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BACKGROUND AND PURPOSE: Thrombus perviousness estimates residual flow along a thrombus in acute ischemic stroke, based 
on radiological images, and may influence the benefit of endovascular treatment for acute ischemic stroke. We aimed to 
investigate potential endovascular treatment (EVT) effect modification by thrombus perviousness.

METHODS: We included 443 patients with thin-slice imaging available, out of 1766 patients from the pooled HERMES 
(Highly Effective Reperfusion Evaluated in Multiple Endovascular Stroke trials) data set of 7 randomized trials on EVT in 
the early window (most within 8 hours). Control arm patients (n=233) received intravenous alteplase if eligible (212/233; 
91%). Intervention arm patients (n=210) received additional EVT (prior alteplase in 178/210; 85%). Perviousness was 
quantified by thrombus attenuation increase on admission computed tomography angiography compared with noncontrast 
computed tomography. Multivariable regression analyses were performed including multiplicative interaction terms between 
thrombus attenuation increase and treatment allocation. In case of significant interaction, subgroup analyses by treatment 
arm were performed. Our primary outcome was 90-day functional outcome (modified Rankin Scale score), resulting in an 
adjusted common odds ratio for a one-step shift towards improved outcome. Secondary outcomes were mortality, successful 
reperfusion (extended Thrombolysis in Cerebral Infarction score, 2B–3), and follow-up infarct volume (in mL).

RESULTS: Increased perviousness was associated with improved functional outcome. After adding a multiplicative term of 
thrombus attenuation increase and treatment allocation, model fit improved significantly (P=0.03), indicating interaction 
between perviousness and EVT benefit. Control arm patients showed significantly better outcomes with increased 
perviousness (adjusted common odds ratio, 1.2 [95% CI, 1.1–1.3]). In the EVT arm, no significant association was found 
(adjusted common odds ratio, 1.0 [95% CI, 0.9–1.1]), and perviousness was not significantly associated with successful 
reperfusion. Follow-up infarct volume (12% [95% CI, 7.0–17] per 5 Hounsfield units) and chance of mortality (adjusted 
odds ratio, 0.83 [95% CI, 0.70–0.97]) decreased with higher thrombus attenuation increase in the overall population, without 
significant treatment interaction.

CONCLUSIONS: Our study suggests that the benefit of best medical care including alteplase, compared with additional EVT, 
increases in patients with more pervious thrombi.

GRAPHIC ABSTRACT: An online graphic abstract is available for this article.
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In acute ischemic stroke, thrombi are often assumed 
to completely occlude vessels, blocking all flow like 
a cork on a bottle of wine. However, some thrombi 

are permeable, allowing for residual flow into and 
through them.1–3 Thrombus perviousness estimates 
residual flow through thrombi based on routine 
noncontrast CT (NCCT) and single-phase CT angi-
ography (CTA).4,5 Perviousness was associated with 
improved outcomes and recanalization rates after 
intravenous alteplase.4 For endovascular treatment 
(EVT) however, reported effects of perviousness vary 
considerably.6,7

The current standard treatment of acute ischemic 
stroke due to anterior circulation large vessel occlu-
sions consists of alteplase if patients are eligible, fol-
lowed by EVT.8,9 Although EVT has greatly improved 
outcomes, even after EVT more than half of patients 
remain permanently disabled or die after their stroke.9 
The added benefit of intravenous alteplase is inves-
tigated in several recently completed and ongoing 
randomized trials.10 Alteplase benefit may vary case-
by-case: large proximal occlusions are known to show 
little benefit,11 while 10% of EVT-eligible patients 
recanalize with alteplase before initiation of EVT.12 
Selecting the treatment with the highest chance of 
benefit (alteplase, EVT, neither, or both) is, therefore, 
expedient and could enable a more targeted and 
effective use of treatment modalities.

Currently, no radiological thrombus characteristics 
other than occlusion location are used in acute isch-
emic stroke decision making.8 The possible association 
of thrombus perviousness with alteplase treatment suc-
cess, either alone or combined with EVT, could play a 
role in improving stroke treatment selection.4,5 To assess 
the role of perviousness, a large data set is needed, 
enabling separate analysis of treatment approaches. We 
aimed to investigate the effect of thrombus pervious-
ness on EVT results in the HERMES trial (Highly Effec-
tive Reperfusion Evaluated in Multiple Endovascular 
Stroke) pooled data set of 7 large randomized trials on 
EVT for stroke.9,13–19

METHODS
Patients
The HERMES collaboration pooled individual patient data from 
7 randomized controlled trials on EVT in acute ischemic stroke 
of the anterior circulation,9,13–19 totaling 1766 patients included 
between December 2010 and December 2014. Inclusion crite-
ria of the individual trials were reported previously.13–19 Pooling 
protocol, study selection, risk of bias, individual patient data 
acquisition, and data checks are described in the original pool-
ing report.9 Control arm patients received best medical care, 
including alteplase if eligible. Intervention arm consisted of 
additional EVT.

Patients were included in the current study if thin-slice 
(≤2.5 mm) NCCT and CT angiography (CTA) images were 
available (n=690). We excluded patients if NCCT and CTA 
images were on different scanners (n=11), or >30 minutes 
apart (n=40). We excluded patients with scans that did not 
cover the intracranial area of interest (n=33), were of insuf-
ficient quality (n=93; beam hardening: n=50, movement arti-
facts: n=32, contrast present on NCCT: n=6, scatter artifacts: 
n=4, and venous phase CTA: n=1), or with incorrigible reg-
istration errors (n=76). Thrombi located too close to bone 
(n=6), partial occlusions (n=4), narrow and distal thrombi 
(n=3), and bilateral middle cerebral artery thrombi (n=1) were 
excluded. The remaining 443 patients were included in the 
final analysis (Figure 1). The HERMES data used for this 
study are available via the VISTA-Endovascular repository. We 
followed the PRISMA-IPD guideline for study execution and 
reporting (Methods in the Data Supplement).

Thrombus Perviousness Measurements
NCCT and CTA images were coregistered using rigid regis-
tration with Elastix.20 Thrombus perviousness was quantified 
by measuring thrombus attenuation increase (TAI) between 

Nonstandard Abbreviations and Acronyms

CTA computed tomography angiography
EVT endovascular treatment
FIV follow-up infarct volume
HERMES  Highly Effective Reperfusion Evaluated 

in Multiple Endovascular Stroke
IQR interquartile range
mRS modified Rankin Scale
NCCT noncontrast computed tomography
TAI thrombus attenuation increase

Figure 1. Patient inclusion flowchart.
Other includes thrombus too close to bone (n=6), only partial occlusion 
(n=4), too narrow thrombus (n=3), bilateral middle cerebral artery 
thrombus (n=1). CTA indicates computed tomographic angiography; 
HERMES, Highly Effective Reperfusion Evaluated in Multiple 
Endovascular Stroke; and NCCT, noncontrast computed tomography.
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NCCT and CTA images as described previously.4 For image 
selection and ROI placement, open-source software ITK-
SNAP was used.21

Thrombus attenuation was measured manually by placing 3 
spherical ROIs with a radius of one millimeter in the proximal, 
middle, and distal parts of the thrombus (Figure 2). The average 
density (ρ in Hounsfield units [HU]) of all ROIs was calculated 
for NCCT and CTA (ρNCCT and ρCTA). TAI was calculated accord-
ing to: TAI=ρCTA−ρNCCT.

5

Measurements were performed by one of 3 trained raters 
(Drs Kappelhof, Dutra, and Alves).22 Raters were blinded for 
occlusion location, clinical information, and measured attenu-
ation values. Training was done with 25 cases from the MR 
CLEAN Registry.23 Scan acquisition characteristics including 
NCCT and CTA slice thickness difference (CTA slice thickness 
minus NCCT slice thickness),24 scanner brand, and scanner 
kVp were recorded for all included patients.

Outcome Measures
Our primary outcome was functional outcome (ordinal modi-
fied Rankin Scale [mRS]) at 90 days. The mRS score ranges 
from 0 to 6, with 0 indicating complete functional indepen-
dence, and 6 indicating death. Secondary outcome measures 
were dichotomized functional outcome (mRS score, 0–2 
versus 3–6 indicating functional independence; mRS score, 
5–6 versus 0–4 indicating poor outcome), mortality, success-
ful reperfusion (extended Thrombolysis in Cerebral Infarction 
score grade, 2B–3) after EVT (intervention arm patients only), 
and follow-up infarct volume (FIV) in mL as measured on fol-
low-up NCCT.25

Statistical Analysis
Statistical analyses were prespecified in a statistical analysis 
plan (Methods in the Data Supplement). Baseline clinical, imag-
ing, and follow-up variables were compared with the overall 
HERMES population and between every quartile of TAI. One-
way ANOVA was used to assess differences in normally distrib-
uted numerical variables, Kruskal-Wallis and Mann-Whitney U 
tests for non-normal numerical variables, and Fisher exact tests 
for categorical variables.

TAI outliers (n=11) were identified with the outlier labeling 
rule with a multiplier of 2.2, marking them as outliers if their 
difference with the median was ≥2.2× the interquartile range 
(IQR).26 For 10 patients (2%), one marker was adjusted due 
to erroneous placement outside the vessel or thrombus. All 
remaining outliers (n=4, 1%) were attributable to short pervious 
thrombi, random noise, or slice thickness differences between 
NCCT and CTA, and were included in the final analysis.

Univariable and multivariable ordinal logistic regression 
were used in the primary outcome variable analysis (mRS 
shift). Univariable and multivariable binary logistic regression 
was used for dichotomized outcome variables. Associations 
between TAI and FIV were tested with linear regression. 
Because FIV showed a right-skewed distribution, log-trans-
formation was performed. Associations between TAI and out-
comes are reported per 5 HU.

Regression analyses were adjusted for age, baseline 
National Institutes of Health Stroke Scale score, intravenous 
alteplase, occlusion location, diabetes, stroke onset to random-
ization time, slice thickness difference between NCCT and CTA, 
and included random effects for allocated study and scanner 
brand. Unadjusted and adjusted (common) odds ratios (u[c]OR 
and a[c]OR) were reported with 95% CI. We added an inter-
action term between TAI and allocated treatment in separate, 
subsequent models. For successful reperfusion as outcome 
measure, an additional regression model included an interac-
tion term between TAI and alteplase treatment. If treatment 
interaction was significant, subgroup analyses were performed. 
Exploratory subgroup analyses were performed using unad-
justed and adjusted ordinal logistic regression for EVT effect 
per quartile of TAI, for the primary outcome only.

Statistical analyses were performed with R version 3.5.2 (R 
Foundation for Statistical Computing, Vienna, Austria). The sig-
nificance level was set at P<0.05.

RESULTS
Median age was 67 years (IQR, 59–76), median baseline 
National Institutes of Health Stroke Scale score was 18 
(interquartile range, 14–21), and 53% of patients were 

Figure 2. Thrombus attenuation 
increase measurement.
Three regions of interest (red) are placed 
in a left middle cerebral artery thrombus 
on noncontrast computed tomography 
(CT; A) and CT angiography (B). To 
calculate thrombus attenuation increase 
as a measure for perviousness, the density 
(in Hounsfield Units) in each region of 
interest is measured. Subsequently, the 
average noncontrast CT attenuation 
value is deducted from the average CT 
angiography value.

https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.033124
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male (Table 1). In comparison to the overall HERMES 
population, mRS scores, occurrence of sICH, and FIV 
were slightly higher. Intravenous alteplase was adminis-
tered to 91% of the patients in the control arm and 85% 
of the patients in the intervention arm.

TAI showed a slightly right-skewed distribution 
with a mean of 4.5 HU (SD, 12.7) and median 3.2 
HU (IQR, −4.3 to 11.4; Figure I in the Data Supple-
ment). Baseline characteristics did not significantly 
differ between TAI quartiles (Table I in the Data Sup-
plement). TAI values did not differ between patients 
with and without extracranial carotid tandem lesions 
(P=0.47). Scan acquisition details are discussed in 
Results in the Data Supplement.

Primary Outcome
Ninety-day mRS was available for 438 of 443 patients. 
Higher TAI corresponded to lower mRS (P<0.01; Fig-
ure 3). There was significant interaction between TAI and 
allocated treatment (P for interaction, 0.03; Table 2). In the 
control arm, TAI was associated with improved outcomes 
(acOR, 1.22 [95% CI, 1.11–1.33]). In the intervention 
arm, no significant effect was found (acOR, 0.99 [95% CI, 
0.88–1.11]). These results were consistent in an explor-
atory analysis of alteplase-treated patients (390/443, 
88%; Table III in the Data Supplement). Analysis per TAI 
quartile showed a nonsignificant benefit of EVT in the 
highest quartile (Table IV in the Data Supplement).

Table 1. Baseline and Follow-Up Characteristics

Baseline clinical characteristics Current cohort (N=443) Known in HERMES total (N=1766) Known in P value

Age, y Median (IQR) 67 (59–76) 442 68 (57–76) 1761 0.26

Male sex, n (%) Male 236 (53%) 442 929 (53%) 1762 0.78

Left hemisphere stroke, n (%) 198 (51%) 389 652 (51%) 1275 0.95

Baseline NIHSS, median (IQR) 18 (14–21) 440 17 (13–21) 1751 0.13

Treatment allocation, N (%) Intervention 210 (48%) 442 871 (49%) 1764 0.38

Control 232 (53%) 442 893 (51%) 1764

Intravenous alteplase, N (%) Intervention 179 (85%) 210 763 (88%) 871 0.23

Control 211 (91%) 232 809 (91%) 893 0.90

Onset to randomization time, min, median (IQR) 189 (148–252) 441 183 (140–245) 1756 0.62

Atrial fibrillation, n (%) 117 (30%) 390 424 (33%) 1286 0.14

Diabetes, n (%) 74 (17%) 442 287 (16%) 1756 0.82

Hypertension, n (%) 238 (54%) 442 988 (56%) 1757 0.25

Imaging      

Occlusion location, n (%) ICA 92 (21%) 443 442 (27%) 1648 0.80

M1 331 (75%) 443 1073 (65%) 1648

M2 19 (4.3%) 443 131 (7.9%) 1648

Other 1 (0.2%) 443 2 (0.1%) 1648

Carotid tandem lesion, n (%) Intervention 18 (8.6%) 210 122 (7.4%) 1648 0.71

Control 17 (7.3%) 232

NCCT thrombus density (HU), median (IQR) 55 (48–62) 443 NA    

Follow-up      

mRS at 90 days, n (%) 0 27 (6%) 438 156 (9%) 1743 0.04*

1 51 (12%) 438 244 (14%) 1743

2 68 (16%) 438 282 (16%) 1743

3 91 (21%) 438 274 (16%) 1743

4 89 (20%) 438 356 (20%) 1743

5 38 (9%) 438 150 (9%) 1743

Mortality (mRS score, 6), n (%) 74 (17%) 440 281 (16%) 1754 0.84

Post-EVT eTICI score 2B–3, n (%) 134 (74%) 180 548 (74%) 745 0.74

sICH, n (%) 22 (5%) 389 63 (4%) 1729 0.01*

Follow-up infarct volume, mL, median (IQR) 51 (17–125) 425 41 (14–120) 1665 0.01*

eTICI indicates extended Thrombolysis in Cerebral Infarction score; EVT, endovascular treatment; HERMES, Highly Effective Reperfusion Evaluated in Multiple 
Endovascular Stroke; HU, Hounsfield units; ICA, internal carotid artery; IQR, interquartile range; M1, segment 1 of medial cerebral artery; M2, segment 2 of medical 
cerebral artery; mRS, modified Rankin Scale; NA, not available; NCCT, noncontrast computed tomography; NIHSS, National Institutes of Health Stroke Scale; and sICH, 
symptomatic intracranial hemorrhage.

*Statistical significance (P<0.05).

https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.033124
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Secondary Outcomes
Functional Independence
In the control arm, patients with 90-day mRS score of 0 
to 2 (n=59/231; 26%) had more pervious thrombi than 
patients with mRS score of 3 to 6 (median, 8.5 [IQR, 1.1–
17.4]) versus 1.2 [IQR, −4.9 to 9.4], P≤0.01, respectively). 
In the intervention arm, TAI values did not significantly 
differ between patients with mRS score of 0 to 2 and 
mRS score of 3 to 6 (Figure II in the Data Supplement).

Interaction between TAI and allocated treatment was 
significant (P=0.046). Subgroup analysis showed a sig-
nificantly positive association between TAI and functional 
independence in the control arm, but not in the interven-
tion arm (Table 2). Figure 4 shows the adjusted prob-
ability of functional independence plotted against TAI, for 
intervention and control arm patients. Treatment effect of 
EVT in addition to best medical care (alteplase if eligible) 
decreases with higher TAI, although there is no point 
where the CIs are separated. Unadjusted results are pre-
sented in Figure III in the Data Supplement.

mRS Score of 5 to 6 and Mortality
Higher TAI was associated with a lower chance of poor 
outcome in the control arm (P for interaction 0.03; 
Table 2). Greater TAI also corresponded to a smaller 
chance of mortality in the overall population (aOR, 0.85 
[95% CI, 0.75–0.97]), but treatment interaction was not 
significant (P=0.58).

Successful Endovascular Reperfusion
eTICI scores were available for 180/210 intervention arm 
patients (86%). Successful reperfusion was reached in 
134/180 cases (74%). We found no significant effect of 
TAI on reperfusion (Table 2). Interaction between TAI and 
alteplase was not significant for successful reperfusion 

(P=0.47)—although only 31 patients (15%) in the inter-
vention arm did not receive intravenous alteplase. Post-
EVT eTICI scores were known in 26 of them (12% of all 
intervention arm patients).

Follow-Up Infarct Volume
A 5 HU increase in TAI was associated with a 9% 
decrease in FIV (95% CI, 14%–5%). Interaction between 
TAI and treatment arm was not significant (P=0.11; 
Table 2; Figure IV in the Data Supplement).

DISCUSSION
The benefit of EVT as an addition to alteplase diminishes 
in patients with more pervious thrombi, due to improved 
outcomes with increasing perviousness in patients 
receiving alteplase alone. Increased thrombus pervious-
ness was associated with improved functional outcome 
in HERMES control arm patients, who, in a high propor-
tion, were treated with intravenous alteplase. No signifi-
cant effect of perviousness on functional outcome was 
found in patients included in the intervention arm, who 
received EVT in addition to best medical care. Results 
of associations with secondary outcomes were similar. 
No value for perviousness was observed where better 
outcomes were associated with withholding EVT, though 
the association with functional outcome was more pro-
nounced in the higher perviousness quartiles.

Our findings generally agree with previous studies 
showing increased recanalization rates and improved 
outcomes in patients with more pervious thrombi after 
intravenous alteplase treatment.4,5,7,27–29 These studies, 
however, compared intravenous alteplase to conserva-
tive treatment only4 or found no interaction with EVT, 
possibly due to lower patient numbers.5 Improved target 
vessel recanalization for pervious thrombi seems to lead 

Figure 3. Thrombus attenuation 
increase (TAI) values varied per 
modified Rankin Scale (mRS) score 
(P<0.001).

https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.033124
https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.033124
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CL
IN

IC
AL

 A
ND

 P
OP

UL
AT

IO
N 

SC
IE

NC
ES

Kappelhof et al Thrombus Perviousness in Endovascular Treatment

3638  November 2021 Stroke. 2021;52:3633–3641. DOI: 10.1161/STROKEAHA.120.033124

to improved outcomes after intravenous alteplase,28 on 
average leaving less opportunity for EVT to give addi-
tional benefit. On the association between perviousness 
and EVT, results vary: in contrast to our results, a recent 
study in EVT-treated patients reported a significantly 
positive association between perviousness and func-
tional outcome in the adjusted analyses.7 Perviousness 
was reported to be associated with higher chances of 
first-pass success of aspiration thrombectomy.30

Previous studies have dichotomized TAI, to classify 
thrombi into pervious and nonpervious.4,5 The optimal cut-
off value varied between studies and data sets. However, 
these values were subsequently used by other study groups 
without testing validity in their data.31 Therefore, and since 
dichotomization was not necessary for our research ques-
tion, we did not dichotomize TAI. Following this reasoning, 
the TAI values in the per-quartile analysis should be inter-
preted with care. Though interesting, the subgroup analysis 
is not meaningfully powered with ≈110 patients per group: 
TAI cutoff values may not be applicable to other data sets.

The observed effect of perviousness may be partly 
explained by thrombus histopathology. A study on 
thrombi retrieved during EVT showed a positive cor-
relation between perviousness and fibrin/platelet frac-
tions.31 However, conflicting results exist: a recent study 
reported opposite results.32 RBC-rich thrombi were 
found to be more responsive to thrombolytic therapy.33 In 
relation to EVT, fibrin-rich thrombi were associated with 
longer intervention times and a higher chance of second-
ary embolisms.34 Thrombus perviousness may also be 
associated with stroke cause, though published results 
on this topic are inconsistent.35,36

Interestingly, we observed some negative values for 
TAI. Slice thickness differences between NCCT and CTA 

could affect density measurements due to partial volume 
effect.24 Minor coregistration errors could minimally off-
set marker placement in NCCT or CTA. Random (Gauss-
ian) noise could cause affect HU values on either NCCT 
or CTA. These factors unlikely affect TAI measurement 
validity: random noise and small coregistration flaws 
are likely random, we adjusted for slice thickness differ-
ences, and our results are reproduceable in studies using 
the same methods.4,7 An effect of differences in scanner 
voltage on HU values was not supported by our data.

Limitations
We excluded patients due to unavailable thin-slice imag-
ing. Alternative methods like qualitative assessment of 
residual flow is possible using thick-slice NCCT but less 
precise.24 Almost all centers acquire thin-slice imaging 
initially but do not store such images: perviousness could 
be measured for many more patients if thin-slice imaging 
is preserved, and a practical, fast, (automatic) measure-
ment method is available.

In our sample, we had no information on alteplase 
administration before scan acquisition. In patients receiv-
ing thrombolysis before transfer to an EVT-performing 
center, alteplase may have been started before scan 
acquisition, already exposing some thrombi to alteplase. 
The effects of alteplase administration on thrombus 
perviousness are currently unknown. Patients may have 
recanalized and recovered after alteplase and before ran-
domization, leading to a possible inclusion bias, though 
start of EVT was not delayed by waiting for the effect of 
alteplase (except for REVASCAT, n=206/1766).17 These 
patients may have had more pervious thrombi; thereby 
the current study may under-represent patients with 

Table 2. aOR for the Effect of TAI (per 5 HU) on Outcomes

Outcome measure aOR (95% CI)* Interaction with EVT aOR per arm (95% CI)*

Ordinal mRS 1.10 (1.03–1.18)† P=0.03† Control: 1.22 (1.04–1.19)†

Intervention: 0.96 (0.85–1.08)

mRS score 0–2 1.15 (1.05–1.27)† P=0.05† Control: 1.33 (1.14–1.56)†

Intervention: 1.04 (0.90–1.21)

mRS score 5–6 0.92 (0.83–1.02) P=0.03† Control: 0.82 (0.70–0.95)†

Intervention: 1.07 (0.90–1.27)

Mortality 0.85 (0.75–0.97)† P=0.58 NA

Final infarct volume (effect ratio) 0.91 (0.86–0.95)† P=0.11‡ Control: 0.87 (0.82–0.93)†

Intervention: 0.97 (0.89–1.05)

Intervention arm only: successful 
reperfusion

0.95 (0.79–1.14) Interaction with IV 
alteplase: P=0.47

NA

Unadjusted results shown in Table II in the Data Supplement. Control arm: intravenous alteplase if eligible (n=232), intervention 
arm: additional EVT (n=210). aOR indicates adjusted odds ratio; CTA, computed tomography angiography; EVT, endovascular treat-
ment; HU, Hounsfield units; mRS, modified Rankin Scale; NA, not applicable/available; NCCT, noncontrast computed tomography; 
and TAI, thrombus attenuation increase.

*Adjusted for age (y), baseline NIHSS, alteplase, occlusion location, diabetes, stroke onset to randomization time, NCCT-CTA slice 
thickness difference; and including random effects for study and scanner brand.

†Statistical significance (P<0.05).
‡Exploratory analysis in model with nonsignificant treatment interaction.

https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.033124
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very pervious thrombi and underestimate the effect of 
perviousness. Likewise, we did not know the time from 
alteplase administration to CTA acquisition. Thrombus 
perviousness might increase if alteplase has had more 
time to act on the thrombus.

Our data consisted of pooled data from multiple trials. 
We cannot exclude an uneven distribution of the number 
of included patients per trial. However, since part of the 
imaging was requested from trials individually, and scan-
ning protocols were heterogeneous, we are reasonably 
sure that patients from each trial were included. In addi-
tion, we included a random effect for allocated study in 
all adjusted regression analyses.

Technical aspects of image acquisition can influence 
TAI measurements. Slice thickness of the images we 
used varied from 0.6 to 2.5 mm. Thicker slices give a 
lower measured density on NCCT due to volume aver-
aging with surrounding brain tissue.24 In addition, CTA 
scan timing can influence TAI, by slightly differing scan-
ning phase. Dynamic or multiphase CTA incorporates the 
time dimension by making CTA scans at multiple time 
points after contrast injection, which can avoid the issue 
of scanning too early after contrast bolus.37

Difficult delineation of thrombi can hamper measure-
ments. The distal thrombus border is hard to discern 
in case of poor collaterals on CTA and an isodense 
thrombus on NCCT. However, this occurred only in nine 
patients in our data set. Measurement in dynamic CTA 
may show the distal thrombus border more accurately in 
patients with poor collateral flow.37

Finally, it is important to note that although we found 
significant treatment interaction and decreasing addi-
tional benefit of EVT with increasing perviousness, we 
did not find a TAI value where control arm patients did 
significantly better than intervention arm patients. Thus, 

our results do not provide definitive evidence to withhold 
treatment based on a certain value of perviousness.

Further research could focus on combinations of 
thrombus characteristics, like perviousness, length, and 
location, in relation to alteplase and EVT response. Small-
volume, short, pervious, distal M2-thrombi may benefit from 
alteplase, whereas proximal, large-volume, long, impervi-
ous ICA terminus occlusions may not. Larger thrombi may 
respond better to intravenous tenecteplase.38 Addition-
ally, the effect of perviousness on outcomes of combined 
alteplase and EVT versus direct EVT only, or on EVT device 
outcomes could be studied further. In the future, thrombus 
perviousness may support patient selection for alteplase 
alone, combined alteplase and EVT, or EVT alone, and sup-
port endovascular treatment modality choice.

Conclusions
In patients treated in the control arm of HERMES, of 
whom most were treated with alteplase, increased throm-
bus perviousness was associated with improved func-
tional outcome, decreased mortality, and reduced infarct 
volume. We found no significant association among 
patients allocated to the EVT-arm. The benefit of EVT 
as an addition to best medical care including alteplase 
diminishes in patients with more pervious thrombi, due 
to improved outcomes with increasing perviousness in 
patients receiving alteplase alone—though no value for 
perviousness was observed where withholding EVT was 
associated with better outcomes.
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Figure 4. Probability of functional 
independence (90-d modified Rankin 
Scale [mRS] score, 0–2) vs thrombus 
attenuation increase (TAI).
Results are adjusted for prespecified 
variables age, baseline National Institutes 
of Health Stroke Scale, alteplase, 
occlusion location, diabetes, stroke onset 
to randomization time, and noncontrast 
computed tomography-computed 
tomography angiography slice thickness 
difference. Control arm: best medical care 
(intravenous alteplase if eligible; n=232). 
Intervention arm: endovascular treatment in 
addition to best medical care (n=210).
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