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Abstract

Objectives This study aims to: (1) develop and evaluate a quantitative assessment of collateral status in the
downstream area of an occluded intracranial artery in acute ischemic stroke and compare this method to middle
cerebral artery (MCA)-based assessment; (2) determine the agreement between the automated occlusion-downstream
area collateral score (ODACS) and expert raters’ assessments, and compare this to inter-rater agreement.

Methods Patients from MR CLEAN-NO IV and MR CLEAN Registry with a proximal M1, distal M1, or M2 occlusion were
included. Using the hypoperfused area from CT perfusion (CTP) as a proxy for the occlusion-downstream territory and
automated vessel segmentations from CT angiography (CTA), ODACS is calculated as the vessel volume ratio between
downstream ipsilateral and its contralateral regions. ODACS was compared to a whole MCA-territory approach and
evaluated against visual scoring by two expert raters that visually estimated ODACS using CTA and CTP, and their inter-
rater agreement.

Results The study included 204 patients with a proximal M1 (52%), distal M1 (32%), or M2 (16%) occlusion. ODACS
yielded lower collateral scores than MCA-based scoring for all occlusion locations, with larger differences in more distal
occlusions. For M2 occlusions, 58% of patients shifted from good (> 50%) to poor (< 50%) collateral filling of the
occluded territory using ODACS. Moderate (weighted Cohen’s kappa k = 0.45) inter-rater agreement and fair (x = 0.35)
to moderate (k =0.51) ODACS-rater agreement were observed.

Conclusions ODACS vyields lower collateral scores compared to MCA-based scoring and is comparable to scores from
expert raters.

Key Points

Question CT angiography-based collateral assessment in the MCA territory is inadequate to assess the collateral status in
patients with distal vessel occlusions.

Findings Our automated ODACS revealed lower collateral scores than traditional whole-territory assessment, especially in
distal vessel occlusions.
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Clinical relevance The more precise evaluation of affected brain territories through automated occlusion-downstream
area assessments prevents an overestimation of collateral status in distal occlusions, which could lead to improved patient

selection and treatment decisions in acute stroke care.

Keywords Stroke, Brain, Computed tomography angiography, Perfusion imaging, Collateral circulation

Graphical Abstract

Automated collateral assessment restricted to the hypoperfused area
for distal vessel occlusions in ischemic stroke
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The more precise evaluation of affected brain territories through automated occlusion-downstream
area assessments prevents an overestimation of collateral status in distal occlusions, which could lead
to improved patient selection and treatment decisions in acute stroke care.
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Introduction

The presence of a patent collateral artery network, or in
short collaterals, is a prognostic factor associated with
good functional outcome in acute ischemic stroke
patients [1]. Moreover, collaterals modify the treatment
effect for endovascular treatment (EVT) in the early
window, with a larger treatment effect in patients with
better collaterals [2]. To some extent, collaterals can
maintain perfusion to the affected brain tissue and slow
down the progression from tissue at risk (penumbra) to
infarcted tissue (core). Various (automatic) collateral
scores (CSs) have been proposed to assess collateral status
[1, 3-8]. Such scores commonly assess the middle cere-
bral artery (MCA) downstream territory filling, as they
were developed for proximal large vessel occlusions
[3, 8-10]. For proximal occlusions, where the (near-)
whole MCA-territory is involved, this represents a
straightforward, efficient, fast, and pragmatic approach
[9-13]. However, in distal occlusions, assessing the whole
MCA-territory will overestimate the collateral status since

vessels in the unaffected territory are incorrectly counted
as collateral flow - which in turn may reduce the pre-
dictive value of the CS. Given the advancement in EVT
devices and experience, there is an emerging trend to treat
more patients with distal occlusions [14-19]. To evaluate
the effect of collaterals on treatment benefits in patients
with distal occlusions, a novel approach for downstream
collateral assessment is needed.

We propose an automated occlusion-downstream area
collateral score (ODACS) to address these limitations. This
novel method provides an objective assessment of collateral
circulation specifically for the affected territory in patients
with distal occlusions, overcoming both the overestimation
issues of MCA-territory methods and challenges of visual
assessment due to variations in cerebral vessel anatomy of
more distal vessels [20—-22]. Our primary objective is to
develop a method to accurately determine the collateral
status of patients with more distal occlusions without
requiring explicit localization of the thrombus and which is
robust to variations in vessel anatomy. To achieve this, we
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introduce and investigate an approach to collateral scoring
using a patient-specific occlusion-downstream area that we
obtain from the computed tomography (CT) perfusion-
based hypoperfused region. Since vessels that are not part
of the occlusion-downstream area are disregarded in the
proposed methodology, we hypothesize that this approach
will result in lower CSs for patients with distal occlusions
compared to scores assessing the complete MCA-territory.

Methods

Data sets

We used data from a European multi-center, prospective,
randomized clinical trial, MR CLEAN-NO IV [23], and
from a Dutch prospective, nationwide, observational
cohort study, the MR CLEAN Registry [24]. The studies
included patients with large vessel occlusion acute
ischemic stroke between March 2014 and October 2020.
The medical ethics committee of the Erasmus MC Uni-
versity Medical Center, Rotterdam, the Netherlands,
evaluated the protocols and granted permission for the
MR CLEAN-NO IV trial (MEC-2017-368) and MR
CLEAN Registry cohort study (MEC-2014-235). The
ethics committee waived the necessity of written informed
consent for the MR CLEAN Registry; written informed
consent was obtained for all patients in MR CLEAN-NO
IV. Details about in- and exclusion criteria were described
elsewhere [23, 24]. From these studies, we retrospectively
included a subset of patients. Specifically, we included
patients who underwent computed tomography angio-
graphy (CTA) and computed tomography perfusion
(CTP) at baseline, and of whom the CTP scans were
processed with the software StrokeViewer (Nicolab; www.
nicolab.com/strokeviewer) as part of the CLEOPATRA
health care evaluation study [25]. The CLEOPATRA
healthcare evaluation study was performed to assess the
costs and health effects of CTP for selection for EVT. In
CLEOPATRA, all available CTPs in the MR CLEAN
Registry and MR CLEAN-NO IV were processed with
CTP software from multiple vendors if possible. Not all
CTPs could be processed, for example, due to missing
source data, suboptimal quality, or faulty anonymization
that led to corrupted source data. The resulting database
had 169 patients with StrokeViewer CTP outcomes for
the MR CLEAN Registry and 176 for MR CLEAN-NO IV.
We used a single software to ensure consistent CTP
outcomes. The CTP perfusion maps, penumbra and core
masks, and baseline image reconstructions had 5 mm slice
thickness. No standardized injection protocols were used.
We excluded patients with CTA slice thickness exceeding
2 mm. We visually assessed the CTA phase and excluded
patients with venous contrast enhancement following a
similar procedure as published previously [26]. Since an
ICA(-T) occlusion could introduce hypoperfusion beyond
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the MCA-territory, we excluded patients with such
occlusions.

Occlusion-downstream area CS

Our proposed automated ODACS aims to quantify col-
lateral circulation in the patient-specific occlusion-
downstream area that we obtain from the CTP-based
hypoperfused region. We describe the steps to calculate
the ODACS in the following paragraphs.

Alignment and co-registration

We used a midline plane extracted by StrokeViewer to
align and center the midline plane of the CTP scans with a
standard coordinate system. We applied the same align-
ment to the CTP outcomes and co-registered the CTA to
the first frame of the CTP sequence.

Vessel segmentation

We used StrokeViewer’s vessel segmentation algorithm to
segment the vessels in the CTA. The algorithm is a
Residual 3D U-Net [27, 28].

Occlusion-downstream area selection

We used the hypoperfused area, determined at
Tmax > 65, as the occlusion-downstream area. Tmax is a
robust parameter for identifying hypoperfused tissue [29].
We use increased Tmax to represent the occlusion-
downstream area as it captures tissue with delayed per-
fusion due to arterial blockage, making it a good proxy for
the area downstream of an occlusion. The threshold
Tmax > 6 is a commonly used threshold for the defini-
tion of hypoperfusion across various CTP analysis soft-
ware packages. Since typical CTP software removes
vessels from analysis, we refined the downstream area to
include vessels. We generated a mask from the estimated
hypoperfused area and filled the empty spaces corre-
sponding to vessels by applying morphological closing
with a 3D ellipsoidal structuring element with semi-axes
radii of ten voxels along the x- and y-axes, and one voxel
along the z-axis. This approach makes vessels penetrating
the downstream area part of the refined downstream area
mask. We mirrored the refined downstream area mask in
the midplane to obtain a similar area on the contralateral
hemisphere.

Quantitative score

We calculated the total vessel volume within the
occlusion-downstream area and its contralateral mirrored
counterpart. We defined the ODACS as the ratio between
the ipsilateral and contralateral vessel volume [5]. For
visual representation of the results, we presented the
identified vessels through a graphical user interface,
highlighting the ipsilateral vessels (red) and the
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Fig. 1 Example of our proposed method to obtain the ODACS, and the reference method to obtain MCA collateral score (MCA-CS). The top row shows
the CTP maps and the hypoperfused volume. The vessel segmentation is shown in blue. Red and green regions show the ipsilateral and contralateral
regions under consideration: the occlusion-downstream area from the hypoperfused area or the MCA territory. The last column shows the vessels
specific to each region along with the quantitative score and categorized collateral score. All images are 10 mm maximum intensity projections

contralateral vessels (green). Figure 1 presents the work-
flow of the calculation of the proposed occlusion-
downstream area CS.

Categorized score

Like most collateral scores (CS) used in clinical practice, we
used thresholds to categorize the quantitative score. We based
this on the four-point ordinal scale Tan score that categorizes
collateral status, namely the absence of collaterals (CS 0, no
filling of the occluded area), poor collaterals (CS 1, > 0% but
< 50% filling of the occluded area), moderate collaterals (CS 2,
>50% but <100% filling of the occluded area), and good
collaterals (CS 3, 100% filling of the occluded area) [5]. We
adjusted the criteria to ensure that minor false positive seg-
mentations did not mistakenly yield an incorrect category. For
the CS 0 group, we, therefore, relaxed the criteria from no
filling in the occluded area to less than 5% filling compared to
the contralateral side. Similarly, for the CS 3 group, we relaxed
the criteria to more than 95% filling compared to the con-
tralateral side.

Reference methods

MCA-territory collateral score

Since we hypothesized a reduction to lower collateral
scores in the occlusion-downstream approach compared
to the complete MCA-territory, we also calculated the
scores throughout the MCA-territory. We used the Kaf-
fenberger neuroanatomical CT-MRI brain atlas to create
an MCA-territory mask [30, 31]. We defined the quanti-
tative collateral score as the ratio of the vessel volumes
between the ipsilateral and contralateral MCA territories.
We refer to this score as the MCA-CS.

Visual occlusion-downstream area collateral score

To validate our automated ODACS method, we compared it
against visual ODACS as assessed by two experienced neu-
roradiologists, R1 (C.M.) and R2 (B.E.), with 27 years and 17
years of experience, respectively. Following the definitions of
the Tan score, both raters provided a reference standard by
visually estimating the collateral scores for all available MR
CLEAN-NO 1V patients, utilizing the CTA and CTP per-
fusion maps, as well as the occlusion segment and side.
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To align better with the proposed continuous ODACS, we
explored the use of an extended Tan score [32] for a more
granular assessment, for one rater (R1). The extended Tan
score subdivides CS 1 into CS 1a (> 0% but < 25% filling of
the occluded area) and CS 1b (> 25% but < 50%), and CS 2
into CS 2a (> 50% but < 75%) and CS 2b (> 75% but < 100%).

Analysis

We carefully reviewed each case visually to ensure quality
standards for midplane alignment, co-registration, and
vessel segmentation. Patients not meeting these quality
standards or patients without hypoperfusion were exclu-
ded from the analysis. We calculated the collateral scores
across three groups of occlusion locations: proximal M1,
distal M1, and M2. In our study, we defined the (post-
bifurcation) M2 occlusions as distal. We analyzed the
results for the three occlusion locations with
Bland—Altman plots for the quantitative MCA-CS and
ODACS, and with confusion matrices for categorized
scores. We tested our hypothesis, a reduction to lower
collateral scores when only the occlusion-downstream is
considered compared to the MCA-territory, with a one-
sided Wilcoxon Signed Rank test with confidence level
0.05 (python SciPy v1.12.0 [33]). We used the same ana-
lysis to assess if the hypoperfused volume was smaller
than the MCA volume. Furthermore, we examined the
proportion of patients who shifted from the clinically
relevant dichotomized collateral score good (CS 2-3) to
poor (CS 0-1) when using ODACS instead of MCA-CS.
We analyzed inter-rater agreement and agreement
between our method and the experienced raters with the
quadratically weighted Cohen’s kappa statistic.

Supplementary analysis

We conducted supplementary analyses to further validate
the proposed methodology. These additional analyses
focused on two key aspects: evaluating the performance of
the vascular segmentation component in our method and
assessing the sensitivity of our approach when using different
CTP software packages. These analyses provide additional
support for the robustness and reliability of the ODACS
method and are presented in the Supplementary Materials.

Results

Of the 345 patients with baseline CTA, CTP images, and
StrokeViewer results available, 204 were included (Fig. 2).
Table 1 lists characteristics for the patients in our analysis
with proximal M1 (n = 106), distal M1 (n = 65), and M2
(n=233) occlusions. Figure 1 illustrates ODACS and
MCA-based scoring for a patient with a proximal M1
occlusion. Even with proximal M1 occlusions, the
downstream area can be smaller than the MCA-territory,
leading to a different collateral score.
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Proximal M1 occlusions

The MCA-CS was generally higher than the ODACS for
proximal M1 occlusions. The Bland—Altman plot in Fig. 3
shows a mean of 0.15 for the difference MCA-
CS—-ODACS, suggesting a bias to higher collateral scores
for the MCA-based approach. The confusion matrix in
Fig. 4 shows that 34/106 (32%) patients obtained a lower
ODACS compared to MCA-CS. The quantitative and
categorized ODACS were significantly lower (p < 0.001)
than the MCA-CS for proximal M1 occlusions. For two
patients, the categorized ODACS was higher than the
MCA-CS. In total, 32/106 (30%) patients shifted from
good to poor collateral scores. The quantitative results in
Table 2 indicate that the median (IQR) considered volume
for the MCA-CS was 304 (295-309) mL, while the
hypoperfused volume was 166 (122—-206) mL.

Distal M1 and M2 occlusions

The MCA-CS was also higher than ODACS for distal M1
and M2 occlusions. The Bland—Altman plots in Fig. 3
show a mean difference MCA-CS—ODACS of 0.23 for
distal M1 occlusions and 0.34 for M2 occlusions, implying
a tendency toward a larger bias in the collateral score of
more distal occlusions for MCA-CS. Furthermore, the
spread in mean differences increases for more distal
occlusions compared to the proximal M1 occlusions.
Correspondingly, the confusion matrix in Fig. 4 shows
that 29/65 (45%) distal M1 and 24/33 (73%) M2 patients
obtained lower collateral scores when using ODACS. This
is mirrored by the fact that the quantitative and cate-
gorized ODACS are significantly lower (p <0.001) than
the MCA-CS for distal M1 and M2 occlusions. The
ODACS was never higher than the MCA-CS in these
subsets. Of 26/65 (40%) distal M1 patients and 19/33
(58%) M2 patients shifted from the good collateral group
to the poor collateral group. Table 2 indicates that for
distal M1 patients, the median (IQR) volume under con-
sideration for the MCA-CS was 304 (300-310) mL, while
the hypoperfused volume was 136 (100-183) mL. For M2
patients, the considered volume for the MCA-CS was 308
(297-311) mL, while the hypoperfused volume was 86
(50-153) mL.

Visual ODACS

Fig. 5 shows box plots for the quantitative ODACS and
the visually scored ODACS. For patients with visually
scored ODACS 0, our automated ODACS estimated
higher collateral status. Alternatively, for patients with
visual ODACS 3, the ODACS was lower than the visual
score. The Cohen’s kappa statistic for the inter-rater
agreement between R1 and R2 was k =0.45 (moderate
agreement). The agreement between ODACS and R1 and
R2 was k= 0.51 (moderate agreement) and k = 0.35 (fair
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agreement), respectively. The agreement between
ODACS and R1 using the extended Tan scale was 0.55
(moderate agreement). R1 classified 9 patients as visual
ODACS 3 and R2 classified 3 patients as visual ODACS 3.
The experts agreed on 2 patients with visual ODACS 3.

Discussion

In this study, we presented a novel quantitative assess-
ment of collateral status in the downstream area of an
occluded intracranial artery. For proximal M1, distal M1,
as well as M2 occlusions, we found lower ODACS com-
pared to using the whole MCA-territory (MCA-CS). The
difference between ODACS and MCA-CS was greater for
more distal occlusions. Additionally, we have shown that
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the agreement between ODACS with experts is on par
with the interobserver agreement of the experts.

For proximal M1 occlusions, we expected the ODACS
and MCA-CS to be more aligned. Our study, however,
found that about one-third of patients with proximal M1
occlusions obtained a lower collateral category using the
downstream method. Additionally, we found that the
average ipsilateral volume of the downstream area of
proximal M1 occlusions was approximately half of the
entire MCA volume. This observation may be due to
anatomical variations or watershed areas which are
included in the entire MCA volume but not in
the hypoperfused area, or limited coverage of the CTP.
The ODACS may provide a patient-specific approach for

Patients included in the MR CLEAN NO-IV
with an occlusion ICA, ICA-T or middle cerebral artery (n=534)

Patients included in the MR CLEAN Registry
with an occlusion ICA, ICA-T or middle cerebral artery (n=5054)

\

/

Total number of CTPs MR CLEAN NO-IV (n=259)

Total number of CTPs MR CLEAN Registry (n=502)

T~

/

Total numer of CTPs eligible for processing by StrokeViewer (n=761)

CTPs not processed as part of the CLEOPATRA
health care evaluation study (n = 416)

Patients who received both CTA and CTP for acute isc

hemic stroke and CTP was processed by StrokeViewer

(n =345)
—»1 ICA/ICA-T occlusions (n = 66)
CTA:
| ¢ Incorrect CTA acquisition phase (n = 47)

>

o Slice thickness > 2mm (n = 3)
¢ Unknown target occlusion or collateral grade (n = 4)

CTP:
¢ No hypoperfused volume (n = 4)
e Insufficient quality (n = 17)

Analysis cohort (n = 204)

Fig. 2 Flowchart to obtain our final study cohort
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the downstream area, however, it may underestimate the
downstream area in cases of limited CTP coverage. The
impact of this limitation needs further validation, given
that CTP typically covers the greater portion of the MCA
territory.

We used the hypoperfused area to define the down-
stream area. Alternatively, Boers et al calculated average
occlusion territory maps from follow-up NCCT infarct
core segmentations [34]. Using follow-up imaging might
not be representative for the situation however, as
underestimation could occur due to EVT, as well as

Table 1 Patient characteristics of the included population

Included population

(n=204)
Patient characteristics
Age (years)-median (IQR) 72 (63-80)
Male sex-n (%) 105 (51)
NIHSS score-median (IQR) 16 (12-20)
Intravenous thrombolysis-n (%) 142 (70)
Previous stroke-n (%) 43 (21)
Baseline imaging-NCCT
ASPECTS noncontrast CT-median (IQR) 9 (8-10)
Baseline imaging-CTA
Occluded segment-n (%)
Proximal M1 106 (52)
Distal M1 65 (32)
M2 33 (16)
Times
Onset to groin puncture (min)-median (IQR) 140 (111-190)

Dates

Range study dates —mm/yyyy 05/2016 to 10/2020

NIHSS National Institutes of Health Stroke Scale
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overestimation due to infarct growth [35]. Moreover,
Boers et al made no distinction between occlusions in
proximal and distal M1 vessel segments or superior and
inferior M2 trunks, and the probability maps of M2 and
M1 territories were visually quite similar. While we could
create an atlas or territory map for proximal occlusions,
doing so for distal occlusions could prove difficult due to
the considerable variations in vessel anatomy. Moreover,
both visual and automatic occlusion localization have
been shown to be challenging for distal occlusions
[21, 36]. By considering the hypoperfused region, we
obtained a patient-specific downstream area that inher-
ently captures the vessel anatomy. The downstream areas
of superior and inferior M2 trunks, for example, vary not
only within patients but also across patients, and using the
hypoperfused area as a downstream area surrogate cap-
tures these variations. Moreover, determining the down-
stream area is invariant to occlusion localization.

An argument against using the hypoperfused region as a
surrogate for the downstream area might be that the
downstream area of patients with rapid collateral supply
(with Tmax <6s) could be underestimated. In this case,
our method would not consider these collateral vessels
when calculating the ODACS, and the collateral grade in
the hypoperfused region might be underestimated. Future
studies should investigate whether other definitions of the
hypoperfused region (e.g., Tmax > 4 s) might improve the
representation of the ‘true’ downstream region in patients.

The moderate inter-rater agreement between our expert
readers highlights the importance of developing an
automated assessment of downstream collateral status for
distal occlusions. Our method primarily deviated from the
raters in cases with minimal or no collateral circulation. In
these instances, the ODACS tended to be higher than the
threshold for the lowest collateral score category, possibly
due to the segmentation of weakly attenuated vessels or

proximal M1 distal M1 M2
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Fig. 3 Bland-Altman plots for the MCA-CS and ODACS for proximal M1, distal M1, and M2 occlusions. The difference is calculated as MCA-CS-ODACS.

The subfigures show a larger mean difference for more distal occlusion
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Fig. 4 Confusion matrices for the categorized MCA-CS and ODACS. The subfigures for proximal M1, distal M1, and M2 occlusions indicate that 34
(proximal M1), 29 (distal M1), and 24 (M2) patients obtained a lower ODACS compared to MCA-CS

Table 2 Median (IQR) values of the quantitative and categorical
middle cerebral artery territory collateral score (MCA-CS) and
occlusion- downstream area collateral score (ODACS), and the
corresponding volumes of the ipsilateral MCA volume and
hypoperfused volume. Additionally, the table lists the percentage
of patients that shifted from the good collateral to the poor
collateral group

Occlusion Quantitative ODACS  Quantitative p-value
location MCA-CS
Proximal M1 049 (0.37-061) 0.63 (0.52-0.78) <0001
Distal M1 046 (0.34-0.62) 0.69 (0.58-0.86) <0.001
M2 044 (0.32-0.56) 0.77 (061-0.92) <0.001
Categorized ODACS Categorized p-value
MCA-CS
Proximal M1 1(1-2) 2 (2-2 <0.001
Distal M1 1(1-2) — <0.001
M2 1(1-2) 2 (2-2 <0.001
Ipsilateral Ipsilateral MCA p-value
hypoperfused volume
volume
Proximal M1 166 (122-206) mL 304 (295-309)mL < 0.001
Distal M1 134 (100-183) mL 304 (300-310)mL < 0.001
M2 86 (50-153) mL 308 (297-311)mL < 0.001
Shift from good to
poor collaterals
proximal M1 32/106 (30%)
distal M1 26/65 (40%)
M2 19/33 (58%)

MCA-CS middle cerebral artery territory collateral score, ODACS occlusion-
downstream area collateral score

noise leading to false positive vessel segmentations. This
issue occurred for two patients. Furthermore, the dis-
crepancy with higher visual ODACS might originate from
an overestimation in the visual assessment. This is parti-
cularly evident considering that R1 and R2 decided on
visual ODACS 3 for only two patients, highlighting the
challenging nature of this task.

The ODACS provides a more accurate assessment of
collateral status in distal occlusions compared to the
MCA-CS, which overestimates collateral capacity. Clin-
icians using the MCA-CS might expect good treatment
effects based on an overestimated collateral score,
whereas the ODACS could offer a more representative
evaluation. This refinement in collateral assessment has
potential implications for patient selection and manage-
ment in acute stroke care, particularly for distal occlu-
sions. By more accurately categorizing patients into good
or poor collaterals, the ODACS may support more
informed decision-making in treatment strategies,
potentially improving patient outcomes.

Downstream collateral scoring may, for example, prove
useful to evaluate the effects of collaterals on potential
treatment benefits in EVT trials. The recent MR CLEAN
LATE Trial identified a patient group who benefited from
endovascular therapy in the late time window, based on
the presence of collaterals in the MCA-territory compared
to the unaffected side [37]. Notably, subgroup analyses
revealed that patients with poor collateral status (< 50%
compared to the unaffected side) had greater treatment
effects compared to patients with good collateral status.
An explanation for this could be the overrepresentation of
patients with distal occlusions in the group with good
collaterals. This may be due to the MCA-territory-based
scoring method, leading to higher collateral scores
for distal occlusions. Therefore, further research into
downstream collateral assessment is needed, particularly
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Fig. 5 Box plots for the ODACS score vs the visual occlusion-downstream collateral scores from the two expert raters

focusing on its clinical relevance for the treatment effect
of EVT. Such research could also provide insights into the
potential advantages of occlusion downstream collateral
assessment for guiding treatment decisions.

Our study has limitations. First, our method requires
CTP imaging, which was not consistently available in our
dataset, particularly in the MR CLEAN Registry, limiting
our ability to evaluate ODACS on a larger proportion of
patients. However, CTP is currently widely available.
Second, our dataset contains only a limited proportion of
more distal occlusions, with distal M1 and M2 occlu-
sions accounting for 32% and 16% of cases, respectively.
The limited proportion of more distal occlusions in our
dataset directly results from the fact that relatively few
patients with distal M1 and M2 occlusions have been
treated with endovascular therapy to date. Third, our
method uses the hypoperfused region obtained from
CTP software, and there is variation between different
vendors’ CTP software [38, 39]. Our evaluation study,
however, shows that ODACS is robust to using different
vendors’ CTP software. Another limitation is that while
our post-processing approach smoothens the border of
the hypoperfused region to include vessels, this could
have affected the score calculation. Moreover, variation
in image quality (e.g., noise) might have influenced the
vessel segmentation and CTP outcomes quality. Another
limitation is that we excluded patients with venous flow,
yet minor venous filling cannot be entirely excluded.
Early timed CTA may underestimate the collateral score,
which could have more impact on distal occlusions.
Alternatively, late-timed CTA may overestimate the
collaterals, as there is more venous filling. Using thin-
slice CTP or multi-phase CTA source data for segmen-
tation of the vessels at peak arterial phase could mitigate
these issues. For our study, however, such data were not
available. Lastly, our study is limited by the use of only
two raters for the visual ODACS scoring, which may
restrict the generalizability of our inter-rater agreement

findings.

In conclusion, we presented a novel approach for col-
lateral assessment for more distal vessel occlusions. The
ODACS collateral score resulted in lower scores than the
MCA-based method, leading to a shift in classification
from good to poor collateral status, particularly for more
distal occlusions. ODACS demonstrates fair to moderate
agreement with expert raters, who themselves show
moderate agreement with each other.
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