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A B S T R A C T   

Thrombus perviousness is strongly associated with functional outcome and intravenous alteplase treatment success in patients with acute ischemic stroke. Accuracy 
of thrombus attenuation increase (TAI) assessment may be compromised by a heterogeneous thrombus composition and interobserver variations of currently used 
manual measurements. We hypothesized that TAI is more strongly associated with clinical outcomes when evaluated on the entire thrombus. 

In 195 patients, five TAI measures were performed: one manual by placing three regions of interest (TAImanual) and four automated ones assessing densities from 
the entire thrombus. The automated TAI measures were calculated by comparing quartiles; Q1, Q2, and Q3 of the non-contrast and contrast enhanced thrombus 
density distribution and using the lag of the maximum of the cross correlations (MCC). Associations with functional outcome (mRS at 90 days) were assessed with 
univariate and multivariable analyses. 

All entire TAI measures were significantly associated with functional outcome with odd ratios (OR) of 1.63(95 %CI:1.19–2.25, p = 0.003) for Q1, 1.56(95 % 
CI:1.16–2.10, p = 0.003) for Q2, 1.24(95 %CI:1.00–1.54, p = 0.045) for Q3, and 1.70(95 %CI:1.24–2.34, p = 0.001) for MCC per 10 HU increase in univariate 
models. TAImanual was not significantly associated with functional outcome (p = 0.055). In the multivariable logistic regression models including age, NIHSS, and 
recanalization, only TAI measures derived from the entire thrombus were independently associated with favorable outcome; OR of 1.64(95 %CI:1.01–2.66, p =
0.048) for Q2 and 1.82(1.13–2.95, p = 0.014) for MCC per 10 HU increase of thrombus attenuation. 

The novel perviousness measures of the entire thrombus are more strongly associated with functional outcome than the traditional manual perviousness 
assessments.   

1. Introduction 

Thrombus perviousness derived from admission imaging is strongly 
associated with outcome of acute ischemic stroke treatment (Ahn et al., 
2015; Borst et al., 2017; Dutra et al., 2019; Frölich et al., 2012; Kap
pelhof et al., 2021; Santos et al., 2016b, 2016a). The thrombus 

perviousness is a qualitative description related to thrombus perme
ability which is a physical property of thrombi describing the extent of 
residual flow that can go through the interconnected fibrin filaments, 
trapped red blood cells, platelets, and other blood constituents (Arrarte 
Terreros et al., 2020; Bembenek et al., 2017). Thrombus perviousness is 
determined by the estimation of the level of contrast penetration in a 
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thrombus on radiological imaging (Ahn et al., 2015; Dutra et al., 2019; 
Kappelhof et al., 2021; Labiche et al., 2003; Santos et al., 2016b, 2016a). 
In a number of studies, the association of manually determined 
thrombus attenuation increase (TAI), as assessed on Computer Tomog
raphy Angiography (CTA) and non-contrast Computer Tomography 
(NCCT), with functional outcome and recanalization success has been 
shown (Menon et al., 2018; Dutra et al., 2019; Kappelhof et al., 2021; 
Santos et al., 2016b, 2016a; Santos et al., 2018). 

The mechanical behavior of thrombi determines the interaction of 
the thrombectomy device with the thrombus, and therefore, affects 
endovascular treatment success (Gunning et al., 2018; Mokin et al., 
2020). Thrombus perviousness is a measure of a physical property of the 
thrombus (permeability) and therefore, is related to the biomechanical 
properties of the thrombus. Previous research has shown that thrombus 
perviousness is related to thrombus histology (Benson et al., 2020; 
Berndt et al., 2018; Patel et al., 2021), and that histology is related to the 
mechanical behavior of thrombi such as fracture, stiffness, or contrac
tion (Fereidoonnezhad et al., 2020; Gunning et al., 2018; Johnson et al., 
2020, 2017; Tutwiler et al., 2017). Some studies have shown that higher 
perviousness is associated with lower RBC content and higher fibrin 
density (Berndt et al., 2018; Patel et al., 2021); whereas other studies 
have found the opposite relation: higher perviousness is related to 
higher RBC content and lower fibrin density (Benson et al., 2020). 
Higher fibrin content has been associated to fracture toughness (Fer
eidoonnezhad et al., 2020), stiffness (Johnson et al., 2020) and higher 
friction coefficient (Gunning et al., 2018; Johnson et al., 2017). Platelet 
content has previously been related to clot contraction (Johnson et al., 
2020; Tutwiler et al., 2017). However, to our knowledge, no study 
directly relates thrombus perviousness to mechanical behavior of 
thrombi. 

Thrombus perviousness, together with additional thrombus charac
teristics, was found to be associated with stroke etiology in three recent 
studies (Boodt et al., 2020; Kufner et al., 2020; Zhang et al., 2020). One 
study observed higher perviousness values in cardioembolic stroke 
(Kufner et al., 2020), whereas another reported more 4D-CTA-assessed 
antegrade flow in large artery atherosclerosis-caused strokes (Zhang 
et al., 2020). 

The combination of the heterogeneous composition of thrombi and 
the manual techniques used to assess thrombus attenuation may have 
compromised the accuracy of thrombus perviousness assessment (Santos 
et al., 2016c). In this study, we employ an automated method to segment 
the entire thrombus and retrieve the attenuation of all voxels from CTA 
and NCCT images, which may overcome these problems (Santos et al., 
2014, 2016d). We hypothesized that by using this novel approach, TAI 
can be assessed more accurately on entire thrombus segmentations and 
therefore may be stronger associated with favorable functional outcome, 
recanalization, and final infarct volume. 

2. Methods & materials 

2.1. Patient selection 

We retrospectively collected patients from the Multicenter Ran
domized Clinical trial of Endovascular treatment of acute ischemic 
stroke in the Netherlands (MR CLEAN) database in which patients were 
randomly assigned to either best medical treatment alone, including 
intravenous alteplase if eligible (Control group), or additional intra- 
arterial treatment (IAT group) (Berkhemer et al., 2015). For inclusion 
of the patients an occlusion of the anterior large vessel had to be proven 
on computed tomography (CT_ angiography (CTA), magnetic resonance 
angiography, or digital-subtraction angiography. The imaging protocols 
were left to the judgement of the treating teams. Only patients with a 
proximal intracranial occlusion for whom good quality thin-slice (≤2.5 
mm) baseline NCCT and CTA on the same scanner available were 
included (n = 227). Exclusion criteria for this study were: excessive 
noise (n = 8), presence of motion artefacts (n = 21), and incomplete 

region of interest (n = 3), such that 195 patients were included in this 
study. The MR CLEAN study protocol was approved by the Medical and 
Ethical Review Committee (Medisch Ethische Toetsings Commissie of 
the Erasmus MC, Rotterdam, The Netherlands) and the research boards 
of all participating centers. All patient records and images were ano
nymized prior to analysis. All patients or legal representatives signed 
informed consent. 

2.2. Thrombus attenuation increase assessments 

As thrombus perviousness is a qualitative measure, rather than a 
physically defined characteristic (WikipediA, 2021). The thrombus 
perviousness can be considered a derivative of the thrombus perme
ability. Thrombus perviousness describes to what extent the contrast 
material, which is administered during CTA acquisition, penetrates the 
thrombus. Because for the estimation of thrombus permeability a pres
sure drop along a thrombus is required, this cannot be determined using 
straightforward radiological imaging (Arrarte Terreros et al., 2020). In 
this study we assess the thrombus perviousness with measurement of the 
thrombus attenuation increase (TAI), which is difference in average 
thrombus attenuation as measured on CTA and measured on NCCT. 

CTA and the NCCT were spatially co-registered with Elastix (Klein 
et al., 2010), using a rigid transformation. If the automated registration 
was suboptimal, a correction was performed manually (by ES) using 
Mevislab (Heckel et al., n.d.). Using the co-registered images, TAI 
measurements were performed with manual and automated assess
ments. The manual measurement method was performed using 3 regions 
of interest, whereas the automated method included attenuation values 
from the entire thrombus (Santos et al., 2016c). 

2.3. Manual thrombus attenuation measurement 

The manual measurements were performed on NCCT and co- 
registered CTA by a trained observer (MdB, with 1 year of experience) 
as previously described (Dutra et al., 2019; Kappelhof et al., 2021; 
Santos et al., 2016b, 2016a). Using an in-home developed Mevislab 
(Heckel et al., n.d.) interface in which NCCT and the arterial phase CTA 
were displayed simultaneously, 3 spherical regions of interests (ROI) 
with a 1 mm radius were positioned in the proximal, middle and distal 
part, but away from the boundaries of the thrombus. The ROIs were 
automatically projected on the other CT images. The mean thrombus 
attenuation on CTA and NCCT were calculated by averaging the HU of 
the three ROIs. The observer only had access to baseline NCCT and CTA 
images and was blinded from measured density and all clinical 
information. 

2.4. Automated entire thrombus attenuation measurement 

The entire thrombus was segmented using an adapted semi- 
automated method (Santos et al., 2014, 2016c). First, the radius along 
the contralateral vessel was estimated in the co-registered CTA images 
using an automated vessel segmentation technique with a combination 
of minimum cost path and graph-cuts. Second, a manual centerline was 
obtained by interpolating a polynomial curve through manually placed 
control points in the thrombus using an in home developed Mevislab 
interface (JB, with four years of experience). Third, a tubular mask was 
generated around the centerline of the thrombus with the radius of the 
contralateral arterial segment. Thereafter, within this tube an auto
matically tuned intensity-based region growing was performed. Subse
quently, the resulting thrombus segmentation was smoothed using the 
mathematical morphological opening operation. Because the images 
were co-registered, the CTA-based thrombus mask was automatically 
projected on NCCT. An example patient with both manual annotations 
and automated segmentation is presented in Fig. 1. 
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2.5. Thrombus attenuation increase measures 

Five TAI measures were derived from the manual measurement and 
automated segmentation: TAIManual, TAIQ1, TAIQ2, TAIQ3 and TAIMCC 
(Fig. 2). TAIManual was obtained by subtracting the mean of the three 
manual ROIs thrombus attenuation measures on NCCT from the mean 
attenuation from the three ROIs on the CTA. The attenuation distribu
tions of the entire thrombus on NCCT and CTA were represented with 
quartiles (Fig. 2). TAIQ1, TAIQ2 and TAIQ3 were obtained by subtracting 
the first, second, and third quartile of the entire thrombus attenuation 
distribution on NCCT from the value for CTA. The lag (in HU) of the 
maximum of the cross-correlation (MCC) between attenuation distri
butions was calculated using Matlab (Fig. 2). TAIMCC was obtained from 
the shift between the CTA and NCCT attenuation distribution. 

2.6. Outcome measures 

The primary outcome, favorable functional outcome, was defined as 
a score of 2 or less on the modified Rankin Scale (mRS) at 90 days. The 
mRS is a scale to describe the degree of disability or dependence in a 
patient’s daily activities. It ranges from 0 (no symptoms) to 6 (dead). 
The score of 2 or less is commonly used to describe functional inde
pendence and is commonly name “favorable functional outcome”. Sec
ondary outcomes were recanalization, or reopening of the occluded 
intracranial artery, as expressed with the modified arterial occlusive 
lesion score (mAOL) on follow-up CTA with mAOL of 3 representing 
good recanalization and final infarct volume (FIV), determined in an 
automated fashion (Boers et al., 2013). 

2.7. Statistical analysis 

The distribution of the five TAI measures, baseline and outcome 
clinical variables are presented using mean and standard deviation (SD) 
if normally distributed or with median and interquartile range (IQR) 
otherwise. Normality of the distributions was assessed using the 
Shapiro-Wilk test. Categorical and ordinal data were presented using 
count and proportions. TAI outliers were eliminated using the Tukey 
outlier filter method (Hoaglin et al., 1986). Differences between the five 
TAI distributions were assessed using pairwise comparisons (the Student 
test or the Wilcoxon signed-rank test). The associations of the 5 TAI 
measures with categorical outcomes were assessed by performing uni
variate regressions analysis and the calculation of the area under the 
receiver operating characteristic curve (AUC). Odds ratios (OR) with 
95% confidence intervals (95 %CI) for primary and secondary outcome 
were calculated per 10 HU increase. Significances of differences be
tween the various TAI measures were assessed using the paired Wil
coxon t-test for both with primary and secondary outcome groups. 

Multivariable logistic regression analysis with all baseline charac
teristics associated with the primary outcome was performed to deter
mine adjusted ORs. Associations of baseline variables with primary and 
secondary outcomes were evaluated using univariate logistic regression 
to select variables to be included in the multivariable models. 

Baseline clinical variables significantly associated with an outcome 
measure were associated to TAIs using one-way Kruskal–Wallis ANOVA 
for ordinal variables. The Spearman’s correlation coefficient was 
calculated for non-normal distributed variables, or the Pearson’s cor
relation coefficient for normally distributed variables. The Wilcoxon 

Fig. 1. Example of a co-registered CTA (panel A and C) and NCCT (panel B and D) images of a patient suffering from a right middle cerebral artery occlusion. The red 
overlay (panel A and B) represents the manually measured density using the three spherical regions of interest. The orange overlay (panel C and D) represents the 
result of the automated thrombus segmentation on CTA. 
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signed-rank test was used for dichotomized data. Baseline clinical var
iables with significant association with functional outcome measures 
were included in subsequent multivariable logistic regression models. 
Optimal model selection was performed by comparison of the Akaike 
information criterion (AIC) and Bayesian information criterion (BIC). 

Associations of the five TAI measures with FIV were studied using 
univariate linear regressions. To measure the degree of linear depen
dence of the TAI measure with FIV, the Pearson’s coefficient was 
calculated for normally distributed variables, and the Spearman’s cor
relation coefficient otherwise. The linear regression models were 
compared using AIC and BIC. 

Significance level was set to p-value of 0.05. All analyses were per
formed using IBM SPSS Statistics software, version 21.0 (IBM Corpora
tion, Armonk, NY, USA). 

3. Results 

The average age of our study group was 65 (±12) years, 62% (118) of 
the patients were male and the median admission National Institutes of 
Health Stroke Scale (NHISS) was 18(±6). The majority (53%) of the 
patients had an unfavorable functional outcome. All baseline and 
outcome characteristics, their descriptive analysis, and their associa
tions with TAI and favorable outcome are presented in Supplemental 
Table 1. In summary, patients with favorable functional outcome were 
younger, had lower NIHSS. Patients who were successfully treated and 
treated with endovascular treatment had better functional outcome. The 
associations with recanalization, separated per treatment group, is 
presented in the Supplemental Table 2. 

Twenty (11%) patients required additional manual correction of the 
image registration and using Tukey’s method, 6 patients were outliers. 
Median TAIs were 11 (IQR: 1–23) HU, 7(IQR: 0–11) HU, 7 (2–14) HU, 9 
(3–18) HU, and 8(IQR: 1–12) HU respectively for the Manual, the Q1, 

Fig. 2. Example graph of a thrombus attenuation histogram of on CTA and on NCCT image, its 1st, 2nd, 3rd quartiles, MCC. HU indicates Hounsfield Unit; CTA, 
computed tomography angiography; NCCT, non-contrast computed tomography; TAI, thrombus attenuation increase; Q1, 1st Quartile; Q2, 2nd Quartile; and Q3, 3rd 
Quartile; and MCC, Maximum lag of the Cross Correlation of the entire thrombus density distribution. 
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the Q2, the Q3 and the MCC lag measure. 

3.1. Primary outcome: Functional outcome 

All TAI measures were significantly different between patients with 
favorable and unfavorable functional outcome. The distributions of the 
measured TAI per outcomes and per treatment group are shown in 
Fig. 3. In the univariate models, the ORs (95% CI, p) for a favorable 
outcome per 10HU increase in TAIs were 1.63(95 %CI:1.19–2.25, p =
0.003) for Q1, 1.56(95 %CI:1.16–2.10, p = 0.003) for Q2, 1.24(95 % 
CI:1.00–1.54, p = 0.045) for Q3 and 1.70(95 %CI:1.24–2.34, p = 0.001) 
for MCC. The association between TAImanual and favorable outcome was 
not statistically significant with an OR of 1.15(95 %CI: 1.00–1.32, p =
0.055). The AUCs of the ROC curves were 0.60, 0.61, 0.62, 0.60 and 0.64 
respectively for the TAIManual, TAIQ1, TAIQ2, TAIQ3 and TAIMCC. The 
AIC and BIC were both lowest for the mode including TAI derived from 
the MCC (Table 1). 

3.2. Secondary outcome: recanalization status and final infarct volume 

One hundred and forty-eight patients had recanalization status 
available. Amongst the 93 patients in the control group all the entire 

thrombus TAI measures were significantly different between patients 
with and without complete recanalization. However, the manual TAI 
measure was not (p = 0.083). In the univariate models, the ORs (95% CI, 
p) for a complete recanalization per 10HU increase in TAIs ranged from 
1.39 (95 %CI: 1.00–1.92, p = 0.047) for Q3 to 1.78 (95 %CI: 1.12–2.82, 
p = 0.015) for Q2. There was no significant association (p = 0.055) 
between TAIManual and complete recanalization. The AUCs of the ROC 
curves ranged from 0.61 to 0.65 respectively for TAIManual and TAIQ2, 
TAIQ3 and TAIMCC. AIC and BIC were both lowest for TAI for the model 
including the MCC derived measure. In the IAT group none of the TAI 
measures were significantly different per recanalization status (Table 1). 
All TAI measures were significantly associated with FIV with Spear
man’s correlation coefficients ranging from − 0.21 (p = 0.01) for Q1 to 
− 0.31(p < 0.001) for Q3 (Table 2). 

3.3. Multivariable analysis 

Amongst clinical variables, only age and baseline NIHSS were 
significantly associated with favorable outcome (p = 0.003, and p =
0.002 respectively). Only baseline NIHSS was significantly correlated 
with TAIQ1 (Table 2). NIHSS, age and corresponding interaction terms 
were added in all models. In the multivariable models, TAIQ1, TAIQ2 and 

Table 1 
Association of TAI measures to with outcomes using logistic regression analysis receiver operating curve analysis, linear regression and Akaike and Bayesian infor
mation criterion.  

Functional Outcome (n ¼ 189)   

Favorable Unfavorable MW Univariate analysis ROC analysis Information criteria  

Median (IQR) Median (IQR) P OR (95 %CI) p AUC (95 %CI) AIC BIC 

TAIobs 11(1–23) 15(5–29) 8(0–19) 0.023* 1.15(1.00–1.32) 0.055 0.60(0.51–0.68) 237.5 244 
TAIQ1 7(0–11) 8(3–14) 6(0–10) 0.011* 1.63(1.19–2.25) 0.003* 0.61(0.53–0.69) 230.4 236.9 
TAIQ2 7(2–14) 10(4–17) 6(1–10) 0.005* 1.56(1.16–2.10) 0.003* 0.62(0.54–0.70) 235.9 242.4 
TAIQ3 9(3–18) 11(5–20) 7(2–17) 0.023* 1.24(1.00–1.54) 0.045* 0.60(0.51–0.68) 238.5 245 
MCC 8(1–12) 9(4–16) 5(1–11) 0.001* 1.70(1.24–2.34) 0.001* 0.64(0.56–0.72) 103.9 110.4 
Recanalization (n ¼ 148) 
Control   

Complete No or incomplete MW Univariate analysis ROC analysis Information criteria  
Median (IQR) Median (IQR) P OR (95 %CI) p AUC (95 %CI) AIC BIC 

TAIobs 12(4–27) 19.4(6.1–32.9) 11.2(-0.9–18.4) 0.083 1.20(0.98–1.47) 0.081 0.61(0.49–0.73) 114.2 119.3 
TAIQ1 7(0–11) 8.4(4.8–13.9) 4(-0.1–9.3) 0.026* 1.73(1.08–2.76) 0.023* 0.64(0.52–0.75) 111.8 116.9 
TAIQ2 7(2–14) 9.7(6.2–15.4) 6.2(0.3–12.9) 0.019* 1.78(1.12–2.82) 0.015* 0.65(0.53–0.76) 115.7 120.8 
TAIQ3 9(3–18) 12.2(6.8–20.6) 6.3(0.8–15.9) 0.017* 1.39(1.00–1.92) 0.047* 0.65(0.54–0.76) 116.9 122 
MCC 7(2–13) 10.0(6.0–13.5) 5.0(0–11.0) 0.018* 1.67(1.05–2.65) 0.029* 0.65(0.53–0.76) 70.2 75.2 
Intra-arterial treatment  

IAT Complete No or incomplete MW Univariate analysis ROC analysis Information criteria  
Median (IQR) Median (IQR) P OR (95 %CI) p AUC (95 %CI) AIC BIC 

TAIobs 15(2–24) 17(3–30) 9(0–18) 0.17 1.40(0.92–2.13) 0.12 0.63(0.47–0.79) 55.7 59.7 
TAIQ1 7(3–13) 7(3–13) 6(2–14) 0.74 1.14(0.52–2.51) 0.75 0.53(0.33–0.73) 58.8 62.8 
TAIQ2 8(2–15) 8(2–14) 11(2–17) 0.58 0.92(0.48–1.76) 0.80 0.45(0.25–0.64) 61.6 65.7 
TAIQ3 9(3–20) 8(3–19) 16(5–27) 0.33 0.81(0.50–1.30) 0.37 0.41(0.21–0.60) 59.5 63.6 
MCC 8(1–14) 8(1–12) 13(1–16) 0.43 0.82(0.42–1.57) 0.54 0.42(0.22–0.63) 52.2 56.2  

Table 2 
Association of TAI measures with continuous baseline and final infarct volume using linear regression, Pearson and Spearman correlation coefficients, and Akaike and 
Bayesian information criterion   

Pearson (p) Spearman (p) AIC BIC  

Baseline variables Follow-up variable 

TAI Age NIHSS FIV 

Manual − 0.11(0.13) − 0.12(0.09) ¡0.27 (0.001)*  1337.4  1343.3 
Q1 0.04(0.57) ¡0.15(0.04)* ¡0.21 (0.01)*  1339.9  1345.9 
Q2 0.01(0.84) − 0.14(0.05) ¡0.30 (<0.001)*  1335.7  1341.7 
Q3 − 0.02(0.82) − 0.13(0.08) ¡0.31 (<0.001)*  1337.1  1343.0 
MCC − 0.02(0.80) − 0.13(0.08) ¡0.28 (0.001)*  1336.6  1342.5 

TAI indicates thrombus attenuation increase; FIV, final infract volume; NHISS, National institutes of health stroke scale; CI, confidence interval; Q1, 1st Quartile; Q2, 
2nd Quartile; and Q3, 3rd Quartile of the entire thrombus density distribution; MCC, Maximum lag of the Cross Correlation of the entire thrombus density distribution; 
AIC, Akaike information criterion; BIC, Bayesian information criterion; p, significance value; 
*, p is significant at the 0.05 level. 
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TAIMCC were independently associated with favorable functional 
outcome. AIC and BIC were the lowest for TAIMCC (Table 3). 

4. Discussion 

This study shows that, compared to TAI derived from manually 
selected regions, novel TAI measures derived from full thrombus seg
mentation are more strongly associated with functional outcome, as well 
as with follow-up recanalization in patients receiving best medical 
treatment with intravenous alteplase if eligible. The TAI MCC lags and 
Q2 values derived from entire thrombus segmentations were the only 
independent predictors of final outcome in the multivariate models 
including NIHSS, age and recanalization status. For the secondary 
outcome measure FIV, all TAI measures were associated, with little 

difference in effect size. 
The lowest AIC and BIC and highest association with favorable 

outcome and recanalization was found for the cross correlation of CTA 
and NCCT densities distributions derived over the entire thrombus. 
Thrombi are heterogeneous(Singh et al., 2013) and have shown to have 
very variable CT attenuation distributions (Santos et al., 2016c). In our 
study, we have used single values to describe the TAI distribution values, 
such as quartiles or mean, for the entire thrombus. This is an over
simplification of the distribution complexity and may thereby have 
reduced its predictive value. This may explain the better performance of 
the cross-correlation feature. 

In a previous study, the manual TAI measure was significantly 
associated with functional outcome (Santos et al., 2016b). However, in 
the current study, the association of the continuous manual TAI measure 
with functional outcome was not statistically significant. The previous 
study on the MRCLEAN database used dichotomized perviousness, in 
which the threshold was optimized to maximize sensitivity and speci
ficity, reflected in the stronger association with functional outcome. 

It was previously shown that observers tend to measure the attenu
ation at denser parts of thrombi on NCCT (Santos et al., 2016c). In our 
study, manual TAI values were overall higher than TAI values derived 
from entire thrombi. This implies that high-density thrombus parts on 
NCCT also showed a higher increase in attenuation on CTA, which may 
suggest that high-density thrombi are more pervious. This is in line with 
previous studies showing that high-density thrombi are more responsive 
to IV-rtPA and showing that IV-rtPA is more successful in pervious 
thrombi (Bilgic et al., 2020; Dutra et al., 2019; Kappelhof et al., 2021; 
Niesten et al., 2014; Santos et al., 2016a). The higher manual TAI value 
might also arise from partial volume effect. Since the edges of the 
thrombus are included in the entire TAI measurements, it is expected 
that the automated TAI values are somewhat lower, in particularly for 
small thrombi. However, this effect has been previously evaluated on 
≤2.5 mm slice data and neither the volume of the thrombus nor the slice 
thickness reconstruction of the NCCT images were associated with the 
measured median thrombus density values (Santos et al., 2016e). 

This study has limitations. We chose to use continuous TAI for 

Fig. 3. Boxplot of the 5 TAI measures for favorable and unfavorable outcome and for recanalization for the Control group and the Intra-arterial treatment group 
(complete recanalization (mAOL=3) or incomplete or partial recanalization (mAOL<3)). HU indicates Hounsfield Unit; mRS, modified Rankin Scale; mAOL, 
modified arterial occlusive lesion score; Q1, 1st Quartile; Q2, 2nd Quartile; and Q3, 3rd Quartile; MCC, Maximum of the Cross Correlation. 

Table 3 
Association of TAI measures with favorable functional outcome (mRS ≤ 2) using 
multivariable logistic regression analysis, Akaike and Bayesian information 
criterion  

TAI aOR(95 %CI,p) AIC BIC 

Manual 1.10(0.94–1.28),0.22  235.6  248.5 
Q1ⱡ 1.65(1.15–2.38),0.01*  229.0  242.0 
Q2 1.55(1.11–2.16),0.01*  229.8  242.8 
Q3 1.21(0.96–1.54),0.11  234.5  247.5 
MCC 1.73(1.22–2.47),0.002*  226.7  239.7 

TAI indicates thrombus attenuation increase; aOR, adjusted odds ratio; CI, 
confidence interval; Q1, 1st Quartile; Q2, 2nd Quartile; and Q3, 3rd Quartile of 
the entire thrombus density distribution; MCC, Maximum lag of the Cross Cor
relation of the entire thrombus density distribution; NIHSS, National institutes of 
health stroke scale; AIC, Akaike information criterion; BIC, Bayesian information 
criterion; p, significance value; mRS, modified Rankin Scale. mRS score: 0, no 
symptoms at all; 1, no significant disability despite symptoms; 2, slight 
disability; 3, moderate disability; 4, moderately severe disability; 5, severe 
disability; 6, dead. 
*, p is significant at the 0.05 level. ⱡ Model include an interaction term 
Q1*NIHSS. 
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assessment of associations with outcome and have not applied a 
threshold value to dichotomize thrombi as pervious or impervious as in 
previous studies (Berndt et al., 2018; Santos et al., 2016b, 2016a). Direct 
comparison of associations of continuous versus dichotomized TAI is not 
straight-forward because optimal threshold value differs with imaging 
protocol and patient cohort (Berndt et al., 2018; Kappelhof et al., 2021; 
Mokin et al., 2020; Santos et al., 2016b, 2016a). This might explain that, 
in contrary to the Dutch Acute Stroke Study (DUST) population study, 
we did not find a significant association between manual assessments of 
TAI with complete recanalization in our Control group (Santos et al., 
2016a). However, the association with recanalization was significant for 
all entire-thrombus TAI measures. 

A third study reported no clear association between TAI and stroke 
subtype (Boodt et al., 2020). 

Possible mechanisms and characteristics responsible for the contrast 
penetrating a thrombus (e.g. permeability, local pressure, composition, 
retraction, length, and location) and their clinical impact (e.g. admission 
deficit, IV-rtPA efficacy, functional outcome, and antegrade flow) in 
patients with an acute ischemic stroke still need further investigation. 
Our results suggest that the study of these mechanisms would be 
improved when considering entire thrombus imaging characteristics. 
Entire thrombus delineations by an observer is tedious. A few computer 
assisted methods ranging from simple (Ahn and Kim, 2012; Nam et al., 
2012) to more advanced (Santos et al., 2014) have been proposed to 
support that task. With the growing interest in the use of reliable bio
markers for prediction of acute ischemic stroke treatment outcome, it is 
clear that segmentation tools - such as the one presented in this study – 
will be valuable, in particular to the use of thrombus characteristics in 
acute stroke management (Menon et al., 2018; Dutra et al., 2019; 
Niesten et al., 2013; Riedel et al., 2011; Shobha et al., 2013). 

5. Conclusion 

Thrombus perviousness measures from entire thrombus segmenta
tion have a significantly stronger association with functional outcome 
and recanalization after intravenous alteplase compared to current 
manual assessments using regions of interests. The lag of the cross cor
relation of the entire thrombus intensity distributions on CTA and NCCT 
was the strongest associated with both functional outcome and recan
alization after intravenous alteplase. Tools for entire thrombus seg
mentation may support further development of the use of these 
measures in stroke research and clinical practice. 

6. Sources of funding 

This study has been funded by the Technology Foundation STW 
under Grant 11632, http://www.carisma-airspace.nl, ITEA2 project 
MEDUSA under grant number 10004, https://itea3. 
org/project/medusa.html, and the European Union Horizon 2020 
research and innovation program under grant number 777072, 
https://www.insist-h2020.eu/. 

The MR CLEAN trial was funded by the Dutch Heart Foundation and 
through unrestricted grants from AngioCare BV, Covidien/EV3®, 
MEDAC Gmbh/LAMEPRO and Penumbra Inc. 

The MR CLEAN Investigators 

Executive committee 

Diederik W.J. Dippel1; Aad van der Lugt2; Charles B.L.M. Majoie3; 
Yvo B.W.E.M. Roos4; Robert J. van Oostenbrugge5; Wim H. van Zwam6; 
Olvert A. Berkhemer1,3; Puck S.S. Fransen1,2; Debbie Beumer1,5; Lucie A. 
van den Berg4 

Local principal investigators 

Wouter J. Schonewille7; Jan Albert Vos8; Charles B.L.M. Majoie3; 

Yvo B.W.E.M. Roos4; Paul J. Nederkoorn4; Marieke J.H. Wermer9; 
Marianne A.A. van Walderveen10; Robert J. van Oostenbrugge5; Wim H. 
van Zwam6; Julie Staals5; Jeannette Hofmeijer11; Jacques A. van Oos
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Glossary 

AIC: Akaike Information Criterion; estimator of prediction error and thereby relative 
quality of statistical models. 

AUC: The area under the receiver operating characteristic curve 
BIC: Bayesian Information Criterion; estimator of prediction error and thereby relative 

quality of statistical models. 
CTA: Computed Tomography Angiography 
FIV: Final Infarct Volume; the volume of dead brain tissue after acute ischemic stroke. 
HU: Hounsfield Unit; Scale for describing radiodensity in CT imaging. 
IAT: Intra-Arterial Treatment 
IV-rtPA: Intravenously administrated recombinant tissue plasminogen activator. Standard 

of care for treatment of acute ischemic stroke between 1999 and 2015. 
IQR: Interquartile Range 
mAOL: Modified Arterial Occlusion Lesion score; a measure of the degree of the opening of 

an occluded artery after treatment for stroke. 
mRS: modified Rankin Scale; a measure for functional outcome in patients with neuro

logical deficits. The mRS ranges from 0 (no symptoms) to 6 (dead). 
MCC: Maximum of cross correlation; used to align density distributions of the thrombi in 

CT images. 
mAOL: modified Arterial Occlusive Lesion score; a score to assess the recanalization of the 

occluded artery in an acute ischemic stroke patient. This measure is commonly per
formed in follow-up CTA. 

MR CLEAN: Multicenter Randomized Clinical trial of Endovascular treatment of acute 
ischemic stroke in the Netherlands, a Dutch trial studying the beneficial effects of 
endovascular treatment of endovascular treatment in patients suffering from acute 
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ischemic stroke. 
NCCT: Non-contrast Computed Tomography. 
NHISS: National Institutes of Health Stroke Scale; Measure to describe the degree 

impairment caused by a stroke. 
OR: Odds Ratio; ratio of the odds of an event occurring in one group to the odds of it 

occurring in another group. 

ROI: Region of Interest 
SD: Standard Deviation 
TAI: Thrombus attenuation increase. Measure of thrombus perviousness as assessed on the 

combination of non-contrast CT and CTA. This measure assesses the thrombus 
permeability with a quantitative measure. 
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