombectomy testing.

RESULTS: The range of histopathologic compositions produced is representative of clots removed during thrombectomy proce-
dures. The red blood cell composition ranged from 8.9% to 91.4%, and fibrin composition ranged from 3.1% to 53.4%. Platelets
(CD42b) and von Willebrand Factor ranged from 0.5% to 47.1% and 1.0% to 63.4%, respectively. The soft clots had the highest first-
pass effect and successful revascularization rates followed by the elastic and stiff clots. Distal embolization events were observed
when clot ingestion could not be achieved, requiring device pullback. The incidence rate of distal embolization was the highest for
the stiff clots due to the weak clot/device integration.

CONCLUSIONS: Red blood cell-rich, fibrin-rich, and platelet-rich clot analogs that mimic clots retrieved from patients with acute
ischemic stroke were created in vitro. Differing retrieval outcomes were confirmed using in vitro thrombectomy testing in a subset
of clots.

ABBREVIATIONS: A = aspiration; AIS = acute ischemic stroke; DA = direct aspiration; FPE = first-pass effect; MSB = Martius Scarlett Blue; RBC = red

blood cell; SR = successful revascularization; STR = Stent retriever; vVWF = von Willebrand factor; WBC = white blood cell

I n the treatment of acute ischemic stroke (AIS), the achievement
of complete revascularization from a single mechanical thrombec-
tomy attempt, termed first-pass effect (FPE), is associated with sig-
nificantly improved outcomes for patients."> Removing the clot in a
fragmented manner increases the potential of embolization to new
territories, a major contributing factor to poor neurologic outcomes
due to additional brain infarction.>™ Despite the advancement in
the second-generation mechanical thrombectomy devices, the rates
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of FPE remain low, as low as 29% in the recently reported Contact
Aspiration vs Stent Retriever for Successful Revascularization
(ASTER) trial.®

Previous studies have demonstrated that a wide variety of

7 and clot com-

occlusive clots can cause large-vessel occlusion,
position has been shown to have a significant impact on the suc-
cess of mechanical thrombectomy procedures.”'>"* These findings
suggest that to further advance the success rates of stroke interven-

tion, we must turn our attention to clot composition and compare
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Table 1: Volume of components added to each clot analog
type®

Platelets Plasma  RBC + Buffy Coat
Ratio (1t) () ()
Plasma only
1:5 2400 600
110 0 2700 300
1:50 0 2940 60
1100 0 2970 30
Platelets only
15 2400 0 600
110 2700 0 300
1:50 2940 0 60
1100 2970 0 30
Plasma and
platelets
15 1200 1200 600
110 1350 1350 300
1:50 1470 1470 60
1100 1485 1485 30

*Three microliters of thrombin (1 NIH/mL) and 300 puL of 5% CaCl, were added to
stimulate coagulation.

treatment strategies using in vitro thrombectomy models of the
cerebral vasculature. Previous studies have successfully created
blood clot analogs for in vitro testing using animal blood of various
species, which have significantly advanced our understanding of
clot biomechanics and imaging characteristics.”"'® However,
blood components and blood groups vary among species;™” thus,
creating clot analogs with human blood is likely a more accurate
representation of thrombi formed in the human vasculature.

The hypothesis of the study was that the diverse range of clots
retrieved from patients with AIS can be accurately replicated
using human blood by mimicking the process by which clots
form in vivo. The rationale for this study is that because the suc-
cess of mechanical thrombectomy procedures is influenced by
the composition of the clot, creating human clot analogs that
accurately represent the different phenotypes retrieved from
patients and testing them in an in vitro thrombectomy system
will allow us to compare the performance of different thrombec-
tomy devices and techniques. We will be able to determine the
optimum treatment approach for each clot phenotype, thereby
optimizing the chances of achieving the desired first-pass TICI 3
outcome in the clinical setting.! To assess the similarities of me-
chanical properties to patient clots, we selected 3 types of clot
analogs (soft, elastic, and stiff) for in vitro thrombectomy testing.

MATERIALS AND METHODS

Human Clot Analog Creation

This study received institutional review board approval from
Mayo Clinic Rochester in accordance with the ethical standards
of the Declaration of Helsinki. A total of 12 clot analog types
were created as per Table 1. These clots analogs were selected to
be representative of the previously identified phenotypes of clots
retrieved from patients with AIS, including red blood cell (RBC)-
rich, fibrin-rich, and platelet-rich clots.”

A human whole-blood donation and a human platelet dona-
tion from 2 separate donors were obtained from the Mayo Clinic
blood transfusion service. The whole blood was centrifuged at
1200 rpm for 20minutes at 20°C to separate it into its

constituents.”” Plasma was harvested by pipetting, and the
remaining RBCs and buffy coat were mixed together by inverting.
Plasma and platelets were combined first as per Table 1; then,
3 uL of thrombin (1 NIH/mL, No. T6884; Roche Diagnostic) was
added to activate platelets for a total of 1-2 minutes while contin-
uously mixing. Three hundred microliters of 5% calcium chloride
(CaCl,, No. C1016; Sigma Aldrich) solution was then added fol-
lowed by the RBCs + buffy coat mixture. The tube was then
quickly mixed by inversion 5 times and then, the clot analog mix-
ture was drawn into a 3 mL syringe. The syringes were spun over-
night at 20 rpm at room temperature to mimic the dynamic flow
conditions of the human vasculature.

Patient Cohort

Clots were collected from 100 patients who underwent mechanical
thrombectomy for the treatment of AIS at Mayo Clinic Rochester.
When greater than 1 procedural pass was needed to retrieve the
occlusive clot, all fragments of clot were combined for histologic
analysis. The inclusion criteria were patients 18 years of age or older
and having undergone mechanical thrombectomy treatment for
AIS with clot material available for analysis. A waiver of informed
consent was granted for the purposes of collecting retrieved clot
material from patients with AIS for this study.

Histologic Processing and Staining

Gross photos were taken of each clot and analog before fixation
overnight in 10% phosphate-buffered formalin. All clots and analogs
were then processed using a standard tissue-processing protocol
and embedded in paraffin. The formalin-fixed paraffin-embedded
material was cut into 3-um sections. The Martius Scarlett Blue
(MSB) stain is now regarded as the criterion standard for assessing
clot composition because it identifies platelet-rich regions of
thrombi in addition to RBCs, white blood cells (WBCs), and
fibrin."** Two representative slides were stained with MSB to iden-
tify the common clot constituents: RBCs, WBCs, fibrin, platelets/
other, collagen, and calcification as described previously.*"** Clot
phenotypes for both the clinical samples and the clot analogs were
defined on the basis of the dominant component (in percentages) in
each clot as determined by the MSB histologic staining.

Immunohistochemistry

Platelet and von Willebrand factor (vWF) levels are useful additional
hallmarks of clot composition.”**® Immunohistochemical staining
for platelets (CD42b) and the vWF was performed on a Bond RX
autostainer (Leica Biosystems). Antigen retrieval with Tris-EDTA
was performed for platelet staining (anti-CD42b); no antigen re-
trieval was used for vVWF staining. For the primary antibody (anti-
CD42b, ab27669, 1:200 dilution [Abcam]; anti-vWF, A-0082, 1:200
dilution [Dako]), the incubation time was 30 minutes. Negative con-
trols were performed by omission of the primary antibody step. A
Bond Polymer Refine Red Detection system (Leica Biosystems),
which incorporates a post-primary antibody, polymer reagent, Fast
Red chromogen and hematoxylin counterstain, was used for visual-
ization. Sections were washed in warm soapy water, dehydrated in
increasing alcohol gradients, cleared in xylene, and mounted with
DPX Mountant (Sigma-Aldrich).
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FIG 1. Gross photographs of human blood clot analogs pre- and postfixation. Gross photographs of human blood clot analogs of various com-
positions were obtained pre- and postfixation in 10% neutral buffered formalin. Clot analogs were created using different ratios (1:5, 110, 1:50,
and 1:100) of RBC+ buffy coat and plasma only, platelets only, and plasma + platelets.

Imaging and Quantification

Following staining, a representative slide of each stain was
scanned at 20x magnification (EasyScan Pro; Motic Digital
Pathology). Histologic quantification was performed on the digi-
tal slide using Image Analysis Software (Orbit; www.Orbit.bio) as
described previously.”** The percentage area of each component
(RBC, WBC, fibrin, and platelet/other) within the clot was calcu-
lated for the histologic staining with MSB.*' The percentage area
of positive immunohistochemistry staining was calculated sepa-
rately for CD42b and vWE.*

Thrombectomy Testing in a Benchtop Stroke Platform
The mechanical properties of clots vary on the basis of their histo-
logic composition; clot analogs with an increasing volume of plate-
lets contract to a greater degree due to the force of platelet
contraction, resulting in stiffer clot analogs.”” Clot analogs that
have a high RBC content will typically be softer, more friable clots,
and clots made from plasma only will produce clot analogs with a
network of thin fibrin strands. Three phenotypes of clot analogs
with varying compositions of RBCs, plasma, and platelets were
selected to represent prominent phenotypes of clots retrieved from
patients with AIS during thrombectomy: soft (1:10 RBCs+buffy
coat : plasma only), elastic (1:5 RBCs+buffy coat : platelets +
plasma), and stiff (1:10 RBCs+buffy coat : platelets + plasma).

Thrombectomy testing was performed on these clots inside a
benchtop stroke platform as previously described.”*** Briefly, a cere-
brovascular glass model, in which the lumen resembles the intracra-
nial internal carotid artery, the anterior cerebral artery, and the
middle cerebral arteries, is connected to a customized flow system
to deliver flow with a physiologically representative flow rate and
pressure. Clot analogs measuring 6 mm in length were introduced
into the flow system and embolized to the M1-M2 bifurcation.
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Revascularization was performed using the following: 1) the
direct aspiration (DA) technique with the Sofia 6F aspiration
catheter (MicroVention), and 2) stent retriever with aspiration
(stent retriever+A) technique with the Solitaire stent retriever
(Medtronic) and the Sofia 6F aspiration catheter. For each type of
clot analog and revascularization technique, 5 clot analogs were
made to replicate large-vessel occlusion stroke. For each large-
vessel occlusion case, 3 device passes were attempted before
declaring failure. Revascularization results, number of passes, and
embolization events were recorded for each test.

Ingestion was defined as complete ingestion of the clot into
the catheter, FPE was defined as complete removal of the clot
from the target artery in the first procedural pass, successful re-
canalization (SR) was defined as the complete removal of the clot
from the target artery within 3 procedural passes, and distal
embolization was defined as the occurrence of visible fragments
of clots being dislodged and migrating distally from the target
vessel. The thrombectomy processes were recorded, and the fail-
ure mechanisms, including the presence of distal embolization,
were confirmed following the procedure.

Statistical Analysis

All statistical correlations were assessed, and graphs were gener-
ated using GraphPad Prism 8 (GraphPad Software). MSB histo-
logic composition was reported as the percentage of the total clot
area. Positive immunohistochemistry staining (CD42b and vWF)
was reported as the percentage of the total clot area. A Shapiro-
Wilk test indicated that quantitative variables did not follow a
standard normal distribution. The nonparametric Spearman p
correlation was used to assess the similarity between clot analogs
and clinical samples. A level of statistical significance for all anal-
yses was set at P <0.05.
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FIG 2. Histologic quantification of MSB-stained human clots retrieved from patients and human clot analogs created in vitro. A, The histologic com-
position of 100 various clots retrieved from patients was assessed using the MSB stain and grouped according to their dominant component, resulting
in 3 main groups; RBC-rich, fibrin-rich, and platelet-rich. B, The histologic composition of various human clot analogs created in vitro was also assessed
using the MSB stain and grouped according to their dominant component, resulting in the same 3 phenotypes; RBC-rich, fibrin-rich, and platelet-rich.

RESULTS

Clot Analog Appearance

The gross appearance of each of the human clot analogs after clot
formation and also postfixation in 10% neutral buffered formalin
is shown in Fig 1. Clot analogs that are rich in RBC clots (eg, 1:10
RBCs+buffy coat : plasma only) are dark red after creation and
black postfixation. Clots that contain high platelet content (eg,
1:100 RBCs+buffy coat : platelets only) have white platelet-rich
regions that are visible both pre- and postfixation. Clots that are
fibrin-rich but not platelet-rich are light red after creation and
brownish postfixation (eg, 1:50 RBCs+buffy coat : plasma only).
The platelet-rich clots are smaller in clot volume due to the effect
of platelet-stimulated contraction of the clots. The clot analogs
produced have a gross appearance similar to that of clots
extracted from patients during mechanical thrombectomy proce-
dures for the treatment of AIS.

Histologic Composition

The MSB stain was used to assess the histologic composition of
the clot analogs (Online Supplemental Data) and of the clots
retrieved from patients with AIS (Fig 2). RBC-rich, fibrin-rich, and
platelet-rich clot analogs that mimic clots retrieved from patients
with AIS were created. The range of histopathologic compositions
of the clot analogs is similar to that of the clinical samples (Fig 2).
The addition of a large volume of RBCs leads to an RBC-rich clot
regardless of whether platelets and/or plasma were added (Fig 2).
The RBC composition of the clot analogs ranged from 8.9% to
91.4%, and the clots retrieved from the patients ranged from <1%
to 85%. There was a significant positive correlation between the
RBC composition of the analogs and the clinical samples (r, =
0.755, P = .010%). The platelet composition of the clot analogs
ranged from 5.4% to 83.7%, while the clinical samples ranged from
3% to 88% (r; = 0.618, P=.048*). Fibrin composition of the clot
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analogs ranged from 3% to 53% and from 3% to 77% in the clinical
samples (7, = 0.136, P=.694). WBCs are typically a minor compo-
nent of clots and account for an average of 3.5% of clinical clots
and 1% of clot analogs (r; = 0.311, P = .345). Each of these compo-
nents is in line with the composition of AIS clots reported previ-

ously in the literature.”*"*°

Immunohistochemical Composition

The composition of platelets (CD42b) varied from 0.5% to 47.1%
of the total area, and the composition of vWF varied from 1.1%
to 63.4% of the total area (Table 1). Clot analogs made with plate-
lets only had the largest proportion of both CD42b and vWF
present, while clot analogs made with plasma only had the lowest
levels of both platelets and vWE. Clot analogs containing both
platelets and plasma had moderate levels of both platelets and
VWE present. An example of a clot analog closely resembling a
clot retrieved from a patient with AIS is shown in Fig 3.

Revascularization Results

The 3 types of clot analogs are associated with different revascu-
larization outcomes (Table 2). The soft clots are associated with
the highest ingestion, FPE, and successful recanalization rates,
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FIG 3. Histology and immunohistochemical-stained images of clots retrieved from a patient with
AlS and of a human clot analog. A comparison of the similarity in terms of gross photographs,
MSB stain, CD42b (platelets), and vVWF between a clot retrieved from a patient with AIS (A) and a
human clot analog (1:50 RBC + buffy coat/platelets) is shown (B). MSB stain: RBCs (yellow), WBCs
(purple), fibrin (red), platelets/other (grey), and collagen (blue). Platelets (CD42b) and vWF; positive

staining is red.

Table 2: In vitro thrombectomy results

followed by the elastic and stiff clots. The rate of distal emboliza-
tion increased as the rate of ingestion decreased.

All of soft clots could be successfully removed with 1 pass,
and no distal embolization was observed. By means of the DA
technique, 80% (4 of 5) of clots were ingested (Supplemental
Online Video S1), with 1 exception in which the catheter tip was
corked by the clot. Using the stent retriever + A technique, all
the clots could be pulled out without any distal embolization.

For the elastic clot and using the DA technique, only 40% (2 of
5) of the clots could be ingested and the other 3 clots were corked
by the suction catheter and pulled out. During catheter pull, the
clot was elongated under the tensional load applied by the vacuum
suction and the pressure gradient across the clot. As the clot was
moved to the internal carotid artery terminus, a temporary near-
to-total obstruction of the flow increased the antegrade pressure
gradient and eventually fractured the clot and caused distal emboli-
zation (Supplemental Online Video S2). In a similar fashion, the
stent retriever + A technique also fractured the clot during device
pull, causing distal embolization (Supplemental Online Video S3).
Distal embolization of clot fragments is the main reason for repeat
passes to recanalization.

For the stiff clots and using the DA technique, only 20% (1 of

5) of the clots could be ingested.
During device pull, 80% (4 of 5) of the
S — clots lost integration with the suction
catheter due to the antegrade pressure
gradient and resulted in failed revascu-

R W

larization. The integration of the clots
4 to the stent retriever was stronger than
the aspiration catheter alone, resulting
in a lower distal embolization rate and
higher revascularization rate (Table 2).

von Willebrand Factor

DISCUSSION
Nt A, In this study, a range of novel in vitro
o human clot analogs that mimic the
gross appearance and histologic compo-
sition of clots retrieved from patients
with AIS was created. The composition
of the clot analogs was confirmed using
the MSB histologic stain for the main
components and immunohistochemical
staining for the identification of platel-
ets and VWEF. Furthermore, a subset
of clot analogs were tested in an in
vitro thrombectomy model and demon-
strated that revascularization outcome

Clot Type  Ingestion Rate  FPERate = SRRate  Passes to Achieve SR DE Rate is related to both the composition of the

Soft clots and the technique used to retrieve
DA 80% 100% 100% 1.0 0 them. The results of this study are im-
STR +A NA 100% 100% 10 0 portant because they prove that human

El;;tlc 40% 100% 100% 10 20% clot analogs that accurately replicate the
STR + A NA 40% 100% 18 60% histologic composition of clots retrieved

Stiff from patients can be created, and they
DA 20% 40% 40% 1.0 80% demonstrate that these clot analogs can
STR + A NA 60% 80% 1.3 40%

be used in an in vitro thrombectomy

Note:—DE indicates distal embolization; STR + A, stent retriever + aspiration; NA, not applicable.
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different treatment approaches, potentially leading to a clinical ben-
efit for the patients.

The inability of second-generation thrombectomy aspiration
and stent retriever devices to dramatically improve the rates of
FPE following endovascular treatment of AIS suggests that the
effect is not specifically device-related.® An understanding of clot
histologic characteristics and recanalization outcomes is poten-
tially of great importance in improving device selection and de-
vice development. There is a growing awareness of the
importance of clot phenotypes, mechanical properties, clot-device
interactions, and the interactions of clots with the surrounding
vessel, factors that influence revascularization rates."?”>!"*
However, clinicians largely continue to treat patients using their
preferred treatment strategy rather than tailoring their treatment
strategy to suit the suspected clot composition because there have
been few clinical studies comparing various thrombectomy tech-
niques in their ability to retrieve different phenotypes of thrombi
from patients with AIS.>> The histologic composition of the clot
analog phenotypes created in this study is in line with the range
of clot compositions typically seen in AIS.*' Clots retrieved from
patients can generally be stratified into 3 main phenotypes based
on their histologic composition: RBC-rich, fibrin-rich, and plate-
let-rich. Each of these phenotypes was successfully replicated in
vitro in this study.

The novel clot analogs described herein used in conjunction
with human vascular replicator systems that can accurately repli-
cate the intracranial vasculature, cardiac cycle, and intracranial
blood pressure may enable the optimization of techniques and
treatment strategies. A recent study using similar human clot
analogs in an in vitro thrombectomy system also demonstrated
that the composition of the clot analogs significantly affects the
outcome of the procedure.’® By assessing the success rate of all of
the various thrombectomy devices and techniques in retrieving
different phenotypes of clots as described, we can arrive at a bet-
ter understanding of how to improve the rates of FPE. The use of
human clot analogs and accurate in vitro thrombectomy systems
could be a valuable training resource for educating physicians on
the potential clinical significance of tailoring their treatment
strategy to optimize their chances of achieving complete revascu-
larization. In addition to their use in in vitro thrombectomy test-
ing, human clot analogs can also be used to investigate the ability
of novel diagnostic imaging methods to identify the composition
of the occlusive clot.””*®

For the DA technique, the FPE is associated with successful
clot ingestion and depends on the clot mechanical properties. Of
the 15 clots tested, FPEs were achieved for 12 clots, and 7 (58%)
of them were due to successful ingestion. The ingestion rates
were 80%, 40%, and 20% for the soft, elastic, and stiff clots,
respectively. Clots with a higher composition of platelets and

fibrin have a higher stiffness and friction coefficient,'”*’

making
them difficult to deform into the catheter tip and be ingested. For
the 8 clots without successful ingestion, 6 (75%) of them pre-
sented with distal embolization and resulted in repeat device
passes or failed revascularization. Suction catheters that can gen-
erate a large suction force to deform the clots and overcome the
clot friction to ingest the clots could be beneficial.*® However,

the thrombectomy tests are performed in a glass phantom, and

the arterial response to suction was not captured. Under suction,
the vessel could collapse due to the reduced intraluminal pressure
and evacuation of fluid, hypothetically related to the more severe
vessel injuries using suction catheters rather than the stent
retrievers.*' The safety profile of the new-generation large-bore
suction catheters needs to be further validated.

When we compared the stent retriever + A technique with
the DA technique, the FPE rate was the same (100%) for the soft
clots, lower (40% versus 100%) for the elastic clots, and higher
(60% versus 40%) than the DA technique for the stiff clots, show-
ing a clear relation with the clot mechanical properties. For both
the DA and the stent retriever + A techniques in which the FPE
was not achieved, the failure mechanism was the poor clot/device
integration with downstream migration of emboli, similar to that
found in a whole human brain thrombectomy platform.*
During clot retrieval by device pull (stent retriever or suction
catheter without clot ingestion), the clot/device integration has to
fight against the tensional force generated by the device and the
antegrade pressure gradient. Compared with the DA technique in
which the clot was engaged with the suction catheter only at the
clot “head” (Supplemental Online Video S2), in the stent retriever
+ A technique, the clot integration was stronger as the clot was
grabbed by the stent tines along the clot length (Supplemental
Online Video S3). This result could be the reason for higher FPE
and successful revascularization rates for the stiff clot analogs. On
the other hand, the clot/stent integration was still weak, with mul-
tiple passes needed to revascularize. Future stent technologies
should enable better clot integration, especially for stiff clots.

This study has some limitations. First, the whole-blood and
platelet donations were not collected from the same patient, and
the blood phenotypes of each were not available. Second, blood
phenotype has been shown to impact coagulation, and this
method may need to be adjusted slightly for each blood pheno-
type. Finally, the thrombectomy tests were performed in a glass
phantom, and the arterial response to suction was not captured.

CONCLUSIONS

RBC-rich, fibrin-rich, and platelet-rich clot analogs that mimic
clots retrieved from patients with AIS were created in vitro.
Differing retrieval outcomes were confirmed using in vitro throm-
bectomy testing in a subset of clots. The use of human clot analogs
and accurate in vitro thrombectomy systems could be a valuable
training resource for physicians to optimize their chances of
achieving complete revascularization for every clot phenotype.
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