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Abstract

Objectives This study evaluated the collateral map’s ability to predict lesion growth and penumbra after acute anterior
circulation ischemic strokes.

Methods This was a retrospective analysis of selected data from a prospectively collected database. The lesion growth
ratio was the ratio of the follow-up lesion volume to the baseline lesion volume on diffusion-weighted imaging (DWI). The
time-to-maximum (Tmax)/DWI ratio was the ratio of the baseline Tmax > 6 s volume to the baseline lesion volume. The
collateral ratio was the ratio of the hypoperfused lesion volume of the phase_FU (phase with the hypoperfused lesions most
approximate to the follow-up DWI lesion) to the hypoperfused lesion volume of the phase_baseline of the collateral map.
Multiple logistic regression analyses were conducted to identify independent predictors of lesion growth. The concordance
correlation coefficients of Tmax/DWI ratio and collateral ratio for lesion growth ratio were analyzed.

Results Fifty-two patients, including twenty-six males (mean age, 74 years), were included. Intermediate (OR, 1234.5;
p<0.001) and poor collateral perfusion grades (OR, 664.7; p=0.006) were independently associated with lesion growth.
Phase_FUs were immediately preceded phases of the phase_baselines in intermediate or poor collateral perfusion grades. The
concordance correlation coefficients of the Tmax/DWI ratio and collateral ratio for the lesion growth ratio were 0.28 (95% CI,
0.17-0.38) and 0.88 (95% CI, 0.82-0.92), respectively.

Conclusion Precise prediction of lesion growth and penumbra can be possible using collateral maps, allowing for personal-
ized application of recanalization treatments. Further studies are needed to generalize the findings of this study.

Clinical relevance statement Precise prediction of lesion growth and penumbra can be possible using collateral maps, allow-
ing for personalized application of recanalization treatments.
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Key Points

o Cell viability in cerebral ischemia due to proximal arterial steno-occlusion mainly depends on the collateral circulation.

o The collateral map shows salvageable brain extent, which can survive by recanalization treatments after acute anterior

circulation ischemic stroke.

e Precise estimation of salvageable brain makes it possible to make patient-specific treatment decision.

Keywords Cerebrovascular disorders - Stroke - Collateral circulation - Magnetic resonance imaging - Magnetic resonance

angiography

Abbreviations

aCR Approximate collateral ratio

DASAN Database of Acute ischemic Stroke Analysis
Network

DWI Diffusion-weighted imaging

MCA Middle cerebral artery

pCR Precise collateral ratio

Tmax Time-to-maximum

Introduction

The primary goal of recanalization treatments is to save
the salvageable brain (penumbra) to improve functional
outcomes. Recently, the HERMES data showed that the
follow-up infarct volume was a strong independent predic-
tor of functional outcome [1]. Accurate information of the
penumbral extent can be the most direct indicator for select-
ing patients for treatments. Currently, the penumbra is esti-
mated with a threshold of > 6 s of the contralateral time-to-
maximum (Tmax > 6 s) on CT or MR perfusion imaging [2].
However, comparative studies using perfusion imaging and
positron emission tomography have shown that perfusion
imaging tends to overestimate the volume of the penum-
bra [3]. This can lead to the inclusion of patients who are
unlikely to benefit from recanalization treatments, as they
may have only a minimal amount of salvageable brain. The
optimal time-to-maximum (Tmax) threshold for delineating
the penumbra is still a matter of controversy [4], and the
results for calculating Tmax can vary depending on the soft-
ware used, even with the same threshold [5, 6]. These factors
may have an impact on patient selection for treatments.
Cell viability and functional outcomes in cerebral
ischemia due to proximal arterial steno-occlusion mainly
depend on the collateral circulation, which varies among
patients. Previous studies have shown that good collaterals
slow down infarct growth and poor collaterals accelerate it.
Therefore, better collaterals are associated with less infarct
growth and better functional outcome, whereas poor col-
laterals are linked to hemorrhagic complications and unfa-
vorable functional outcome even in successful recanalization
[7-10]. However, the current collateral imaging methods,
such as multiphase CT angiography, the prominent vessel
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sign on susceptibility-weighted imaging, or arterial transit
artifact on arterial spin labeling, provide only peripheral ves-
sel information without incorporating the underlying tissue
status in a dynamic dimension. Therefore, these methods
have limitations in regional estimations of the penumbra
[11-13]. We aimed to evaluate the ability of collateral cir-
culation imaging, named the “collateral map,” to predict
lesion growth and penumbra in patients with acute ischemic
stroke due to large vessel steno-occlusion in the anterior
circulation.

Materials and methods

The local institutional review boards of Konkuk Medi-
cal Center and Daejeon St. Mary’s Hospital approved this
study, and written informed consent was obtained from all
participants.

Patients

For this retrospective analysis, we selected patients from
the data in the ongoing Database of Acute ischemic Stroke
Analysis Network (DASAN) that contains clinical and
imaging data of patients with acute ischemic stroke due to
large vessel occlusion, and the data were prospectively col-
lected from two university hospitals from January 1, 2016.
The inclusion criteria of DASAN are as follows: (1) par-
ticipants older than 18 years of age, (2) participants with
acute ischemic stroke due to occlusion or severe stenosis of
the internal carotid artery and/or M1 or M2 segment of the
middle cerebral artery, or the basilar artery, and (3) partici-
pants who underwent brain CT and MR imaging including
diffusion-weighted imaging (DWI), susceptibility-weighted
imaging, dynamic contrast-enhanced MR angiography,
dynamic susceptibility MR perfusion, and fluid-attenuated
inversion recovery at admission. The inclusion criteria for
this study were as follows: (1) patients with steno-occlusion
of the internal carotid artery and/or M1 or M2 segment
of the middle cerebral artery (MCA) who were evaluated
within 8 h of symptom onset, (2) patients with follow-up
DWI and angiography within 7 days, and (3) patients who
presented with unchanged steno-occlusive arterial lesions
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DWI at admission

DCE-MRA a}t admission

Arterial Phase Capillary Phase

Early venous Phase Late venous Phase

DWI on day 1 Tmax >6s at admission

Delay Phase

The collateral map derived from DCE-MRA at admission

Fig.1 Case of intermediate collateral perfusion grade. Images of
a middle-aged patient with occlusion of the right internal carotid
and middle cerebral arteries demonstrated on dynamic contrast-
enhanced MR angiography (DCE-MRA). The premorbid modified
Rankin scale score of this patient was 0, and the National Institutes
of Health Stroke Scale score at admission was 11. The patient under-
went intravenous thrombolysis followed by intraarterial thrombec-
tomy, but recanalization of the occluded arteries was not achieved.
Diffusion-weighted imaging (DWI) at admission showed an acute
infarction in the right middle cerebral artery territory. The collateral
map derived from DCE-MRA at admission shows an intermediate
collateral perfusion status (MR acute ischemic stroke collateral per-
fusion score of 2: collateral perfusion delay more than one-half of
the middle cerebral artery territory in the capillary phase and equal
to or less than one-half in the early venous phase). The DWI lesion
extent at admission coincides with the hypoperfused lesion on the
early venous phase of the collateral map, so the early venous phase is

on follow-up angiography. Patients with premorbid modified
Rankin scale scores greater than 2, hemorrhagic transfor-
mation, procedure-related complications such as thrombo-
embolism or subarachnoid hemorrhage, and patients who
underwent craniectomy were excluded. The patients were
evaluated based on demographic data, medical history, vas-
cular risk factors, routine blood tests, brain imaging, and car-
diological tests. The severity of stroke was assessed with the
National Institutes of Health Stroke Scale (NIHSS). Func-
tional outcomes were assessed on day 90 with the modified
Rankin scale; a favorable functional outcome was defined as
a modified Rankin scale score of 2 or less on day 90.

y 33

Lesion Segmentation by MIPAV

determined as the baseline lesion phase. DWI on day 1 shows that the
lesion growth covers the entire hypoperfused lesion seen on the capil-
lary phase of the collateral map at admission, so the capillary phase
is determined as the phase_FU. A and B are images displayed on
Medical Image Processing, Analysis, and Visualization (MIPAV; ver-
sion 7.1.1; National Institutes of Health), showing the hypoperfused
lesion painted on images in the capillary and early venous phases,
respectively, for measuring the volume of the hypoperfused lesion
of the collateral map. The precise collateral ratio was calculated as
the ratio of the hypoperfused lesion volume in the phase_FU to the
hypoperfused lesion volume in the phase_baseline. The lesion (green
area) with a threshold of >6 s of the contralateral time-to-maximum
(Tmax > 6 s) on MR perfusion imaging is similar to the baseline DWI
lesion. The collateral map shows the extents of baseline lesion and
final infarction precisely, but Tmax >6 s underestimates the final
infarct extent

Imaging protocol, postprocessing, and analysis

MRI imaging was performed with 3-Tesla MRI scanners
(Magnetom Skyra, Siemens Healthineers and Ingenia, Philips
Healthcare). The acquisition parameters were the same as
those used in a previous study [14]. A neurologist (T.J.L. with
16 years of experience) who was blinded to all the clinical
and other imaging data measured the baseline lesion volume
and follow-up lesion volume on DWI by manual drawing
using Medical Image Processing, Analysis, and Visualiza-
tion (MIPAYV; version 7.1.1; National Institutes of Health).
The lesion growth ratio was the ratio of the follow-up lesion
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TOF-MRA at admission DWI at admission

Arterial Phase Capillary Phase

Fig.2 Case of good collateral perfusion grade. Images of an elderly
patient with occlusion of the right internal carotid and middle cer-
ebral arteries demonstrated on time-of-flight MR angiography
(TOF-MRA). The premorbid modified Rankin scale score of this
patient was 0, and the National Institutes of Health Stroke Scale
score at admission was 5. The patient underwent intravenous throm-
bolysis followed by intraarterial thrombectomy, but recanalization
of the occluded arteries was not achieved. Diffusion-weighted imag-
ing (DWI) at admission showed acute infarction in the right middle
cerebral artery territory. The collateral map derived from dynamic
contrast-enhanced magnetic resonance angiography (DCE-MRA)

Early venous Phase Late venous Phase
The collateral map derived from DCE-MRA at admission

DWI on day 7 Tmax =6 s at admission

Delay Phase

at admission shows a good collateral perfusion status (MR acute
ischemic stroke collateral perfusion score of 5: no collateral perfusion
delay in the middle cerebral artery territory in the capillary phase).
The baseline DWI lesion did not grow significantly on DWI on day
7. The phase_baseline and phase_FU cannot be determined in the
collateral map because there is no hypoperfused lesion approximate
to the baseline and follow-up DWI lesions on the collateral map. An
MR perfusion image with a threshold of >6 s of the contralateral
time-to-maximum (Tmax > 6 s) shows a large penumbra (green area).
Tmax > 6 s overestimates the final infarct extent

Table 1 Collateral perfusion grading system for analysis of the collateral map

Collateral perfusion score

Description of collateral perfusion status

5 (excellent)

No or small* collateral perfusion delay in the ischemic MCA territory in the capillary phase

regardless of the collateral perfusion status in the arterial phase

4 (good)

Collateral perfusion delay <¥2 of the ischemic MCA territory in the capillary phase AND no

or small collateral perfusion delay in the early venous phases

3 (intermediate to good))
venous phases

1) Collateral perfusion delay <¥2 of the ischemic MCA territory in the capillary and early

2) Collateral perfusion delay > Y2 of the ischemic MCA territory in the capillary phase AND
no or small collateral perfusion delay in the early venous phase

2 (intermediate to poor)

Collateral perfusion delay > ¥2 of the ischemic MCA territory in the capillary phase AND <'2

of the ischemic MCA territory in the early venous phase

1 (poor)

Collateral perfusion delay > 2 of the ischemic MCA territory in the early venous phase

AND <%, of the ischemic MCA territory in the late venous phase

0 (very poor)

Collateral perfusion delay > Y2 of the ischemic MCA territory in the late venous phase

MCA, middle cerebral artery

* “Small” indicates an area smaller than 1 out of 8 MCA regions, which are divided as follows: the insula, subcortical structures (basal ganglia
and internal capsule), and M1-M6 regions of the Alberta Stroke Programme Early CT Scores (ASPECTS). In visually undetermined, borderline
cases with a collateral perfusion delay of approximately one-half of the MCA territory, the collateral perfusion score was decided by counting
the number of regions with a collateral perfusion delay. For example, a collateral perfusion delay greater than one-half of the MCA territory
means that the collateral perfusion delay involves >4 of the 8 regions in the MCA territory

"In the capillary phase, collateral perfusion delay in the ischemic MCA territory is evaluated in comparison to the perfusion of the contralateral
MCA territory. In the early venous, late venous, and delay phases, the region that consistently demonstrates collateral perfusion delay observed
in the capillary phase is regarded as collateral perfusion delay of the ischemic MCA territory

@ Springer
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volume to the baseline lesion volume, which represented
penumbral extent. Lesion growth was defined as a lesion
growth ratio > 1.2, considering the impact of vasogenic edema
on the follow-up lesion volume. The baseline Tmax >6 s
volume was automatically calculated with RAPID software
(RAPID; iSchemaView). The Tmax/DWI ratio was the ratio of
the baseline Tmax > 6 s volume to the baseline lesion volume.
With dynamic contrast-enhanced MR angiography source
data, we generated collateral maps by using an in-house pro-
gram, which was composed of images in the arterial, capil-
lary, early venous, late venous, and delay phases (Figs. 1
and 2). The phases of the collateral map were automatically
divided based on arterial and venous signal intensity-time
curves obtained from ROIs on the normal side MCA and the
superior sagittal sinus. The details of the methodology used
were the same as those used in previous studies [14, 15].
Two raters (H.G.R. with 20 years of experience and
H.J.K. with 7 years of experience as a neuroradiologist and
a neurosurgeon, respectively) who were blinded to all the
clinical and other imaging data independently graded the
collateral perfusion status of the collateral map using the
collateral perfusion scores as follows: 5, excellent; 4, good;
3, intermediate to good; 2, intermediate to poor; 1, poor; and
0, very poor (Table 1) [14, 15]. Two raters determined the
final collateral perfusion scores by consensus. A neurologist
(S.B.L. with 22 years of experience) and a neurosurgeon
(H.J.L. with 20 years of experience) who were blinded to
all the clinical and other imaging data except DWI inde-
pendently determined the phase_baseline and phase_FU of
the collateral map by visual estimation on separate occa-
sions 1 week apart. The phase_baseline and phase_FU were
determined as phases with the hypoperfused lesions most
approximate to the baseline and follow-up DWI lesions,
respectively (Fig. 1). Two raters determined the final phases
by consensus. A neuroradiologist (H.J.K. with 18 years of
experience) and a neurosurgeon (Y.S.J. with 6 years of
experience), who were blinded to all the clinical and other
imaging data, measured the hypoperfused lesion volume in
the capillary phases, phase_baselines and phase_FUs, using
MIPAV software as follows. In the capillary phase, the areas
with less perfusion in the ischemic hemisphere compared to
the perfused contralateral hemisphere and, in other phases,
the persisting regions of hypoperfused lesion from the capil-
lary phase, were manually painted with free drawing brush
tool on each slice (Fig. 1A and B). MIPAV software auto-
matically calculated the painted area volumes of all slices
by converting each painted area on each slice to a voxel of
interest (VOI). The final hypoperfused lesion volume was
determined by the average value of the volumes measured
by two measurers. The collateral ratio (CR) was measured by
two methods. Precise CR (pCR) was the ratio of the hypop-
erfused lesion volume of the phase_FU to the hypoperfused
lesion volume of the phase_baseline, and approximate CR

(aCR) was the ratio of the hypoperfused lesion volume of
the capillary phase to the hypoperfused lesion volume of the
early venous phase.

Statistical analysis

Statistical analysis was performed using SAS (SAS, ver-
sion 9.4; Institute Inc.). The patient characteristics were
expressed as the mean (SD), median [interquartile range
(IQR)], or number of patients (%). We reclassified the col-
lateral perfusion grading as follows: good collateral per-
fusion = collateral perfusion scores 5 and 4, intermediate
collateral perfusion = collateral perfusion scores 3 and 2,
and poor collateral perfusion = collateral perfusion scores
1 and O considering the small study population. Differences
in the distribution of the patient characteristics among the
collateral perfusion grades were identified using the chi-
square test, Fisher’s exact test, ANOVA, and Kruskal—
Wallis test, as appropriate. The interrater reliabilities for
collateral perfusion grading, determination of phase_base-
line and phase_FU, and measurement of the hypoperfused
lesion volume of the collateral map were measured by the
Cohen weighted . Univariate logistic regression analysis
was performed to identify independent predictors of lesion
growth. Candidate predictors were presented in Table 2.
The significant predictors with a p value of <0.05 in the
univariate analysis were included in the multiple logistic
regression analysis with Firth’s correction [16, 17]. The
results of logistic regression are reported as odds ratios
(ORs) with 95% confidence intervals (CIs). The AUC, sen-
sitivity, specificity, accuracy, positive predictive value, and
negative predictive value were constructed to evaluate the
prediction performance of Tmax/DWTI ratio and precise and
approximate CRs for lesion growth. Comparisons of perfor-
mance in the prediction of lesion growth between CR and
Tmax/DWI ratio were made using the Delong test, McNe-
mar’s test, and generalized score statistics according to the
type of variable. Concordance correlation coefficients were
used to measure agreement between Tmax/DWI ratio (or
CRs) and lesion growth ratio. The difference in concordance
correlation coefficients was analyzed by the bias-corrected
and accelerated bootstrap method. The results are reported
as odds ratios (ORs) with 95% confidence intervals (CIs).
p <0.05 was considered to indicate statistical significance.

Results
Patient characteristics

Of the 633 patients in DASAN between January 1, 2016,
and March 3, 2021, 52 patients were included in the
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Table 2 Patient characteristics (n=52) according to the collateral perfusion grades based on the collateral map

Characteristics Good Intermediate Poor p value
No. of patients 16 (30.8) 29 (55.8) 7 (13.5)
Men 10 (62.5) 14 (48.3) 2 (28.6) 0.34
Age (y) * 74+38 73+14 78+8 0.69
Risk factors
Hypertension 11 (68.8) 19 (65.5) 3(42.9) 0.56
Diabetes 4(25.0) 6 (20.7) 1(14.3) 0.90
Hyperlipidemia 5(1.3) 6 (20.7) 2 (28.6) 0.67
Atrial fibrillation 1(6.3) 13 (44.8) 3(42.9) 0.01
Current smoker 1(6.3) 4(13.8) 0(0.0) 0.67
Daily alcohol consumption 0(0.0) 2(6.9) 0(0.0) 0.65
Previous transient ischemic attack 0 (0.0) 0 (0.0) 1(14.3) 0.13
Previous stroke 3(18.8) 4 (13.8) 2 (28.6) 0.60
Previous ischemic heart disease 3(18.8) 8 (27.6) 2 (28.6) 0.82
Family history of stroke 0 (0.0) 3(10.3) 0(0.0) 0.71
Baseline NIHSS scoref 2 (2-5) 8 (3-14) 14 (10-17) <0.001
Baseline DWI lesion volume (mL) 3.1(1.3-3.8) 11.8 (4.4-26.7) 59.7 (5.5-65.5) 0.001
Follow-up DWI lesion volume (mL) ¥ 3.1 (1.5-4.0) 33.2 (21.6-65.6) 187.9 (158.8-244.4) <0.001
tLesion growth ratiof 1.1 (1.0-1.1) 2.8 (2.1-3.8) 3.1 (2.4-30.4) <0.001
SFunctional outcome <0.001
Favorable 13 (86.7) 6 (26.1) 0(0.0)
Unfavorable 2(13.3) 17 (73.9) 4 (100.0)

The mean overall patient age was 74 years + 12 (standard deviation) (26 men and 26 women). Unless otherwise noted, the data are presented as

the number of patients, with percentage in parentheses

DWI, diffusion-weighted imaging; NIHSS, National Institutes of Health Stroke Scale

Ed . .
Data are means + standard deviations

"Data are presented as the medians, with interquartile ranges in parentheses

*Lesion growth ratio is the ratio of the follow-up DWI lesion volume to the baseline DWI lesion volume

$Favorable functional outcome was defined as a modified Rankin scale score less than or equal to 2, and unfavorable functional outcome was

defined as a score greater than 2 at day 90

current analysis (Fig. 3). The mean age was 74 + 12 years
(range =33-90 years), 50% were men (26 men and 26
women), and the median baseline NIHSS was 6 (IQR 2-13).
The median imaging follow-up interval was 2 days (range
1-7 days, IQR 1-6). The demographic findings among
the patients with different collateral perfusion grades are
presented in Table 2. The presence of atrial fibrillation
(»p=0.015), a higher NIHSS score, larger baseline lesion
volume and follow-up lesion volume, a higher lesion growth
ratio, and unfavorable functional outcomes were associated
with a worse collateral perfusion grade (p <0.001).

Imaging analysis for DWI, Tmax>6s,
and the collateral map

The median baseline lesion volume and follow-up lesion

volume were 6.0 mL (range: 0.6-118.9 mL; IQR: 2.5,
21.6) and 22.5 mL (range: 0.8-246.2 mL; IQR: 4.3,
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70.8 mL), respectively. The median lesion growth ratio
was 5.8 (range: 1-52; IQR: 1, 4). Thirty-six patients
(69.2%) showed lesion growth. The median Tmax > 6 s
lesion volume and Tmax/DWI ratio were 67 mL (range:
0-282 mL; IQR: 14, 105 mL) and 16.6 (range: 0-196.4;
IQR: 1.5, 10.5), respectively. The interrater reliability
was almost perfect for collateral perfusion grading of the
collateral map (weighted xk=0.98; 95% CI: 0.95-1.00)
and for determination of the phase_baseline (weighted
k=1.00; 95% CI: 1.00-1.00) and phase_FU (weighted
k=0.91; 95% CI: 0.82-1.00). A good collateral per-
fusion grade was obtained in 16 patients (30.8%), an
intermediate collateral perfusion grade was obtained in
29 (55.8%), and a poor collateral perfusion grade was
obtained in 7 (13.5%). Of the 16 patients with a good col-
lateral perfusion grade, the phase_baseline and phase_FU
were undetermined in 14 patients because there were no
hypoperfused lesions of the collateral maps approximate
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to such small DWI lesions (Table 2) (Fig. 2). The phase_
baseline and phase_FU were the same in the remaining 2
patients. One was the early venous phase, and the other
was the capillary phase. There were no patients with
lesion growth. The phase_baseline and phase_FU of the
36 participants with an intermediate or a poor collateral
perfusion grade are presented in Table 3. The phase_FUs
were immediately preceded phases of the phase_base-
lines. In the phase_baseline, all 28 participants with early
venous phase showed capillary phase in the phase_FU,
while all 7 participants with late venous phase showed
early venous phase in the phase_FU. The interrater reli-
ability was almost perfect (weighted x=0.99; 95% CI:
0.98-0.99) for the measurement of the hypoperfusion
lesion volume of the collateral map. The median pCR
was 2.5 (range: 1.0-34.1; IQR: 1.0, 3.8), and the median
aCR was 2.4 (range: 1.0-34.1; IQR: 1.0, 4.4).

Multiple logistic regression analyses to identify
predictive variables for lesion growth

In the univariable analysis, the presence of atrial fibrillation (OR,
12.0; 95% CI: 1.43-100.79; p=0.02), higher baseline NIHSS
(OR, 1.38; 95% CI: 1.11-1.71; p=0.004), intermediate col-
lateral perfusion grade (OR, 1946.9; 95% CI: 33.5-113,012.3;
p<0.001), and poor collateral perfusion grade (OR, 494.99; 95%
CI: 7.3-33,550.4; p=0.004) were associated with lesion growth.
In the multivariable analysis, intermediate collateral perfusion
grade (OR, 1234.5;95% CI: 20.0-76,048.3; p <0.001) and poor
collateral perfusion grade (OR, 664.7; 95% CI: 6.4-68,811.8;
p=0.006) were independently associated with lesion growth.
However, the results of the multivariable analysis were unstable
because none of the patients had lesion growth within the group
of patients with good collateral perfusion grades. Unfavorable

functional outcomes were associated with lesion growth in the
univariable analysis (OR, 22.8; 95% CI: 4.0-130.1; p <0.001).

Performance of Tmax/DWI Ratio, aCR, and pCR
for the prediction of lesion growth and lesion
growth ratio

The AUC, sensitivity, specificity, accuracy, positive pre-
dictive value, and negative predictive value of the Tmax/
DWTI ratio, pCR, and aCR for lesion growth are presented in
Table 4. The AUC, specificity, accuracy, and positive pre-
dictive value of the precise and approximate CR for lesion
growth were significantly higher than those of the Tmax/
DWTI ratio (p <0.05).

The concordance correlation coefficients of the Tmax/
DWI ratio, aCR, and pCR for the lesion growth ratio were
0.28 (95% CI, 0.17-0.38), 0.77 (95% CI, 0.66—-0.84), and
0.88 (95% CI, 0.82-0.92), respectively. The difference in
the concordance correlation coefficient between the aCR and
Tmax/DWI ratio was 0.49 (95% CI, 0.29-0.82); between the
pCR and Tmax/DWI ratio, it was 0.60 (95% CI, 0.29-0.90);
and between the pCR and aCR, it was 0.11 (95% CI,
0.003-0.53) (Fig. 4). Because the 95% CIs of differences in
concordance correlation coefficients did not contain 0, there
were statistically significant differences.

Discussion

The main findings of this study for the fate of the baseline
DWI lesion in patients with acute ischemic stroke due to
steno-occlusion of the internal carotid artery and/or M1 or
M2 segment of the MCA who were evaluated within 8 h of
symptom onset are as follows: (1) the baseline DWI lesions

Fig.3 Flowchart shows the
patient enrollment. The num-
bers in parentheses represent the
number of patients at Konkuk
University Medical Center (KU)
and Daejeon St. Mary;s Hospi-
tal (DS). DASAN, Database of
Acute ischemic Stroke Analysis

633 Patients in DASAN

(44), DS (32)]

- acute ischemic stroke due to occlusion or
severe stenosis of the ICA and/or M1 or M2
segment of the MCA who were evaluated within
24 hours of symptom onset [KU (339), DS (218)]
- acute ischemic stroke due to occlusion or
severe stenosis of the basilar artery who were
evaluated within 76 hours of symptom onset [KU

578 Patients were excluded

- acute ischemic stroke due to occlusion or severe
stenosis of the basilar artery [KU (44), DS (32)]

- onset to admission time > 8 hours [KU(49), DS(46)]

Network, which is a database of
ongoing prospective observa-

- without follow-up diffusion-weighted imaging and
angiography within 7 days ([KU (94), DS (87)]
- recanalized baseline steno-occlusive arterial lesions

tional study of acute ischemic
stroke due to large vessel

on follow-up angiography [KU (62), DS (164)]

occlusion from two university
hospitals since 2016; mRS,

55 eligible Patients [KU (32), DS (23)]

modified Rankin scale

3 Patients were excluded
- premorbid mRS score of = 2 [KU (1)]

"| - procedure-related complication [KU (1)]
- hemorrhagic transformation [DS (1)]

52 Patients were included in the analysis
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Table 3 Phase_baseline* and Phase FU' of patients with an interme-
diate or a poor collateral perfusion grade (n=36)

Phase_baseline

Early venous Late venous Delay phase
phase phase
n=28 (77.8%) n=17(19.4%) n=1(2.8%)

Phase_FU Capillary phase  Early venous

phase

Late venous phase

“Phase_baseline is a phase of the collateral map with the hypoper-
fused lesions most approximate to the baseline diffusion-weighted
imaging lesion

"Phase_FU is a phase of the collateral map with the hypoperfused
lesions most approximate to the follow-up diffusion-weighted imag-
ing lesion

with a good collateral perfusion status did not grow, (2) the
baseline DWI lesions with an intermediate or a poor col-
lateral perfusion status grew within the hypoperfused lesion
that appeared on the phase of the collateral map that imme-
diately preceded the one that shows the baseline lesion, and
(3) the maximal range of lesion growth was the hypoper-
fused lesion on the capillary phase of the collateral map.
Regional assessment of the penumbra is conceptually all
that may be required for acute decision making. However,
the current method using perfusion imaging to estimate the
penumbra is not accurate [18-20]. The current study also
showed the significant inferiority of the Tmax > 6/DWI ratio
compared with CR of the collateral map in the prediction of
lesion growth and lesion growth ratio. The main cause of the
inaccuracy is that perfusion imaging is a calculated snapshot

based on a fixed time threshold that cannot represent the
complex spatial and temporal ischemic process according to
the individual hemodynamics [21]. Only a few studies have
been reported for the prediction of tissue outcomes using
collateral circulation imaging. Nannoni’s study using single-
phase CT angiography for collateral estimation showed that
better collaterals were associated with lower core volume but
not with higher penumbra volumes [22]. The arterial scoring
method based on single-phase CT angiography had a criti-
cal limitation of underestimating leptomeningeal collaterals
with a longer transit time due to early triggering of a static
acquisition [23]. Multiphase CT angiography overcame this
limitation by 3 consecutive acquisitions after administra-
tion of contrast material to capture the delayed flow [24].
D’Esterre et al [25] reported that, by pattern analysis of
washout and delayed filling of the pial collateral vessels,
multiphase CT angiography showed similar performance
to CT perfusion parameters in penumbral estimation. Mul-
tiphase CT angiography also has innate disadvantages for
the regional assessment of the penumbra in that the phases
are determined not by the patient’s hemodynamics but by the
moving speed of the CT equipment, and it does not provide
parenchymal perfusion status [26]. Therefore, collateral and
regional penumbral estimation by multiphase CT angiogra-
phy can be limited.

The collateral map derived from dynamic contrast-
enhanced MR angiography or dynamic susceptibility con-
trast-enhanced MR perfusion is composed of the images
of arterial, capillary, early venous, late venous, and delay
phases, which are divided according to the patient’s hemo-
dynamic status [14]. We can intuitively see when and how

Table 4 Performance of the Tmax/DWI ratio*, approximate collateral ratio (CR)", and precise CR% for prediction of lesion growth®

AUC Sensitivity Specificity Accuracy PPV NPV
Tmax/DWIratio 0.8 (0.6-0.9)  94.4 (81.3-99.3) 62.5 (35.4-84.8) 84.6 (71.9-93.1) 85.0 (70.2-94.3) 83.3 (51.6-97.9)
Approximate CR 1.0 (1.0-1.0)  97.2(85.5-99.9)  100.0 (79.4-100.0)  98.1 (89.7-100.0)  100.0 (90.0-100.0)  94.1 (71.3-99.9)
Precise CR 1.0 (1.0-1.0)  97.2(85.5-99.9)  100.0 (79.4-100.0)  98.1 (89.7-100.0)  100.0 (90.0-100.0)  94.1 (71.3-99.9)
p value' 0.005 0.56 0.01 0.04 0.008 0.37

Unless otherwise noted, the data are described as the performance with 95% confidence intervals in parentheses

AUC area under the receiver operating characteristic curve, DWI diffusion-weighted imaging, NPV negative predictive value, PPV positive pre-

dictive value, Tmax time-to-maximum

“Tmax/DWI ratio was the ratio of the lesion volume with >6 s delay of the contralateral time-to-maximum of magnetic resonance perfusion

imaging to the baseline DWI lesion volume

T Approximate CR was the ratio of the hypoperfused lesion volume of the capillary phase to the hypoperfused lesion volume of the early venous

phase of the collateral map

*Precise CR was the ratio of the hypoperfused lesion volume of the phase_FU to the hypoperfused lesion volume of the phase_basline of the
collateral map. The phase_baseline and phase_FU were determined as phases with the hypoperfused lesions most approximate to the baseline

and follow-up DWI lesions, respectively

$Lesion growth was defined as a > 1.2 lesion growth ratio of the follow-up DWI lesion volume to the baseline DWI lesion volume

I value for comparing performance in the prediction of lesion growth between CR and the Tmax/DWI ratio using Delong test, McNemar'’s test,
and generalized score statistics according to the type of variable. The performance of the approximate and precise CR was the same
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Fig.4 Scatterplot for the concordance correlation coefficient of the
time-to maximum (Tmax)/diffusion-weighted imaging (DWI) ratio,
approximate collateral ratio, and precise collateral ratio with the

much collateral circulation comes in the ischemic brain,
including the parenchymal perfusion status. This study
was initiated from our observation that baseline or follow-
up DWI lesions matched a hypoperfused lesion on a cer-
tain phase image of the collateral map and showed that
the phase_FUs were immediately preceded phases of the
phase_baselines (Fig. 1). We can revise the definition of
PCR as the ratio of the hypoperfused lesion volume of the
immediately preceding phase of the phase_baseline to the
hypoperfused lesion volume of the phase_baseline. We also
estimated the aCR because the baseline DWI lesion might be
uncertain, and the follow-up DWI lesion was matched with a
hypoperfused lesion of the capillary phase in nearly 78% of
the patients with intermediate or poor collateral circulation.
The current study showed the superiority of both CRs of the
collateral map over the Tmax/DWTI ratio in the prediction
of penumbral extent represented by the lesion growth ratio.
The best thing is that we can recognize the salvageable brain
extent by simple visual estimation practically (Figs. 1 and
2). With knowledge of the future infarct extent, we can make
different treatment decisions in octogenarian patients who
are unlikely to benefit from risky treatments (Fig. 2) [27, 28].
We can accurately select patients who can still benefit from
recanalization to prevent significant lesion growth regardless
of the time window, even though they have mild symptoms
or large baseline lesions that meet the exclusion criteria in
the current guidelines [29-31]. A 3-min MR imaging pro-
tocol composed of DWI and dynamic contrast-enhanced
MR angiography that provides accurate information on the
baseline lesion, causative vessel, penumbra, and collateral
perfusion status is possible in acute ischemic stroke. And if
a CT collateral map capable of providing information similar
to the results of this study is available, it would enhance the
ability of CT evaluation in acute ischemic stroke (supple-
mental figure online).

lesion growth ratio. Scatter plots show the superiority of precise and
approximate collateral ratios of the collateral map in correlation with
the lesion growth ratio, which represents penumbral extent

The main limitation of this study is the small study popu-
lation. It is very difficult to collect patients who are suitable
for the inclusion criteria of this study, especially in the early
time window, when most patients are eligible for recanali-
zation treatments and successful recanalization is achieved
in most patients. We could select only 52 patients among
633 patients in the prospectively collected cohort for 5 years
and 3 months. The current study demonstrated the potential
for precise prediction of the penumbra with the strict inclu-
sion criteria and clear results. However, it may not account
for the variable nature of the ischemic tissue across all six
collateral-perfusion grades. Another limitation is the retro-
spective nature of the study. We performed all measures and
assessments independently by two blinded investigators to
minimize retrospective study bias. Further prospective stud-
ies in large populations are necessary to evaluate the value of
CR for determining eligibility for recanalization treatments.

Conclusions

Individual-based predictions of lesion growth and salvage-
able brain extent can be possible using the collateral map
in patients with acute anterior circulation ischemic stroke.
Precise prediction of the final infarct extent may enable
patient-specific application of recanalization treatments and
improve the results of the treatments. However, the results
of this study, which are based on retrospective design and
small sample size, should be interpreted with caution. Fur-
ther prospective studies in large population from multiple
centers are needed to confirm the reliability and generaliz-
ability of the findings.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00330-023-10084-6.
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