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CHAPTER 7

Influence Of Onset To Imaging Time On Radiological
Thrombus Characteristics In Acute Ischemic Stroke




Abstract

Introduction: Radiological thrombus characteristics are associated with patient
outcomes and treatment success after acute ischemic stroke. These characteristics
could be expected to undergo time-dependent changes due to factors influencing
thrombus architecture like blood stasis, clot contraction, and natural thrombolysis. We
investigated whether stroke onset-to-imaging time was associated with thrombus
length, perviousness, and density in the MR CLEAN Registry population.

Methods: We included 245 patients with M1-segment occlusions and thin-slice
baseline CT imaging from the MR CLEAN Registry, a nation-wide multicenter registry of
patients who underwent endovascular treatment for acute ischemic stroke within 6.5
hours of onset in the Netherlands. We used multivariable linear regression to investigate
the effect of stroke onset-to-imaging time (per five minutes) on thrombus length (in mm),
perviousness and density (both in Hounsfield Units). In the first model, we adjusted for
age, sex, intravenous thrombolysis, antiplatelet use, and history of atrial fibrillation. In a
second model, we additionally adjusted for observed versus non-observed stroke onset,
CT-angiography collateral score, direct presentation at a thrombectomy-capable center
versus transfer, and stroke etiology. We performed exploratory subgroup analyses for
intravenous thrombolysis administration, observed versus non-observed stroke onset,
direct presentation versus transfer, and stroke etiology.

Results: Median stroke onset-to-imaging time was 83 (interquartile range 53-141)
minutes. Onset to imaging time was not associated with thrombus length nor
perviousness (B 0.002; 95% CI -0.004 to 0.007 and B -0.002; 95% CI -0.015 to 0.011
per five minutes, respectively) and was weakly associated with thrombus density in the
fully adjusted model (adjusted B 0.100; 95% CI 0.005 to 0.196 HU per five minutes). The
subgroup analyses showed no heterogeneity of these findings in any of the subgroups,
except for a significantly positive relation between onset-to-imaging time and thrombus
density in patients transferred from a primary stroke center (adjusted B 0.18; 95%ClI
0.022-0.35).

Conclusion: In our population of acute ischemic stroke patients, we found no clear
association between onset-to-imaging time and radiological thrombus characteristics.
This suggests that elapsed time from stroke onset plays a limited role in the
interpretation of radiological thrombus characteristics and their effect on treatment
results, at least in the early time window.
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Introduction

Radiological thrombus characteristics are among the few biomarkers that are
associated with acute ischemic stroke (AIS) treatment success. Thrombus perviousness,
reflecting the extent to which intravenous contrast permeates into a thrombus, was
shown to be strongly associated with higher recanalization rates and treatment success
of intravenous alteplase (IVT)."? Thrombus length was reported to negatively affect
success rates of both IVT and endovascular treatment (EVT)>* although no effect on EVT
outcomes was found in some other studies.>® Higher thrombus density is related to
higher recanalization rates after IVT and EVT.”®

Thrombus characteristics may vary over time. For example, stasis in low
pressure systems can cause thrombus growth over time by the accumulation of red
blood cells in low-density fibrin networks.? In contrast, time may allow for natural
thrombolysis or IVT to reduce the size of the clot.'>'"'>'3 |n addition, if a patient has
good collaterals, decreased blood stasis was reported to limit thrombus growth distal to
the clot and improve thrombus exposure to alteplase.'*'® Clot contraction may also
reduce thrombus length, increase thrombus density, and decrease perviousness.'®"

Dynamic behavior of thrombi may influence the success of stroke treatment. For
example, patients with a prolonged time to AIS treatment and favorable thrombus
dynamics may show alteplase-induced or even spontaneous recanalization. This effect
has been observed in patients transferred from primary hospitals to comprehensive
stroke centers for EVT." Alternatively, if the thrombus grows before treatment, the
chance of recanalization with IVT reduces, and endovascular procedure time
increases.®* Moreover, if radiological thrombus characteristics change over time,
elapsed time between the moment of measurement and the start of stroke treatment
may affect the association between these values and stroke treatment outcomes.

Despite these possibly relevant effects, the effects of time on thrombus
characteristics have been understudied. We therefore aimed to assess the relation
between stroke onset to imaging time and thrombus length, perviousness, and density
using data from a large national registry.
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Methods

Study population

This study includes patients from the Multicenter Randomized Clinical trial of
Endovascular Treatment for Acute ischemic stroke in the Netherlands (MR CLEAN)
Registry (part I)'® between March 2014 and June 2016. The MR CLEAN Registry is a
nation-wide, prospective, observational, multicenter study at 16 comprehensive stroke
centers in the Netherlands, including all patients who underwent EVT for AIS since the
completion of the MR CLEAN trial.®® IVT was administered before EVT if patients were
eligible. The central medical ethics committee of the Erasmus Medical Centre
Rotterdam, the Netherlands, granted permission (MEC-2014-235) for the study as a
registry. Source data of this study are available in anonymized form upon reasonable
request to the corresponding author.

Inclusion criteria for the current study were: M1 occlusion; age =18 years; groin
puncture within 6.5 hours after stroke onset; and treatment in an MR CLEAN trial center.
Only patients with thin-slice (2.5 mm) CT-angiography (CTA) and non-contrast CT
(NCCT) images that were acquired on the same scanner no longer than 30 minutes
apart were included. We used the images acquired at the first point in time. For patients
who were transferred from a primary stroke center we used the primary center’s
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radiological images if they were available and of sufficient quality. Otherwise, we used
the images acquired at the comprehensive stroke center. Patients were excluded if
images contained excessive noise, artifacts, poor contrast opacification on CTA, or
uncorrectable registration errors. Patients with calcified thrombi were excluded as well,
since the high attenuation of these thrombi can cause streak and partial volume
artifacts.

Image analysis

Measurements of radiological thrombus characteristics were performed in ITK-SNAP
(www.itksnap.org)'® by two neuroradiologists [B.G.D. and H.A.].* The NCCT and CTA
images for each patient were co-registered with rigid registration, using Elastix®?2', such
that thrombus measurements could be performed in both modalities simultaneously. If
alignment of the CTA and NCCT was suboptimal, we performed manual registration.
Thrombus length was measured manually using the ITK-SNAP ruler function.?? If
contrast pick-up distal to the thrombus was not seen on CTA, the hyperdense artery
sign on NCCT was used as a reference point for the distal thrombus end. If the
thrombus extended into two arterial branches, the longest thrombus length was
included as measurement.

Thrombus perviousness and density were computed from three region of
interests (ROIs). On the co-registered NCCT and CTA images, three spherical ROIs with
a 1 mm radius were placed in the proximal, middle, and distal parts of the thrombus.
Thrombus density was defined as the mean density of these ROIs on NCCT, in
Hounsfield Units (HU). Thrombus perviousness was computed by subtracting the mean
density of the ROIs on NCCT from the mean density of the ROIs on CTA, resulting in the
average thrombus attenuation increase in HU (thrombus perviousness = pCTA —
pNCCT). Collateral score,?® occlusion location, Alberta Stroke Program Early CT Score
were assessed on baseline CTA and NCCT by the MR CLEAN Registry core
laboratory.®

Statistical analysis

The dependent variables were thrombus length (mm), perviousness and density (HU).
The independent variable of interest was time from symptom onset or last seen well to
imaging per 5 minutes. Imaging time was defined as the acquisition time of the NCCT
images. Baseline characteristics were summarized appropriate to the type of data.
Comparisons were made by one-way ANOVA, Kruskal-Wallis, Mann-Whitney-U, or
Fisher’s exact test appropriate to the type of data. Visual representations of the data
were made with scatter and bar plots.

Univariable and multivariable linear regression were used to assess the
association between onset to imaging time and thrombus length, perviousness, and
density, resulting in beta coefficients (B) with 95% confidence intervals (95% CI). The
multivariable models were adjusted for the following baseline pre-specified variables:
age, sex, history of atrial fibrillation, IVT administration, and antiplatelets. Model 2 was
additionally adjusted for: observed stroke versus non-observed stroke, CTA collateral
score, transfer or direct presentation at a comprehensive stroke center, and stroke
etiology according to the modified Trial of ORG 10172 in Acute Stroke Treatment
(TOAST) criteria (cardio-embolic versus large artery atherosclerosis versus unknown).
The TOAST criteria were scored for a previous study on our data set.'® Because
thrombus length and perviousness showed a right-skewed distribution, they were log-
transformed for the regression analyses (Supplementary Figure 1).
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Exploratory sensitivity analyses were performed by comparing the results of
univariable models for different subgroups: a) patients with observed stroke onset
versus patients without observed stroke onset (using last-seen-well time as onset time),
b) patients with versus without IVT administration prior to EVT, c¢) patients with collateral
score 0-1 versus patients with CS 2-3, d) transfer patients versus direct presentation to
a comprehensive stroke center, e) patients with different stroke etiologies:
cardioembolic stroke, large-artery atherosclerotic stroke and stroke with an
undetermined origin.

Missing data in the main and secondary variables of interest were imputed using
multiple imputation for regression analyses only, based on relevant covariates and
outcomes. A two-sided p-value of 0.05 was considered significant. Statistical analyses
were performed with Stata/SE 14.2 (StataCorp, TX).

Results

The total MR CLEAN Registry part | population consisted of 1627 patients, of whom 825
had an M1 occlusion. We included 245 patients in the current study (Supplementary
Figure 2; Table 1). Of these, 90 patients were transferred from a primary to a
comprehensive center for EVT. We measured radiological thrombus characteristics on
images acquired in the primary center for 44 of these patients. Baseline characteristics
of our study population were similar to the overall MR CLEAN Registry population with
an M1 occlusion except for a lower frequency of patients transferred from a primary
stroke center (90/245 [36%] versus 441/825 [53%], p<0.01). Median time from stroke
onset to imaging was 83 (IQR 53-141) minutes. Median thrombus length was 12 (IQR 9-
16) mm, median perviousness was 5 (IQR 0.1-11) HU, and median density was 52 (IQR
46-58) HU (Figure 1 A-D). Figures 1 E-G show the values of onset to imaging time in
relation to thrombus length, thrombus perviousness and thrombus density for all

N~
patients. %
2
Current study MR CLEAN Registry ©
patients with M1 occlusion
(n = 245) (n = 825) P
Baseline clinical variables
[data known in n=]
Age, median (IQR) 69 (61-80) 72 (61-80) 0.57
Sex (men), n (%) 127 (52) 423 (51) 0.89
NIHSS baseline, median (IQR) 15 (11-20) [243] 16 (11-19) [811] 0.85
SBP, mmHg, median (IQR) 148 (130-162) 150 (131-165) [803] 0.29
[238]
Medical history, n (%)
Diabetes mellitus 45 (19) [242] 151 (18) [820] 0.93
Previous stroke 37 (15) [242] 152 (19) [820] 0.29
Atrial fibrillation 48 (20) [240] 195 (24) [812] 0.22
Pre-stroke mRS, n (%) 0.45

0-2

204 (85) [240]
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>3 36 (15) [240] 107 (14) [814]

Workflow

Observed onset time, n (%) 187 (76) 618 (75) 0.67
Intravenous alteplase, n (%) 188 (77) 637 (78) 0.86
Transferred from primary stroke 90 (36) 441 (53) <0.01

center®, n (%)

Time from onset to presentation at 55 (40-92) [200] 55 (39-93) [640] 0.87
first hospital, minutes, median (IQR)

Time from onset to imaging®, 83 (563-141) 69 (51-106) [733] 0.62
minutes, median (IQR)

Imaging variables

ASPECTS subgroups, n (%) 0.47
0-4 9(4) 46 (6)

5-7 56 (23) 186 (23)

8-10 180 (73) 571 (71)

Collateral score, n (%) [known in] 0.95
0 16 (7) [240] 48 (6)

1 72 (30) [240] 252 (31)

2 97 (40) [240] 323 (40)

3 55 (23) [240] 179 (22)

Extracranial carotid tandem lesion* 28 (11) [192] 136 (16) [689] 0.14
Thrombus length, mm, median 12 (9-16) NA NA
(IQR)

NCCT thrombus density, HU, 52 (46-58) NA NA
median (IQR)

Thrombus perviousness, 5(0.1-11) NA3 NA
attenuation increase, HU, median

(IQR)

Table 1 | Baseline characteristics of patients included in the current study, compared to all
MR CLEAN Registry patients with an M1 occlusion. ASPECTS, Alberta Stroke Program Early
CT Score; CTA, CT-angiography; IQR, interquartile range; HU, Hounsfield Units; mRS, modified
Rankin Scale; NA, not applicable; NCCT, non-contrast CT, NIHSS, National Institutes of Health
Stroke Scale; SBP, systolic blood pressure. If no [known in] number is shown, data were available
for all included patients. *Images from the primary stroke center were used in 44/90 transfer
patients (49%). *In current study sample: time of imaging used for measurements. In all Registry
M1 occlusion patients: time of first acquired imaging. *Tandem lesion was defined as an
atherosclerotic occlusion, high-grade stenosis, or dissection ipsilateral to the intracranial
occlusion, as assessed on baseline CT angiography.
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The regression coefficients of the associations between onset-to-imaging time and
thrombus length, perviousness, or density are presented in Table 2. None of these
associations were statistically significant, except for a positive association for thrombus
density in the adjusted Model 2 (8 0.10; 95% CI 0.005-0.20 HU/5 minutes, Table 2). The
sensitivity analyses showed no statistically significant associations for thrombus length,
perviousness, or density in any of the subgroups (Supplementary Tables 1-4,
Supplementary Figures 3-7), except for a significantly positive relation between onset-
to-imaging time and thrombus density in patients transferred for EVT from a primary
stroke center (n=90) in the adjusted Model 2 only (8 0.18; 95%CI 0.022-0.35 HU/5
minutes, Supplementary Table 4). Patients who were transferred from a primary center
had longer median onset to imaging times (median 137 minutes, IQR 65-181) than those
presented directly to a comprehensive center (median 69 minutes, IQR 48-103, p<0.01).
In addition, among IVT-treated transferred patients (n=77), median onset-to-imaging
times were shorter among patients whose thrombus characteristics were measured on
images acquired in the primary stroke center (n=36 ; 67 minutes, IQR 56-100), as
compared to the comprehensive stroke center (n=41, 175 minutes, IQR 138-197;
p<0.01). Nonetheless, the longer time for IVT to work did not affect the association
between onset-to-imaging time and thrombus characteristics (Supplementary Table 4).
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Figure 1 | Scatter and box plots of image characteristics. A: time from symptom onset to imaging distribution, B: thrombus length histogram, C:
thrombus perviousness histogram, D: thrombus density histogram, E: onset to imaging time versus thrombus length, F: onset to imaging time versus
perviousness, G: onset to imaging time versus non-contrast CT density. HU, Hounsfield Units; mm, millimeter.
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Model 0 Model 1 Model 2

Unadjusted Adjusted for pre-specified
Adjusted for pre- variables* + variables of
Outcome variable specified variable s* interest*
B 95% ClI B 95% ClI B (95% ClI)

Thrombus length 0.002  -0.002-0.007 | 0.003 -0.002-0.008 0.002 -0.004 to 0.007

Perviousness -0.005 -0.012-0.011 | -0.001 -0.012-0.012 -0.002  -0.015t0 0.011

Thrombus density 0.046  -0.036-0.129 | 0.047 -0.035-0.120 0.100 0.005 to 0.196

Table 2 | Beta coefficients of the effect of time from stroke onset to CT imaging (per 5
minutes) on thrombus characteristics. C/, confidence interval; ICA-T, internal carotid artery
terminus. *pre-specified variables: age, sex and history of atrial fibrillation. #variables of interest:
observed stroke onset, intravenous alteplase, CTA collateral score, direct presentation at
thrombectomy-capable center or transfer, stroke etiology (cardio-embolic versus large artery
atherosclerosis versus unknown).

Discussion

Our study showed no association between stroke-onset to imaging time and thrombus
length, density and perviousness, suggesting that within the critical time window of
treatment no observable changes occur. Thrombus density may slightly increase over
time, which was visible in our data in patients transferred from a primary stroke center.
Transferred patients had a longer median onset to imaging time, possibly allowing for a
higher density difference to develop. This density increase could be caused by the
contraction of the thrombus resulting in the compression of erythrocytes in a densely
packed structure, though may also have been a chance finding.'” Overall, however, the
effects of thrombus contraction,'®'” thrombus growth,® and endogenous or alteplase-
induced thrombolysis'®'® seem to balance each other out in the time window we
observed.

Only a small number of studies have been reported that focus on the influence of
time on thrombus image characteristics. Qazi et al.*® included onset to imaging time for
the analysis of thrombus characteristics in patients with AIS. They have studied the
relation between collateral status and thrombus length. Similar to our study, onset-to-
imaging time did not influence thrombus length. Also, Pikija et al.?® have studied the
relation of time with thrombus density. In contrast to our results, their results showed a
drop in thrombus density within a 5-hour time window for onset to imaging time. Finally,
Haridy ¥’ et al. reported no association between the presence of a hyperdense artery
sign or relative thrombus density and onset to imaging time within a 24-hour time
window. Unfortunately, they did not specifically study the relation of time with thrombus
density or perviousness.

Therefore, we cannot directly compare our results with their study.

Since the assessment of the radiological thrombus characteristics addressed in this
study is not part of current treatment decision making in clinical practice and is not
included in the national or international stroke guidelines,? our results do not give rise
to changes in the standard clinical care for AlS. For research on radiological thrombus
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characteristics in relation to stroke treatment outcomes, our results indicate that the
elapsed time from symptom onset is of limited influence on the values of these
characteristics, and as such would not have to be taken into account in the time
window that we investigated.

Our study has limitations. First, a selective group of patients was included. Our
study population contained patients who underwent EVT and therefore included severe
cases of stroke only. All patients were treated within a short time window, since the
onset to hospital time is relatively low due to the small surface area and high hospital
density of the Netherlands.'®?° In addition, it is expected that the treatment window for
EVT will be extended in the future and onset to imaging time will be prolonged.
Increased variation in time from stroke onset may make changes in radiological
thrombus characteristics more pronounced.® In the overall Registry population, the
proportion of transfer patients was higher than in our study sample. This may have
contributed to our shorter median onset to imaging time: thin-slice CT scans are less
often available for transferred patients, which was one of our inclusion criteria. Second,
the dynamic behavior of thrombus size could not be assessed in a controlled
environment; we combined data of a heterogeneous group of patients. To reduce the
variability, we only selected patients with an occlusion of the M1, though this resulted in
a relatively small sample size. Third, thrombus measurements were performed on
single-phase CTA. As such, results are dependent on the phase of the CTA. In case of
stasis of blood flow and early CTA san timing, the contrast may not reach the exact
proximal location of the thrombus, and contrast may not have reached the distal part of
the thrombus. This may have resulted in an overestimation of thrombus length and
lower perviousness values. Future implementation multiphase CTA may resolve that
issue.®" Fourth, we tried to assess the dynamic behavior of thrombi on imaging made at
a single point in time. Ideally, thrombus measurements would be performed at two
moments in time in the same patient, to address individual rates of thrombus growth or
shrinkage. By comparing thrombus characteristics in a large group of patients with
varying onset-to-imaging times, we expected other factors influencing thrombus length
to be approximately evenly distributed. Fifth, thrombi may be older than the duration of
stroke symptoms, and hence be more organized than what one would expect based on
the time from stroke onset to imaging. Cardiac thrombi for example may form and age
in the heart, break loose, and embolize to cause a stroke.®> However, our results did not
vary between stroke etiology subgroups. Sixth, apparent trends in the subgroup
analyses may not have translated to statistically significant regression results due to the
small number of patients in the subgroups. However, our effect estimates were close to
zero and any trends found in the data visualization may have occurred due to chance.
Finally, because we only included patients with an M1-occlusion to improve data
homogeneity, we could not assess differences in thrombus location and length. Thrombi
may contract over time in all directions, instead of only in length, thereby decreasing in
diameter and embolizing to a more distal location. Further research with more
observations in distal occlusion locations could focus on the association between
onset-to-imaging time and the distance from the carotid terminus to the proximal
thrombus border.
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Conclusion

Our results did not show a clear association between onset to imaging time and
radiological thrombus characteristics for AIS patients within the observed time window.
Only thrombus density slightly increased with longer onset to imaging time intervals due
to interhospital transfer. There was no association between time and thrombus
perviousness or length. This suggests that elapsed time from stroke onset plays a
limited role in the interpretation of radiological thrombus characteristics and their effect
on treatment results, at least in the relatively short time window observed in this study.
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All consecutive patients
treated with EVT
March 18 2014 - June 15 2016
(N=1627)

Exclusion criteria
Age <18 years (n=2)
No MR CLEAN trial center (n=20)
Posterior circulation (n=79)
Onset to groin >390 min (n=38)
Thin-slice imaging unavailable (n=743)
NCCT and CTA scanned in >30 mins (n=161)
Coregistration errors (n=64)
Artifacts or noise (n=109)
Calcified thrombus or close to bone (n=5)
No M1 occlusion (n=161)

Included patients
(n=245)
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Supplementary Figure 1 | Patient inclusion flowchart. CTA, CT angiography; EVT, endovascular
treatment; mins, minutes; NCCT, non-contrast CT.
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