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Abstract

Background and Purpose: Delayed time to recanalization is associated with reduced 

recanalization success of mechanical thrombectomy (MT) and thrombolysis in acute ischemic 

stroke (AIS). The reasons for this are unclear. We hypothesized that alterations in thrombus 

structure and composition could be responsible for this.

Methods: Retrieved thrombi from AIS patients who underwent MT less than 8 hours from 

symptom onset to groin puncture (SOGP) were evaluated. Patients were divided into early (≤4 

hrs.) vs delayed (> 4 hrs.) groups based SOGP timing. Thrombi were histologically analysed 

using Martius Scarlett Blue and immunohistochemistry staining for von Willebrand Factor (vWF), 

anti-citrullinated H3 (H3Cit; NETs [neutrophil extracellular traps] marker). We used inferential 

statistics including, t-test, artificial neural network (ANN) to interpret the data.

Results: A total of 137 thrombi were collected. The overall average percentage of red blood cells 

(RBC), white blood cells (WBC), platelet, fibrin, H3Cit, and vWF components in thrombi was 

45.83%, 3.58%, 22.23%, 28.27%, 19.97% and 16.23% respectively. Delayed group had higher 

WBCs, (p=0.02), fibrin (p=0.02), H3Cit (p=0.04) and vWF (p=0.03) thrombus fractions compared 

to early group. Based on ANN model, the most important factors for predicting the number of 

passes required for successful recanalization are fibrin and RBC contents of the thrombus followed 

by vWF and H3Cit contents.
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Conclusions: Longer time to recanalization was associated with increased WBCs, fibrin, H3Cit 

and vWF fractions of thrombi reflecting possible in situ maturation of thrombus components. 

Increased fibrin, NETs and vWF composition may reduce likelihood of revascularization by 

altering thrombus mechanical properties.
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INTRODUCTION

The era of mechanical thrombectomy for treatment of acute ischemic stroke enables 

histopathological analysis of retrieved thrombus. (1). Prior quantitative analyses of retrieved 

thrombi have suggested that red blood cell and fibrin fractions may affect recanalization 

rates (2–4) and thrombi of different stroke etiologies have different composition and size that 

might underlie different recanalization time and passes (5). Additionally increasing number 

of passes has been associated with lower rate good neurological outcome, higher rate of 

vessel wall injury and increasing rate of endovascular device damage and emboli (6–9).

Recently, time to recanalization has been demonstrated to predict rate of recanalization 

success following endovascular thrombectomy for acute ischemic stroke (10). There are 

strong evidences suggesting that fibrinolytic agents depends on time of administration 

(11–13). The reasons for recanalization time and success depend on the cause of stroke; 

moreover the thrombus composition might also be influenced by the time from thrombus 

formation to embolization(12). for this are unclear and potential hypotheses include 

thrombus compaction or thrombus maturation We hypothesized that Thrombus composition 

may change with longer time to recanalization (longer time in situ within the artery), which 

may contribute to reported lower recanalization rates.

METHODS

Patients

This study comprised a retrospective review from October 2016 until November 2020 

of patients included in a prospective registry examining thrombus histopathology at our 

institution. Institutional review board approval was received prior to review and a waiver of 

consent was granted. Inclusion criteria are a) adult patients, b) mechanical thrombectomy 

with retrieval of thrombus material within 8 hours from symptom onset to groin puncture 

and c) availability for pathologic analysis. Baseline clinical characteristics was gathered for 

each patients. Stroke etiology was determined according to the TOAST criteria (14). The 

result of compositional analysis of thrombi included in this study has been reported as a part 

of our multi-center registry.

Thrombectomy procedures

Mechanical thrombectomy was performed using direct aspiration, stent-retriever, 

combination technique, at the discretion of neurointerventionalist. Recanalization status was 

Abbasi et al. Page 2

Thromb Res. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



assessed on final cerebral angiogram; successful recanalization was defined as modified 

Thrombolysis in Cerebral Infarction (mTICI) grade 2b or greater.

Symptom onset to groin puncture (SOGP) was defined as the time from symptom onset 

to groin puncture. Time to recanalization was defined as the time from groin puncture to 

recanalization or the end of procedure.

Histopathological analysis

Retrieved thrombus material was immediately fixed in 10% phosphate-buffered formalin. 

Thrombus material was then cut into 3–5μm slices and representative serial sections 

were stained with Martius Scarlett Blue trichrome (MSB) for main thrombus component 

including red blood cells (RBCs), white blood cells (WBCs), fibrin, platelet and collagen. 

Immunohistochemistry (IHC) staining was also performed using Leica 3M autostainer and 

BOND Polymer Refine Red Detection kit for the following components: vWF (Dako 

anti-human von Willebrand Factor -M061601 clone F8/86, 1/200 dilution), Neutrophil 

Extracellular Traps (NETs): H3Cit (anti-citrulinated H3, Abcam ab1791, 1/1000 dilution). 

Positive component would be stained red to pink on IHC using our method.

Slides were scanned at 20x magnification using Motic Slide Scanner. Orbit Image Analysis 

software (www.orbit.bio) was used for quantitative analysis of Thrombus components (15).

Statistical analysis

Baseline characteristics are summarized as mean (±standard deviation) for continuous 

variables or proportions for categorical variables. Patients were divided into two groups 

based SOGP timing. Group one (early group) included patients with less than 4 hours 

from SOGP and second group (delayed group) included patients in 4 to 8 hours window 

from SOGP. Independent sample t-test was used to compare the composition of Thrombus 

including CitH3, vWF, RBC, WBC, Fibrin, Platelet, and Collagen between two Groups. 

Baseline Characteristics was also compared between early and delayed group using 

independent T-test for continuous variables and Chi-Square Test for categorical variables. 

The Pearson correlation was used to evaluate the association between time to recanalization 

and significantly different components between early and delayed groups.

We also employed artificial neural network (ANN) to evaluate the importance of thrombus 

components, SOGP, IV-tPA and thrombectomy technique with the number of passes 

required for successful recanalization. For the machine learning model, an exploratory 

two-layer multiplayer perceptron (MLP) artificial neural network (ANN) model with a 

back propagation algorithm was constructed. In the exploratory ANN model, data were 

randomly assigned to training sample (70%) and test sample (30%). Hyberbolic tangent 

activation function was used in the hidden layer and sigmoid activation function was 

selected for output layers. Each hidden layer had 50 units. Scaled conjugate gradient was 

used for optimization algorithm. The initial Lambda was 0.0000005, initial Sigma was 

0.00005 and the interval offset was ±0.5. We also employed batch mode as a type of 

training. Rescaling of covariates was performed with standardized mode. For constructing 

ANN we used continuous variables including contents H3Cit, vWF, RBC, fibrin and 

platelet for covariates and dummy-coded categorical variable including IV-tPA (Yes vs No), 
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thrombectomy techniques ( direct aspiration vs stent retriever vs combination) , SOGP (early 

group vs delayed group) for factors. Our outcome of interest (dependent variable) was the 

number of passes required to achieve successful recanalization which was also categorized 

into three groups (single pass, 2–3 passes and 4 or more passes).

A p-value less than 0.05 was considered statistically significant and all statistical analyses 

were undertaken using SPSS 23.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

Patient population

During the study period, 137 thrombi were retrieved from patients who underwent 

mechanical thrombectomy. Successful recanalization was achieved in 131 patients (95.6%). 

There was no statistically significant difference between two groups (early vs delayed SOGP 

groups) in terms of stroke etiology (P value: 0.06) and IV-tPA (P value: 0.62). Table 1 

summarizes baseline characteristics of patients.

Thrombus composition change over time

The overall average percentage of RBCs, WBCs, platelet, fibrin, H3Cit, and vWF 

components in thrombi were 45.83%, 3.58%, 22.23%, 28.27%, 19.97% and 16.23% 

respectively (Figure 1). As shown in Table 2, when stratifying by the SOGP time, WBCs, 

fibrin, H3Cit and vWF thrombus fractions were significantly higher in the delayed group 

(Figure 2&3). Additionally, RBC content was lower in the delayed group but it did not reach 

statistical significance. (Table 2).

Time to recanalization and thrombus composition

There was no correlation between time to recanalization and any of significantly different 

components (early vs delayed group) including WBC (P value: 0.43), Fibrin (P value: 0.88), 

H3Cit (P value: 0.53) and vWF (P value: 0.45).

DISCUSSION

In this study we demonstrated that delayed recanalization times were associated with 

increased fibrin, H3Cit and vWF content of the thrombus. These phenomena are likely due 

to coagulation activation within the thrombus over time, thereby increasing the fibrin:RBC 

ratio of the thrombus. Thrombus composition influences its mechanical behaviour and 

thus this finding may have implications for technical success with either stent-retriever or 

aspiration MT. Fibrin-rich thrombi are importantly less viscoelastic, as the organization of 

fibrin mesh alters thrombus mechanical properties which could make MT more difficult 

(16, 17). Meta-analysis of the Highly Effective Reperfusion Using Multiple Endovascular 

devices (HERMES) data shows that increased in both times from computed tomography 

to arterial access and door to arterial access are associated with lower odds of achieving 

mTICI 2b/3 following thrombectomy (OR 0.78, 95% CI 0.64–0.95)(10). The reasons for 

this were somewhat unclear. Our data suggest that cellular composition of the embolus 

continues to evolve over this time as fibrin mesh entraps red blood cells within the 
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thrombus. Neutrophil extracellular traps are additional important components of thrombi 

that increase with thrombus age and alter fibrin architecture (18, 19). A recent analysis of 

43 retrieved thrombi did not detect any significant difference in time from symptom onset 

to recanalization between erythrocyte-rich and fibrin-rich thrombi (20). However, procedure 

time was negatively correlated with erythrocyte infiltration and positively correlated with 

fibrin infiltration within the thrombus (20). Our study differs from this previously published 

study due to the fact that we were able to include a larger number of patients as well as the 

fact that we were able to use machine-learning algorithms for thrombus characterization.

Few studies have directly correlated post-thrombectomy angiographic outcomes with 

thrombus composition. The likelihood of successful recanalization has been shown to 

be higher with RBC-rich thrombi(3). In an in vitro study, the coefficient of friction 

of Thrombus samples in a bovine vessel were shown to be inversely correlated with 

increasing RBC content, with fibrin-rich thrombi (0% RBC in their study) having a threefold 

higher coefficient of friction than whole blood (RBC-rich) thrombus (21). Aspiration 

thrombectomy in particular relies on the ability to overcome friction force between proximal 

Thrombus and catheter tip and thus reducing fibrin fraction with improved recanalization 

times may improve technical success. However, the ability to extrapolate these findings in 
vivo to human patients is unclear. Further recent work by Weafer and colleagues using 

ovine blood thrombi has demonstrated that fibrin-rich thrombi have greater compressive 

Thrombus stiffness and a concomitant reduced maximum indentation depth (22). Increased 

thrombi stiffness has additionally been shown to decrease engagement with stent-retriever 

device struts, in vitro, and fibrin-rich thrombi are more adherent to the vessel wall (23). 

These findings have implications for first-pass success with stent-retriever thrombectomy, 

a technique that relies on Thrombus engagement with device struts and radial force 

generation.

Thrombus contraction is also another issue that may be associated with timing. It has been 

shown that thrombi undergo contraction driven by platelet-associated forces propagated by 

fibrin mesh network over time which could result in potentially reducing the occlusion 

and improving the blood flow past the thrombi. In contracted thrombus, erythrocytes are 

deformed and compacted into the tessellated arrays of polyhedral-like cells with fibrin 

and platelet on the surface of thrombus. Polyhedral structures help to prevent vascular 

obstruction but may result in resistance to thrombolysis (24). Thrombus contraction 

affects internal and external fibrinolysis. It has been shown that contraction doubles the 

rate of internal fibrinolysis but substantially impairs external fibrinolysis, likely affecting 

fibrinolytic recanalization rates (25). These observed differences suggest that the rate of 

thrombus lysis is controlled by the interplay between accessibility of fibrin mesh network 

to fibrinolytic molecules, including thrombus permeability, and spatial proximity of the 

fibrin strains that regulates the effects of the fibrinolytic enzymes. It is also noteworthy that 

thrombus contraction results in stiffer Thrombus and expulsion of serum from thrombus with 

consequent change in the content of pro and anti-fibrinolytic within the thrombus(26). In our 

study the older thrombi (more than 4 hours) were associated with higher amount of fibrin 

and CitH3 and vWF which could collectively indicate the contraction of thrombi over time 

and may also indirectly suggest that IV-tPA past four hours may not be able to dissolve or 

soften the thrombus.
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This study has limitations, including its single-center, retrospective. Thrombus may not 

always have been removed en bloc during thrombectomy, and device manipulation 

during the procedure may cause clot fragmentation and potential embolization, affecting 

the composition of retrieved clots. Additionally the composition of thrombus before 

embolization; diverse underlying stroke etiology and different extraction rates may have 

some effect on the final composition thrombus available for histological analysis.

CONCLUSIONS

Longer times to recanalization are associated with increased WBCs, fibrin, H3Cit and 

vWF fraction of retrieved thrombi following endovascular thrombectomy for acute ischemic 

stroke possibly due to in vivo thrombus maturation.
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Highlights

• Longer time to recanalization is associated with alteration in thrombus 

composition.

• Longer time to recanalization was associated with increased WBCs, fibrin, 

H3Cit and vWF in thrombus.

• Number of passes required for successful recanalization was influenced by 

fibrin and RBCs.
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Fig. 1. 
Scatter plot (with median and interquartile range) showing the comparison between SOGP 

less than 4 h (A, Early Group) and SOGP more than 4 h (B, Delayed Group) for each 

component of thrombus including H3Cit (A), vWF (B), RBCs (C), WBCs (D), Fibrin (E), 

Platelet (F) and Collagen (G). Independent sample t-test was used for comparison.
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Fig. 2. 
Representative case of thrombus retrieved from a patient in early SOGP group showing 

lower expression of H3Cit (A, red), vWF (B, pink) and fíbrin (C, Martius Scarlet Blue 

staining, red) compared to thrombi retrieved from a patient in delayed SOGP group 

depicting high expression of H3Cit (D, red) and vWF (E, pink) and high content of fíbrin (F, 

Martius Scarlet Blue staining, red).
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Fig. 3. 
Normalized importance of factors in predicting number of passes required for achieving 

successful recanalization. Two-layer multiplayer perceptron (MLP) artificial neural network 

(ANN) model with a back propagation algorithm was used to calculate Normalized 

importance of factors.
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Table 1.

baseline characteristics of patients’ cohort

Variable Early Group
(n=88)

Delayed Group
(n=49)

P value

Age (mean ±SD) 67.18(±14.17) 64.42(±10.7) 0.28

Male (n, %) 51 (58%) 25 (51%) 0.43

Hypertension (n, %) 39 (44%) 19 (38%) 0.52

Diabetes (n, %), 22 13 0.84

NIHSS Score, Median(IQR) 17(10.5–23) 17.5 (7.25–21.5) 0.39

Premedication with Anti-platelets (n, %) 52 (59%) 26 (53%) 0.49

Premedication with Anti-coagulant (n,%) 6 (%7) 4 (%8) 0.77

Occlusion Site (n, %)

ICA 16 (18%) 13(26%)

ICA Terminus 13 (15%) 7 (14%)

M1 42 (48%) 21 (43%)

M2 22 (25%) 13 (27%)

A1 4 (5%) 0 (0%)

Vertebral 1 (1%) 1(2%)

Basilar 4 (5%) 3(6%)

P1 3 (3%) 1 (2%) 0.36

IV-tPA (n, %)

Yes 42 (48%) 25 (51%)

No 46 (52%) 24 (49%) 0.62

Etiology (n, %)

Large Artery atherosclerosis (LAA) 46(52%) 18 (37%)

Cardioembolic 11(13%) 14 (29%)

Unknown 15 (17%) 5 (10%)

Other 16 (18%) 12 (24%) 0.06

Final TICI Score 2b-3 (n,%) 84 (95%) 47 (96%) 0.48

Number of passes required (Median) 2.09 (±1.67) 2.49 (±1.83) 0.24

Time to recanalization (minutes) 24.32(±14.83) 32.23 (±35.59) 0.18

Thrombectomy technique (n, %)

Aspiration 54 (61%) 35 (71%)

Stent retriever 8 (9%) 3 (6%)

Combination 26 (30%) 11 (22%) 0.49
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Table 2.

Association of SOGP time with Thrombus composition

Mean (± SD) P value

Red Blood Cells* (%) Early group 48.52 ± 23.13 0.09

Delayed group 41.02 ± 22.04

White Blood Cells* (%) Early group 3.21 ± 2.02 0.02

Delayed group 4.25 ± 2.5

Fibrin* (%) Early group 25.62 ± 13.90 0.02

Delayed group 33.03 ± 18.09

Platelets* (%) Early group 22.55 ± 20.76 0.81

Delayed group 21.68 ± 15.76

Collagen* (%) Early group 0.07 ± 0.45 0.2

Delayed group 0.006 ± 0.03

H3Cit* (%) Early group 16.31 ± 19.88 0.03

Delayed group 26.57 ± 25.9

vWF* (%) Early group 13.94 ± 13.48 0.04

Delayed group 20.36 ± 20.61

*
Percentage is calculated over sectioned total thrombus area.
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