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ABSTRACT

BACKGROUND AND PURPOSE: Many studies have emphasized the relevance of collateral flow in patients presenting with acute
ischemic stroke. Our aim was to evaluate the relationship of the quantitative collateral score on baseline CTA with the outcome of patients
with acute ischemic stroke and test whether the timing of the CTA acquisition influences this relationship.

MATERIALS AND METHODS: From the Multicenter Randomized Clinical Trial of Endovascular Treatment of Acute Ischemic Stroke in the
Netherlands (MR CLEAN) data base, all baseline thin-slice CTA images of patients with acute ischemic stroke with intracranial large-vessel
occlusion were retrospectively collected. The quantitative collateral score was calculated as the ratio of the vascular appearance of both
hemispheres and was compared with the visual collateral score. Primary outcomes were 90-day mRS score and follow-up infarct volume.
The relation with outcome and the association with treatment effect were estimated. The influence of the CTA acquisition phase on the
relation of collateral scores with outcome was determined.

RESULTS: A total of 442 patients were included. The quantitative collateral score strongly correlated with the visual collateral score (p =
0.75) and was an independent predictor of mRS (adjusted odds ratio = 0.81; 95% Cl, .77—.86) and follow-up infarct volume (exponent 8 =
0.88; P < .001) per 10% increase. The quantitative collateral score showed areas under the curve of 0.71and 0.69 for predicting functional
independence (mRS 0-2) and follow-up infarct volume of >90 mL, respectively. We found significant interaction of the quantitative
collateral score with the endovascular therapy effect in unadjusted analysis on the full ordinal mRS scale (P = .048) and on functional
independence (P = .049). Modification of the quantitative collateral score by acquisition phase on outcome was significant (mRS: P = .004;
follow-up infarct volume: P < .001) in adjusted analysis.

CONCLUSIONS: Automated quantitative collateral scoring in patients with acute ischemic stroke is a reliable and user-independent
measure of the collateral capacity on baseline CTA and has the potential to augment the triage of patients with acute stroke for
endovascular therapy.

ABBREVIATIONS: EVT = endovascular therapy; FIV = follow-up infarct volume; ICA-T = ICA carotid bifurcation; IQR = interquartile range; MR CLEAN = Multicenter
Randomized Clinical Trial of Endovascular Treatment of Acute Ischemic Stroke in the Netherlands; qCS = quantitative collateral score; vCS = visual collateral score

everal large, randomized, controlled trials have proved the ertheless, most patients remain functionally disabled despite suc-

benefit of endovascular therapy (EVT) in patients with acute  cessful recanalization. Many studies have emphasized the rele-
ischemic stroke with intracranial large-vessel occlusion.'® Nev-  vance of the assessment of collateral flow on baseline imaging to
identify patients who would potentially benefit from EVT.”"'* Until

now, a patient’s collateral status at baseline is the only proved treat-

Received December 1, 2017; accepted after revision February 9, 2018.

From the Departments of Biomedical Engineering and Physics (AM.M.B., RSB,
1.G.HJ., HAM.), Radiology and Nuclear Medicine (AM.M.B., L.G.HJ.,, O.AB., LFM.B.,
C.B.LM.M,, HAAM.), and Neurology (Y.B.W.EM.R)), Academic Medical Center, Am-
sterdam, the Netherlands; Department of Robotics and Mechatronics (AM.M.B.,
C.H.S) and MIRA Institute for Biomedical Engineering and Technical Medicine
(C.H.S.), University of Twente, Enschede, the Netherlands; Department of Clinical
Neurosciences (B.K.M.), Hotchkiss Brain Institute, Cumming School of Medicine,
University of Calgary, Foothills Hospital, Calgary, Alberta, Canada; Departments of
Neurology (D.W.).D.) and Radiology (A.v.d.L.), Erasmus MC, Rotterdam, the Nether-
lands; Department of Radiology (W.H.v.Z.), Maastricht UMC, Maastricht, the Neth-
erlands; and Department of Neurology (RJ.v.O.), Maastricht UMC and Cardiovascu-
lar Research Institute Maastricht, Maastricht, the Netherlands.

This study was supported by a grant from the Stichting Toegepast Wetenschap-
pelijk Instituut voor Neuromodulatie (TWIN). The MR CLEAN trial was funded by

ment-effect modifier.” Accordingly, a recent randomized EVT trial
even used the collateral capacity as an inclusion criterion, with
the assumption that patients with poor collaterals will not ben-
efit from treatment.” For assessment of collateral flow in the
acute setting, single-phase CTA is the most widely used imag-

the Dutch Heart Foundation and through unrestricted grants from Angiocare BV,
Covidien/ev3, MEDAC GmbH/Lamepro, and Penumbra.

Please address correspondence to Anna M.M. Boers, MSc, Department of Biomed-
ical Engineering & Physics, Academic Medical Center, Meibergdreef 9, 1100 DD
Amsterdam, the Netherlands; e-mail: amm.boers@gmail.com

http://dx.doi.org/10.3174/ajnr.A5623

AINR Am J Neuroradiol @@ @ 2018  www.ajnr.org 1

Copyright 2018 by American Society of Neuroradiology.


https://orcid.org/0000-0002-3950-1561
https://orcid.org/0000-0002-4233-0513
https://orcid.org/0000-0002-8862-1877
https://orcid.org/0000-0002-2212-6128
https://orcid.org/0000-0001-9204-1026
https://orcid.org/0000-0002-3466-496X
https://orcid.org/0000-0002-9234-3515
https://orcid.org/0000-0002-6159-2228
https://orcid.org/0000-0003-1631-7056
https://orcid.org/0000-0001-9205-5882
https://orcid.org/0000-0003-1032-9099
https://orcid.org/0000-0001-6544-4567
https://orcid.org/0000-0002-7600-9568
https://orcid.org/0000-0002-1414-6313

FIG1. Anexample of quantitative collateral capacity scoring. A, An axial plane of a baseline CTA
image acquired in the peak venous phase with a right-sided M1 segment occlusion of the MCA
territory. B, Segmentation results of automated quantitative collateral assessment of the ipsilat-
eral (red) and contralateral (blue) hemispheres. The quantitative collateral score was 46%. C, 3D

representation of the segmented vasculature.

ing technique. Unfortunately, research regarding the value of
the collateral capacity and its clinical applicability on CTA is
limited by scoring methods that use coarse subjective scales
susceptible to relatively poor interobserver agreement.'' Hence,
standardization is needed."

An issue with single-phase CTA is that collateral assessment
using this technique is heavily influenced by the timing of the
CTA snapshot. Acquiring CTA too early after contrast bolus ad-
ministration runs the risk of underestimating collateral capacity,
while a delayed venous phase scan may hamper detection of the
primary occlusion.

Recently, we introduced a technique to automatically quan-
tify a patient’s collateral capacity on single-phase CTA."” The
aim of this study was to assess whether this quantitative mea-
sure has the potential to accurately assess collateral capacity on
CTA. We also investigated its relation with radiologic and clin-
ical outcomes in the study population of the Multicenter Ran-
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domized Clinical Trial of Endovascular
Treatment of Acute Ischemic Stroke in the
Netherlands (MR CLEAN)." Further-
more, we aimed to examine whether the
timing of this CTA acquisition influences
this relationship.

MATERIALS AND METHODS

Study Participants

We used data from MR CLEAN' for
this post hoc analysis. MR CLEAN (ran
between December 2010 and March
2014) was a randomized clinical trial of
EVT plus standard care (intervention
group) versus standard care alone (con-
trol group) in patients with a proximal
arterial anterior circulation occlusion
demonstrated on CTA and treatable
within 6 hours after symptom onset. Pa-
tient eligibility has been described previ-
ously."* The MR CLEAN trial protocol
was approved by the Medical and Ethical
Review Committee (Medisch Ethische
Toetsings Commissie of the Erasmus
MC, Rotterdam, the Netherlands) and
the research board of each participating
center. All patient data were anony-
mized before analysis, and all patients or
their legal representatives provided writ-
ten informed consent.

For the present study, we selected
patients who received thin-slice CTA
imaging with a maximum of 2.5-mm
slice thickness who had a proved oc-
clusion of the internal carotid artery,
carotid bifurcation (ICA-T), or M1 or
M2 segment of the MCA. Patients with
extreme artifacts or insufficient scan
quality were excluded.

Outcomes

The primary clinical outcome was the degree of disability scored
at 90 days on the mRS, a 7-point scale ranging from 0 (no symp-
toms) to 6 (death).'” Secondary clinical outcome was functional
independence at 90 days, defined as mRS 0-2.

Primary radiologic outcome was follow-up infarct volume
(FIV) assessed on noncontrast CT at 1 week (range, 3-9 days). If
follow-up noncontrast CT was not available at 1 week due to
death or discharge, noncontrast CT at 24 hours (range, 12—48
hours) was used to assess FIV. Secondary radiologic outcome was
FIV dichotomized into small and large infarcts, with a cutoff value
of 90 mL.

Quantitative Assessment of Collateral Capacity

We used a previously presented method to quantify the collateral
capacity in an automated fashion."” Briefly, this method consisted
of estimation of the potential tissue-at-risk, segmentation of the



Table 1: Baseline characteristics

All
Characteristic (N =442)
Age in years, median [IQR] 66[54-76]
Female sex, % (n) 414 (183)
Left hemisphere infarct, % (n) 52.9 (234)
NIHSS score at baseline, median [IQR] 18[14-22]
Alteplase (tPA) delivered, % (n) 88.9 (392)
Allocated to endovascular therapy, % (n) 46.8(207)
Atrial fibrillation, % (n) 26.7 (N8)
Myocardial infarction, % (n) 14.9 (66)
Peripheral arterial disease, % (n) 5.2(23)
Diabetes mellitus, % (n) 13.6 (60)
Hypertension, % (n) 45.4(200)
History of ischemic stroke, % (n) 10.6 (47)
Tobacco use, % (n) 263 (16)
Use of statins, % (n) 79.4 (350)

Onset to randomization in minutes, median [IQR]  201[150-256]

Prestroke modified Rankin Scale score, % (n)

0 79.9 (353)
1 10.4 (46)
=) 5.7 (25)
ASPECTS at baseline, % (n)
0-4 2.2(10)
57 1.2 (49)
8-10 86.6 (381)
Occlusion location, % (n)
ICA 07(3)
ICA-T 27.4 (12))
M1 63.3(280)
M2 8.6(38)

arterial vasculature, and comparison of the hemispheres. First,

' was used to estimate the extent of the

a probability map
potential tissue-at-risk on the basis of the level of occlusions in
our dataset (ICA, ICA-T, M1, and M2). In this process, coreg-
istration of the probability map with each patient’s CTA was
performed using Elastix (v.4.8; http://elastix.isi.uu.nl) to cor-
rect shape, orientation, and size. The potential tissue-at-risk
was estimated by the region that had >5% chance of being
infarcted at follow-up, given the level of occlusion. This region
was mirrored to the contralateral hemisphere to serve as a
reference. Second, the vasculature within these regions was
segmented using a multiscale approach that enforces segmen-
tation of solely the smaller arterial vasculature (eg, exclusion of
the circle of Willis). Thus, mean vessel diameters (ranging
from 0.9 to 3.1 mm) served as the target range. These diameters
were based on a detailed statistical cerebroarterial atlas derived
from 700 MR angiography images.'” The sum of the multipli-
cation of the segmented vasculature volume with its voxel-
based density values represented the vascular appearance in
each hemisphere. The quantitative collateral score (qCS) was
calculated as the ratio of vascular appearance between hemi-
spheres, via the following equation:

VA
VA

ipsilateral

qCS = 100 X ;0= gCS =100

contralateral

where VA; iera1 a0d VAo ratareral aT€ the vascular appearance of
the affected and contralateral sides, respectively. qCS is expressed
in percentages.

Visual Assessment of Collateral Capacity

The imaging committee of MR CLEAN assessed the visual collat-
eral score (vCS) using the method of Tan et al."® All observers had
>10 years of experience and were blinded to all clinical findings
except the symptom side. Two neuroradiologists independently
graded all CTA images. A third reader resolved any discrepancies.
In the 4-point vCS scale, a score of zero indicated absent collater-
als (0% filling of the occluded territory), 1 indicated poor collat-
erals (>0% and =50% filling of the occluded territory), 2 indi-
cated moderate collaterals (>50% and <100% filling of the
occluded territory), and 3 indicated good collaterals (100% filling
of the occluded territory)."® A mixture of the CTA source images
and maximum-intensity-projections was used for visual assess-
ment. If different slices expressed different filling, an average col-
lateral score over all available slices was determined. Agreement
beyond chance with a k of 0.60 has previously been reported in
MR CLEAN.” An example of qCS scoring is shown in Fig 1.

Follow-Up Infarct Volume

Follow-up infarct volume was assessed on follow-up noncontrast
CT. In case of hemicraniectomy, the last scan before the operation
was selected. Ischemic lesions were segmented using validated
software, resulting in a binary mask of the FIV."® Adjacent hyper-
dense areas suspicious for hemorrhagic transformation were con-
sidered part of the FIV. All FIVs were inspected and adjusted if
necessary by a trained observer (A.M.M.B.) with >4 years of ex-
perience and at least 1 neuroradiologist (W.H.v.Z., L.E.M.B., or
C.B.L.M.M.) with >15 years of experience. A consensus reading
with 2 neuroradiologists was performed to resolve any discrepan-
cies. The FIV was calculated in milliliters by multiplying the num-
ber of voxels of the segmented ischemic lesion by its voxel size.

Assessment of CTA Image-Acquisition Phase

The scoring method introduced by Rodriguez-Luna et al*° was
used to assess phases of the CTA image acquisition. A trained ob-
server (A.M.M.B.) measured the contrast density in Hounsfield units
in the unaffected hemisphere of the M1 segment of the MCA terri-
tory (arterial structure) and the confluence of sinuses (venous struc-
ture). On the basis of these contrast measurements, all CTA studies
were classified into 1 of the 5 acquisition phases: “early arterial,”

» <«

“peak arterial,” “equilibrium,” “peak venous,” or “late venous.”
Phases were further dichotomized into “early arterial” and “arterio-

venous” (peak arterial through late venous phase).

Statistical Analysis

Dichotomous variables were presented as a proportion of the
population. Continuous variables were presented as mean and SD
if normally distributed or as median and interquartile range
(IQR) otherwise.

Relationship of the Quantitative Collateral Score

with the Reference Score

The vCS was used as a reference standard to evaluate the quanti-
tative scoring method qCS. One-way ANOVA was performed to
test for differences in qCS values among vCS groups. The Spear-
man rank correlation coefficient was calculated to determine the
relationship of qCS with vCS.

AJNR Am J Neuroradiol @@ @ 2018  www.ajnr.org 3
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FIG 2. Case examples of 4 patients with different visually scored collateral grades and corresponding quantitative collateral scores. Each panel
shows a maximum-intensity-projection of the CTA image (left) and the segmented vasculature for qCS calculation (right). The automated
segmentation on the ipsilateral side is shown in blue and the segmentation on the contralateral side is shown in red. A, Absent collaterals (visual
collateral score = 0). CTA of an 83-year-old man with a left-sided M2 occlusion acquired in the early arterial phase. Follow-up infarct volume was
205 mL, and the mRS score was 6. B, Poor collaterals (vCS = 1). CTA of a 79-year-old man with a right-sided M1 occlusion acquired in the
equilibrium phase. FIV was 245 mL, and the mRS score was 6. C, Moderate collaterals (vCS = 2). CTA of a 45-year-old woman with a left-sided
M1 occlusion acquired in the peak arterial phase. FIV was 24 mL, and the mRS score was 2. D, Good collaterals (vCS = 3). CTA of a 76-year-old
woman with a left-sided ICA-T occlusion acquired in the late venous phase. FIV was 48 mL, and the mRS score was 3.

Relationship of Collateral Capacity Scores with Outcome
Spearman rank correlation coefficients with 95% ClIs were calcu-
lated for both scoring methods to determine the relation with
clinical and radiologic outcome measures. The effect of the col-
lateral scores on outcome was estimated with univariate and mul-
tivariable modeling. The effect on the primary clinical outcome
(mRS) was calculated using ordinal logistic regression and re-
ported as adjusted and unadjusted ORs with 95% Cls. The effect
of collateral scores on FIV was analyzed with linear regression and
reported as adjusted and unadjusted Bs with 95% ClIs. FIV was
log-transformed to best satisfy the linear model (normal distribu-
tion of residuals and homoscedasticity). The exponent of 3 deter-
mines the relative difference in FIV per 1-point increase in the
collateral score. Receiver operating characteristic analysis was
performed to assess the association with dichotomized outcomes.
Areas under the curve were tested for differences using the approach
of DeLong et al.>' Multivariable modeling included prespecified
prognostic variables: EVT allocated; age; stroke severity measured on
the NTHSS score at baseline; time of stroke symptom onset to ran-
domization; the presence of previous stroke, atrial fibrillation, or di-
abetes mellitus; and occlusion site (ICA-T versus not).

4 Boers @ 2018 www.ajnr.org

Treatment Effect Modification by Collateral Capacity
Scores

We used multiplicative interaction terms to test for modification
of treatment effect on clinical and imaging outcomes by collateral
capacity, as measured with qCS and vCS.

Influence of Phase of CTA Image Acquisition
To study the influence of CTA acquisition phase, we used model-
ing with multiplicative interaction terms to test for modification
of the effect of collateral capacity on outcomes by acquisition
phase. The relation of the collateral measures to outcome was
determined via the Spearman correlation for each individual ac-
quisition phase, as well as for the dichotomized phases.

A 2-sided P value <.05 was considered significant for all tests.
All statistical analyses were performed in SPSS, Version 24.0
(IBM, Armonk, New York).

RESULTS

From the 500 patients in MR CLEAN, 58 subjects were excluded
from the present study for the following reasons: Thirty-two did
not have available thin-slice CTA images, 14 had incomplete head



scans, 8 scans showed insufficient quality (extreme noise, n = 5;
extreme motion artifacts, n = 3), 3 had an occlusion in the ante-
rior cerebral artery, and 1 patient was excluded because of a coreg-
istration error. Thus, 442 patients met the study-specific inclusion
criteria. Baseline characteristics are shown in Table 1.

The mean age was 64.8 = 13.8 years, 207 (46.8%) were allo-
cated to EVT, the median FIV was 87 mL (IQR, 32—-190), and the
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FIG 3. Distribution of quantitative collateral scores per visual collat-
eral score, ranging from absent collaterals (0% filling of the occluded
territory) to good collaterals (100% filling of the occluded territory).
The quantitative collateral score was significantly different among all
visual collateral score groups, except for absent collaterals (grade 0)
versus poor collaterals (grade ).

median mRS at 90 days was 4 (IQR, 2-5), with 111 (25.1%)
achieving functional independence (mRS 0-2).

Relation with Reference Score

Figure 2 illustrates 4 case examples of CTA images with corre-
sponding vCSs and qCSs. The distribution of the qCS per vCS
is shown in Fig 3. The qCS was significantly different among all
vCS groups (P < .05), except for absent collaterals versus poor
collaterals (P = .46). The correlation between qCS and vCS was
strong and statistically significant with a Spearman p of 0.75
(P < .001).

Relation with Outcome
Both vCS and qCS showed significant correlations with mRS
(both P <.001) and FIV (both P <.001) (Table 2). The relation of
vCS with mRS and FIV was weaker (mRS: p = —.31; FIV: p =
—.44) compared with qCS (mRS: p = —.40; FIV: p = —.46), but
this difference was not statistically significant. Adjusted for the pre-
specified prognostic variables, the OR for an increase in mRS was
0.81 (95% CI, 0.77-0.86; P < .001) per 10% increase in qCS. Linear
regression analysis showed that an increase of 10% in qCS led to a
relative decrease in FIV of 13% (exponent of B = 0.87, P <.001) in
the adjusted analysis. Results of the all regression analyses for the
effect of collateral scores on outcome are shown in Tables 3 and 4.
Receiver operating characteristic analysis showed areas under
the curve of, respectively, 0.68 and 0.65 for qCS and vCS for dis-
crimination between favorable and unfavorable functional out-
comes (Fig 4A). This difference was not significant (P = .21).
When we assessed the power to distinguish small from large in-
farcts, qCS showed an area under the curve of 0.71, compared
with an area under the curve of 0.69 for the vCS measure (P = .23)
(Fig 4B).

Table 2: Spearman rank p (95% CI) of collateral measures with outcomes for all studies and per CTA acquisition phase

All Studies
(N=442)

Early Arterial
(n=9)

Peak Arterial
(n=56)

Late Venous
(n=58)

Peak Venous

Equilibrium
(n=114)

(n=123)

Follow-up infarct volume
Visual collateral score
Quantitative collateral score

mRS at 90 days
Visual collateral score
Quantitative collateral score

— 44 (— 53 to — 36)°
— 46 (—.54t0 — 37

—35(—.55to —13)°
—45(—.62to — 24

—31(~39to —22)°
— .40 (— 48 to —.32)°

—19(—381t0.03)
—35(—53t0 —13)

— .46 (—.65t0 — 21°
— 46 (—.66 to —19)°

—22(— 49 to —.04)
—34(—55to0 —10)

— 51(—.64 to — 35
— 51(—.65to — 34

— 49 (— 6410 —29°
— 41(—56 to —20)°

— 47 (— 66 to — 24)?
—52(—.70to — 29

—28(—49to —15)?
—38(—58to —.25)°

—29(—45to —.09)
—30(—42to —.08)

—41(—.63t0 — 19
—37(~59 to — 12

2 Significant correlation at P < .01.

Table 3: Results of adjusted and unadjusted regression analyses for the effect of collateral capacity on follow-up infarct volume

Adjusted

Unadjusted

B Log-Transformed

B Log-Transformed

(95% CI)? Exp. (B)° P Value (95% CI)? Exp. (B)® P Value
Visual collateral score per 1 point —0.49 (—0.61to —0.37) 0.60 <.001 —0.59 (—0.71to —0.47) 0.54 <.001
Quantitative collateral score per10%  —0.13(—0.16 to —0.099) 0.88 <.001 —0.14(—0.18 to —0.7) 0.87 <.001

Note:—Exp. (B) indicates exponent of B.

?Due to the non-normal distribution of follow-up infarct volume, a log +1 transformation was performed to best fit the assumptions associated with the linear regression

model.

5 Exponent of B was calculated to determine the relative difference of follow-up infarct volume with an increase in collateral scores.

Table 4: Results of adjusted and unadjusted regression analyses for the effect of collateral capacity on modified Rankin Scale

Adjusted Unadjusted
Odds Ratio (95% Cl) P Value Odds Ratio (95% Cl) P Value
Visual collateral score per 1 point 0.61(0.50-0.75) <.001 0.51(0.42-0.62) <.001
Quantitative collateral score per 10% 0.81(0.77-0.86) <.001 0.85(0.81-0.90) <.001

AINR Am J Neuroradiol @@ @ 2018  www.ajnr.org 5
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FIG 4. Receiver operating characteristic curve analysis of visual and quantitative collateral scores
for discriminating favorable outcome (mRS 0-2) with areas under the curve of, respectively, 0.65
and 0.68 (A) and large infarct (FIV of >90 mL) with areas under the curve of, respectively, 0.69 and

cance (respectively P = .052 and P =
.11). Overall, correlations of both qCS
and vCS with outcome were weaker in
the early arterial phase (n = 91, 20.6%)
than in the arteriovenous phase (n =
331, 79.4%).

DISCUSSION

In this post hoc analysis of MR CLEAN,
we found that collateral capacity estimated
on baseline CTA quantitatively correlates
well with current visual assessment. We
provide evidence that quantitative assess-
ment of collateral capacity is a strong inde-
pendent predictor of outcome. Overall,
patients with alow qCS are associated with
larger FIVs on follow-up imaging and

0.71(B).

Table 5: P values of interaction analysis for primary and secondary outcome measures

worse functional outcomes. We showed
that acquiring an image in an early stage

after contrast bolus was common in MR

FIV
FIV <90 mL vs mRS mRS 0-2 CLEAN. We demonstrated that the timing
(Continuous) FIV >90 mL (Ordinal) vs 3-6 of the CTA acquisition modifies the effect
vCS-unadjusted analysis 40 43 23 a of quantitative collateral assessment on
ng:a?U;Fei acri]alr): 5:5 i ~]650 ;‘5‘ .10(218"‘ gz;a outcome in such a way that early arterial
?]CS—: djau s]tues dean:lyii)sls s '33 ’ 43 ’ 081 '1 A acquisitions are inferior to arteriovenous

2P < .05, 2-sided.

Association with Treatment Effect

Results of the interaction analysis for the qCS and vCS measures
are shown in Table 5. A significant interaction of qCS and the EVT
effect was found in the unadjusted analysis on the full ordinal
mRS scale (P = .048) and on favorable outcome (mRS 0-2) with
a P value of .049. This effect was absent after adjustment for pre-
defined baseline variables. No significant modification of treat-
ment effect by vCS was found in this substudy of MR CLEAN.

Influence of Phase on CTA Image Acquisition

Baseline CTA was acquired in the early arterial phase in 20.6% (1 =
91), peak arterial phase in 12.7% (n = 56), equilibrium phase in
27.8% (n = 123), early venous phase in 25.8% (n = 114), and late
venous phase in 13.1% (n = 58). Bar graphs (Fig 5) depict the distri-
bution of qCS within the early arterial and arteriovenous phases and
the number of patients reaching functional independence.

A significant modification of the effect of qCS on clinical and
imaging outcomes (mRS at day 90 and FIV) by acquisition phase
was found in unadjusted (both P < .001) and adjusted analysis
(mRS: P = .004; FIV: P <.001). The strength of the relationship
between collateral capacity and outcome was greater in the arte-
riovenous phase. This effect modification was absent with vCS as
a determinant of mRS (unadjusted P = .50, adjusted P = .89) and
FIV (unadjusted P = .19, adjusted P = .32), respectively.

Spearman correlation coefficients for collateral measures with
imaging and clinical outcomes per CTA image acquisition phase
are shown in Table 2. A significant correlation of qCS with both
mRS and FIV was observed among all phases, as well as for vCS
with FIV. Correlation of vCS with mRS measured in the early
arterial and peak arterial phases did not reach statistical signifi-
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acquisitions.

Despite the growing body of research
on collateral circulation and the evi-
dence that it could guide treatment decisions, only a few studies
have addressed the use of automated quantitative analysis to as-
sess the collateral capacity. The promise of extracting quantitative
imaging parameters enables producing observer-independent
and consistent results and may aid physicians in discriminating
those who may do poorly with EVT. This could be especially helpful
for physicians in local hospitals who seldom deal with patients with
acute stroke and therefore lack experience in grading collateral capac-
ity. Moreover, a reliable quantitative measure augments the ability of
clinical research to fully explore the role of collateral circulation in
evaluating and understanding stroke pathophysiology.

Our study is not the first to use quantitative analysis for esti-
mation of collateral capacity. Ernst et al*> proposed an atlas-based
method for automated quantification of the collateral abundance
on time-of-flight and contrast-enhanced MRA imaging and
found, in concordance with our study, that poorly visible collat-
erals identify patients with poor outcome. However, we found no
other study that examined the clinical value of quantitatively as-
sessed collateral capacity on CTA. Even though CTA (single-
phase in particular) is limited in its ability to evaluate the cerebral
circulation, it is the most widely used imaging technique in acute
stroke. Thus, our study shows the benefit of quantitating collat-
erals in the current acute workflow that involves rapid triage of
patients with stroke.

We observed a substantial effect of the collateral capacity as-
sessed on CTA on a patient’s functional outcome, in line with
previous studies. For example, a qCS of 30% would increase the
odds of a better functional outcome (ie, decreasing 1 point on the
mRS scale) with 57%, compared with a qCS of 0%. Also, that we
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(D).

found a significant modification of treatment effect by collaterals
highlights the importance of collateral grading on baseline imag-
ing, confirming the statement of the Acute Stroke Imaging Re-
search Roadmap III on the role of imaging selection on outcomes
in acute stroke reperfusion clinical trials.'?

A modification of the EVT effect by visually scored collat-
erals was absent in this substudy, which contrasts with the
findings in a previous study of the entire MR CLEAN popula-
tion.” This discrepancy is most likely due to the difference in
study populations.

We found that with early acquisitions after contrast adminis-
tration, patients with poor collaterals did unexpectedly well,
whereas not a single patient with a qCS of <15% reached func-
tional independence in the arteriovenous phase. This finding il-
lustrates the downside of conventional single-phase CTA, in
which the risk of underestimation is considerable because of the
lack of temporal information.”>* Our data confirm that the

strength of the relation between collateral capacity and outcome
increases with the acquisition phase. We did not find an effect
modification of visually graded collaterals by CTA acquisition
phase. This can possibly be explained by the low number of pa-
tients in the lower grades. A substantial number of patients in our
study having untimely CTA acquisitions raises concern, especially
when using collateral capacity as a selection tool for EVT. Our
study emphasizes that one should be aware of the limitations of
single-phase CTA in evaluating a patient’s collateral capacity.
In future work, our method could benefit from an automated
CTA acquisition phase measurement to easily gain knowledge
on optimal or suboptimal timing as a measure of reliability.
This could be realized by expanding the cerebroarterial atlas
with venous structures and ROIs as proposed by Rodriguez-
Luna et al.>*

We can only speculate that due to newer CT scanners and the
increasing awareness of physicians of the role of collaterals in
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acute stroke, the timing of image acquisition in general may im-
prove. Upcoming techniques such as multiphase CTA and dy-
namic CTA overcome this problem by sequential imaging at the
same level in the brain. Multiphase or dynamic CTA is better at
prognostication of clinical outcomes than single-phase CTA.>**®
Moreover, dynamic CTA has proved superior in predicting the
FIV.*” Our method of quantitatively scoring the collateral capac-
ity can easily be extended to these imaging techniques. This
transition could be achieved by applying our method to each in-
dividual sequence after correcting for head movement via coreg-
istration. Subsequently, the values within each voxel could be
condensed to a single value such as the average or maximum.
Also, measuring the time-to-peak within the voxels would allow
showing the speed of contrast filling within the arteries (contrary
to the contralateral side), which might aid the physician in recog-
nizing the tissue-at-risk. Additional research is warranted to fur-
ther elucidate the role of quantitative collateral scoring within
these techniques.

Our study has some limitations. We excluded some patients
with thick-slice CTAs compared with thin slices; the former re-
sults in suboptimal vessel segmentation, a key requirement in
quantitative collateral scoring. In addition, we did not exclude
patients who had a proximal stenosis. Such patients could have
had delayed filling due to the flow-limiting stenosis. In MR
CLEAN, 57 patients were scored as having cervical internal ca-
rotid artery stenosis.>” This might have affected the interpretation
of the collateral capacity. Furthermore, we did not evaluate the
relation of qCS with collateral scores as assessed on multivessel
DSA, the criterion standard for collateral assessment, on the
grounds that sample sizes were too small to consider DSA a refer-
ence standard: Of all patients in MR CLEAN having both CTA
and DSA of sufficient quality to evaluate complete collateral cir-
culation, imaging data of a mere 45 patients could be used for
evaluation.’® Moreover, Jansen et al’ have shown that the agree-
ment between CTA- and DSA-based visual collateral assessment
is low. The relation of qCS with DSA-based collateral scores is
therefore also expected to be weak.

With the recent pooling of multiple randomized controlled
trials,”" larger datasets may become available to investigate how
qCS fared against DSA. Moreover, the computation time required
for image postprocessing of 6—10 minutes on a modern PC is
rather high. Future work must focus on reducing this computa-
tion time before this approach could be applied in clinical practice
where speed is of the essence. In addition, the quantitative method
makes use of a cerebroarterial atlas derived from healthy subjects.
Even though data of 700 subjects was used to create this atlas, it is
possible that the vascular anatomy of a patient with acute stroke
deviates from that in these healthy subjects, leading to over- and
underestimation of the presence of arteries distal to the clot. Add-
ing a component that identifies clot location (manually or auto-
mated) will likely increase the accuracy.

CONCLUSIONS

We provide evidence that quantitative collateral scoring is a reli-
able measure of the collateral capacity on baseline CTA in patients
with acute stroke. Our results show that qCS could help clinicians
make EVT treatment decisions and predict clinical and imaging
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outcomes. Furthermore, qCS can be standardized relatively easily
compared with current subjective measures of collateral assess-
ment in patients presenting with acute ischemic stroke.
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