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Letter to the Editor

Thrombi With a Higher Erythrocyte Composition Are
More Fragile in Acute Stroke
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Dear Sir:

Endovascular thrombectomy (EVT) is the standard of care for
acute stroke, wherein achieving complete recanalization may
improve clinical outcomes.' However, fragile thrombi are sus-
ceptible to fragmentation during EVT, causing distal emboliza-
tion and migration, which diminishes the likelihood of complete
recanalization.”® Thrombus fragility may be predominantly af-
fected by its structure and composition. In this study, we inves-
tigated the association between thrombus fragility and tumor
histology.

This study included consecutive patients who underwent suc-
cessful thrombus retrieval by EVT between January 2016 and
December 2021, had their retrieved thrombi histologically eval-
uated, and were enrolled in the prospective registry. Eligible par-
ticipants were patients primarily treated with a stent retriever;
we excluded those who underwent only contact aspiration throm-
bectomy. This study was approved by the Institutional Review
Board of Severance Hospital (4-2023-1010). Written informed
consent was obtained from the patients or their next of kin for
enrollment in the cohort and for utilizing the retrieved thrombi
in the study.

EVT was performed under local anesthesia, according to com-
mon recommendations (Supplementary Methods). The retrieved
thrombi were immediately fixed in 4% paraformaldehyde. All
thrombi were immunohistochemically stained for erythrocytes,
platelets, fibrin, lymphocytes, neutrophils, monocytes, tissue fac-
tors, and neutrophil extracellular traps (Supplementary Methods
and Supplementary Table 1).° Images of stained thrombi were ac-

quired using a whole-slide scanner or Stereo Investigator Imag-
ing system (MBF Bioscience, Williston, VT, USA) equipped with
a light microscope (Axio Imager D2; Carl Zeiss Co., Ltd., Jena,
Germany). The acquired images were analyzed using an Auto-
mated Region-of-interest-based Image Analysis software (Sup-
plementary Methods).” Each thrombus composition fraction (%)
was determined by calculating the pixel density as a percentage
of the total thrombus area.

All conventional angiographic images obtained immediately
after each thrombectomy attempt were reviewed. The presence
of a fragile thrombus was defined as either the thrombus frag-
mentation during EVT or the presence of initially multiple in-
tracranial occlusions. Thrombus fragmentation manifests as
downstream occlusion subsequent to thrombectomy attempts,
characterized by angiographical occlusion distal to the original
target site coupled with recanalization of the initial target.”*
Furthermore, the presence of initially multiple intracranial occlu-
sions was considered indicative of a fragile thrombus, as it may
reflect pre-existing fragmentation during thrombus growth or
embolism. Two independent neurointerventionalists (JHB and
BMK), blinded to the histological and clinical information, as-
sessed the images (k-values: 0.79 for thrombus fragmentation,
0.82 for successful recanalization, and 0.91 for first-pass effect).
Discrepancies were resolved through consensus.

In a cohort of 376 patients who underwent EVT and had their
thrombi retrieved, immunohistochemistry was performed on 340
(90.4%) (Supplementary Figure 1). Finally, 310 patients were in-
cluded in the study (mean age, 70.9+13.6 years; men, 49.4%)
(Table 1). Fragile thrombi were observed in 115 (37.1%) patients.
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Total

Fragile thrombus

No fragile thrombus

(n=310) (n=115) (n=195) P
Demographics and stroke risk factors
Age (yr) 70.9+13.6 70.8+£13.7 70.9+13.6 0.951
Male sex 153 (49.4) 57 (49.6) 96 (49.2) 0.955
Hypertension 224 (72.3) 80 (69.6) 144 (73.8) 0.416
Diabetes 100 (32.3) 34 (29.6) 66 (33.8) 0.436
Dyslipidemia 81 (26.1) 24 (20.9) 57 (29.2) 0.106
Current smoking 40 (12.9) 15 (13.0) 25(12.8) 0.955
Coronary artery occlusive disease 46 (14.8) 14 (12.2) 32 (16.4) 031
Atrial fibrillation 178 (57.4) 78 (67.8) 100 (51.3) 0.004
Clinical conditions
Initial NIHSS score 14.0 [9.0-18.0] 15.0 [10.0-18.0] 12.0 [8.0-18.0] 0.089
Intravenous tPA administration 114 (36.8) 47 (40.9) 67 (34.4) 0.251
Location of occlusions <0.001
Internal carotid artery 84 (27.1) 47 (40.9) 37(19.0)
M1 segment of middle cerebral artery 120 (38.7) 41(35.7) 79 (40.5)
M2 segment of middle cerebral artery 75 (24.2) 21(18.3) 54 (27.7)
Anterior cerebral artery 1(0.3) 0(0.0) 1(0.5)
Vertebrobasilar artery 26 (8.4) 4(3.4) 22 (11.3)
Posterior cerebral artery 4(1.3) 2(1.7) 2(1.0)
Tandem occlusion 26 (8.4) 10 (8.7) 16 (8.2) 0.880
Onset-to-puncture time (min) 292.0 [167.0-610.0] 267.0 [138.0-571.0] 308.0 [176.0-624.0] 0.210
Use of balloon guide catheter* 278 (89.7) 108 (99.1) 170 (99.4) 0.747
Endovascular outcomes
Recanalization status’
Successful recanalization 287 (92.6) 104 (90.4) 183 (93.8) 0.268
Complete recanalization 193 (62.3) 37(32.2) 156 (80.0) <0.001
First-pass effect 102 (32.9) 5 (4.4) 97 (49.7) <0.001
Number of passes of stent retriever 2.3+1.4 2.8+1.3 20414 <0.001
Puncture-to-recanalization time (min) 31.0 [20.0-49.5] 33.5[24.0-53.0] 29.0 [19.0-49.0] 0.128
Thrombus composition (%)
Erythrocyte 35.6 [20.3-46.7] 40.2 [30.7-51.4] 31.0[16.6-43.3] <0.001
Platelet 9.7 [4.3-19.5] 8.9[3.8-17.4] 10.9 [4.5-20.7] 0.057
Fibrin 32.3[21.2-47.2] 31.6 [21.0-48.1] 32.7 [21.4-45.7] 0.875
Leukocytes 8.5 [4.2-15.7]
Lymphocyte 0.3 [0.2-0.5] 0.3 [0.2-0.5] 0.2 [0.1-0.4] 0.135
Neutrophil 0.6 [0.2-2.1] 0.7 [0.2-2.5] 0.6 [0.2-2.0] 0.813
Monocyte 5.0 [2.2-11.1] 5.1 [2.3-10.7] 49 [2.1-11.6] 0.989
Tissue factor 12.8 [1.5-42.7] 13.9 [1.9-45.1] 11.8 [1.1-41.0] 0.608
Neutrophil extracellular trap 2.7 [1.1-5.1] 3.0[1.1-6.4] 2.7 [1.1-4.6] 0.368

Values represent meanzstandard deviation, number (%), or median [interquartile range].
NIHSS, National Institutes of Health Stroke Scale; tPA, tissue-type plasminogen activator.

*The calculation of the percentages of patients using a balloon-guided catheter was limited to those with anterior circulation stroke; ‘Successful recanaliza-
tion was defined as achieving final modified Thrombolysis In Cerebral Infarction (mTICI) 2b or 3; Complete recanalization was defined as the attainment of a

final mTICI score of 3.
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Clinical and histological factors associated with fragile thrombus

Adjusted odds ratio (95% Cl) P

Clinical factors

Atrial fibrillation 1.61 (0.95-2.73) 0.075

Initial NIHSS score 1.01 (0.97-1.06) 0.494

Internal carotid artery occlusion 2.45 (1.41-4.27) 0.001
Histological factors

Erythrocyte, per 5% 1.14 (1.05-1.23) <0.001

Platelet, per 5% 0.99 (0.90-1.07) 0.725

The analysis included variables with P<0.1 in the univariable analyses.
Cl, confidence interval; NIHSS, National Institutes of Health Stroke Scale.

Adjusted odds ratio, 1.14 per 5% (1.05-1.23)
(P<0.001)

Probability of fragile thrombus

Erythrocyte p
composition (%)

Probability of a fragile thrombus by erythrocyte composition.

Atrial fibrillation (67.8% vs. 51.3%; P=0.004) and internal carotid
artery (ICA) occlusion (40.9% vs. 19.0%; P<0.001) were more
frequent in patients with fragile thrombi than in those without
(Table 1). Regarding thrombus composition, fragile thrombi were
significantly associated with higher fractions of erythrocytes
(40.2% [30.7-51.4] vs. 31.0% [16.6-43.3]; P<0.001) (Table 1). A
higher fraction of erythrocytes relative to whole common throm-
bus components (i.e., erythrocytes, platelets, fibrin, and leuko-
cytes) was also significantly associated with a fragile thrombus
(44.0% [35.9-54.2] vs. 33.3% [20.2-42.3]; P<0.001). Multivari-
able analysis identified ICA occlusion (adjusted odds ratio, 2.45;
95% confidence interval, 1.41-4.27; P=0.001) and erythrocyte
composition in thrombus (adjusted odds ratio, 1.14 per 5% com-
position; 95% confidence interval, 1.05-1.23; P<0.001) as in-
dependent factors for fragile thrombus (Table 2 and Figure 1).
Erythrocyte composition in the thrombus could predict fragile
thrombus (area under the receiver operating characteristic curve,
0.655; cutoff, 26.9%; sensitivity, 84.4%; specificity, 42.1%; P<
0.001) (Supplementary Figure 2). Platelet composition tended to
be lower in a fragile thrombus (8.9% [3.8-17.4] vs. 10.9 [4.5-
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20.7]; P=0.057).

In this study, a fragile thrombus was observed in 37.1% of
cases, a frequency comparable to 35.200-57.5%, as stated in
previous studies employing similar definitions to ours.”® It was
also associated with ICA occlusion and erythrocyte-rich thrombi.
ICA occlusion has been suggested to correlate with distal and
secondary embolisms.” Preclinical studies have shown that eryth-
rocyte-rich thrombi are softer, less stiff, and more prone to frac-
ture, suggesting their fragility.*® Experimental retrieval of eryth-
rocyte-rich thrombi resulted in the generation of more embolic
fragments.’ These findings support the association between fra-
gility and erythrocyte-rich thrombi observed in our study.

Erythrocytes, fibrin, and platelets exhibit different degrees of
stability. Platelets aggregate with each other by adhesively bind-
ing integrin ou,Bs to fibrinogen. Consequently, platelets are tightly
attached to each other. In contrast, erythrocytes primarily aggre-
gate via passive packing, making them more susceptible to ex-
ternal forces. This may explain why erythrocyte-rich thrombi
were more fragile, whereas those with higher platelet content
tended to be less fragile.

However, previous clinical studies have reported inconsistent
results. While one study demonstrated an association between
clot migration and higher erythrocyte content,” others found as-
sociations of secondary embolism with high fibrin and low eryth-
rocyte contents,* as well as an association between thrombus
fragmentation and higher lymphocyte counts.”’ Such disparities
may arise from the varying definitions of fragile thrombi and
smaller sample sizes in previous studies. Additionally, previous
studies utilized hematoxylin-eosin and histochemical stains,
such as Martius Scarlet Blue, to detect erythrocytes and fibrin;
this study employed immunohistochemistry. Precise differentia-
tion between the major thrombus components may occasionally
be challenging with histochemical staining.

Despite our strengths, such as a relatively large sample size,
precise analysis of thrombus components through immunohisto-
chemistry, and a semi-automated software program, our study
has limitations. First, it focused on patients who underwent EVT
primarily using stent retrievers. This was because patients who
underwent only contact aspiration thrombectomy were exclud-
ed from this study, potentially having different mechanical im-
pacts on thrombus. Second, although thrombus fragmentation
may not always result in downstream occlusion, potentially lead-
ing to embolism in a new territory, such occurrences are rare and
unlikely to significantly impact the outcome of the study. Finally,
the definition of a fragile thrombus in this study may not accu-
rately identify all such cases.

In conclusion, we found that thrombi with a higher erythro-
cyte composition were more fragile.
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Supplementary materials

Supplementary materials related to this article can be found
online at https://doi.org/10.5853/j0s5.2024.00787.
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Supplementary Methods

Endovascular thrombectomy procedure

Typically, a stent retriever was used as the frontline endovascu-
lar modality. An 8- or 9-F balloon guide catheter (BGC) was rou-
tinely used; a distal access catheter was reserved for severely
tortuous arteries. A stent retriever was delivered and deployed
over the thrombus via a 0.021- or 0.027-inch microcatheter. The
stent retriever was deployed a few minutes prior to retrieval. For
retrieval, the balloon of the BGC was inflated; the stent retriever
and microcatheter were carefully withdrawn with continuous
aspiration through the BGC using a 20- or 50-mL syringe. The
use of concurrent contact aspiration with a stent retriever for
thrombectomy was reserved for rare and challenging cases that
did not respond to the standard approaches. This thrombectomy
procedure was repeated until modified Thrombolysis In Cerebral
Infarction 2b or 3 was achieved. Decisions to cease attempts or
to transition to an alternative endovascular technique were
made at the discretion of the operating physician.

Thrombus collection and immunohistochemical
staining

Retrieved thrombi were immediately fixed in 4% paraformal-
dehyde, sent to a laboratory, embedded in paraffin, and stored
until use. The 4-um-thick sections were treated with xylene and
passed through an ethanol gradient. The sections underwent
heat-induced epitope retrieval, except for erythrocytes and fi-
brin. Subsequently, the sections were soaked in a solution con-
taining 10 mM glycine in phosphate-buffered saline; non-spe-
cific binding was blocked using a mixture of 1% horse serum
and 5% non-fat milk in Tris-buffered saline for 20 minutes. The
thrombi were reacted with primary antibodies against erythro-
cytes, platelets, fibrin, lymphocytes, neutrophils, monocytes, tis-
sue factors, and neutrophil extracellular traps. The sections were
incubated at 37°C for 2 hours for monocytes or overnight at
4°C for the others, followed by a secondary antibody reaction
at 37°C for 30 minutes with 1:200-diluted biotin-conjugated
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Horse Anti-Mouse lgG antibody (BA-2000, Vector Laboratories,
Peterborough, UK) for monocytes or biotin-conjugated Goat
Anti-Rabbit IgG antibody (BA-1000, Vector Laboratories) for the
others. After secondary antibody reaction with an avidin/biotin/
horseradish peroxidase complex, the color of the positive signals
was developed by incubating the slides in 3,3'-diaminobenzi-
dine solution (D5637; Sigma-Aldrich, Burlington, MA, USA). The
slides were counterstained with hematoxylin and subsequently
mounted using Permount Mounting Medium (Fisher Scientific,
Waltham, MA, USA).

Imaging analysis of thrombi

Images of the stained thrombi were acquired using a whole-slide
scanner (Leica Biosystems, Richmond, IL, USA) or Stereo Inves-
tigator Imaging system (MBF Bioscience, Williston, VT, USA)
equipped with a light microscope (Axio Imager D2; Carl Zeiss
Co., Ltd., Jena, Germany). The whole-slide scanner captured im-
ages at a resolution of 0.2528 M/pixel. Meanwhile, the Stereo
Investigator Imaging system utilized the Virtual Slice module to
acquire images at 400x magnification. This module automati-
cally collects a series of contiguous images of a specimen using
a motorized stage and merges them into a single-image mon-
tage representing the entire thrombus.

The acquired images were analyzed using an Automated Re-
gion-of-interest-based Image Analysis (ARIA) software program
designed for automated composition analysis. ARIA streamlines
all traditional processes necessary for the imaging analysis of
immunohistochemistry, allowing for rapid and less operator-de-
pendent analysis. Briefly, the ARIA automatically draws a con-
tour around the thrombus area with adjustable handles for con-
tour optimization. Following contouring, color deconvolution was
performed to separate the colors into an immunohistochemistry
color space for quantitative analysis. The ARIA then calculates
the pixel densities for the total and stained areas of the throm-
bus. For the quantitative analysis, each thrombus composition
fraction (%) was determined by calculating the pixel density as
a percentage of the total thrombus area.
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Primary antibodies for histological components of thrombus

Target Immunogen Clonality Dilution Catalog number Supplier*
Erythrocyte Glycophorin A Rabbit monoclonal 1:400 ab129024 Abcam
Platelet CD42b Rabbit monoclonal 1:100 ab134087 Abcam
Fibrin Fibrinogen Rabbit polyclonal 1:200 ab34269 Abcam
Lymphocyte CD3 Rabbit monoclonal 1:200 ab16669 Abcam
Neutrophil Neutrophil elastase Rabbit polyclonal 1:200 ab68672 Abcam
Monocyte CDe8 Mouse monoclonal 1:200 MA5-13324 Fisher Scientific
Tissue factor CD142 Rabbit polyclonal 1:100 PA5-27278 Fisher Scientific
Neutrophil extracellular trap Histone H3 Rabbit polyclonal 1:100 ab5103 Abcam
*Abcam, Cambridge, UK; Fisher Scientific, Waltham, MA, USA.

1.0

Patients with retrieved thrombi by mechanical thrombectomy
from January 2016 to December 2021
(n=376)

Patients whose thrombi were not
histologically evaluated
(n=36; 9.6%)

A\ 4

4

Patients with retrieved thrombi by mechanical thrombectomy
from January 2016 to December 2021;
with histological evaluation

(n=340)
Patients underwent aspiration
> thrombectomy alone
(n=30; 8.8%)
) /

Patients with retrieved thrombi by mechanical thrombectomy
from January 2016 to December 2021;
with histological evaluation;
and who underwent stent retriever thrombectomy
(n=310)

Patient selection flowchart.
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0.5

Sensitivity

—— Erythrocyte composition
AUC=0.655 (P<0.001)

— ICA occlusion
AUC=0.609 (P<0.001)

~— Erythrocyte composition 226.9%

+ICA occlusion

AUC=0.642 (P<0.001)

T
0 0.5 1.0
1-Specificity

Receiver operating characteristic curves of
erythrocyte composition in the thrombus and internal carotid artery (ICA)
occlusion to predict a fragile thrombus. The erythrocyte composition in the
thrombus could predict a fragile thrombus (area under the receiver operat-
ing characteristic curve [AUC], 0.655; cutoff, 26.9%; sensitivity, 84.4%;
specificity, 42.1%; P<0.001). ICA occlusion could also predict fragile throm-
bi (AUC, 0.609; sensitivity, 40.9%; specificity, 81.0%; P<0.001). Considering
both erythrocyte composition and ICA occlusion, it could predict fragile
thrombi (AUC, 0.642; sensitivity, 39.1%; specificity, 89.2%); P<0.001).
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