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BACKGROUND AND PURPOSE: Large admission DWI lesion volumes are associated with poor out-
comes despite acute stroke treatment. The primary aims of our study were to determine whether CTA
collaterals correlate with admission DWI lesion volumes in patients with AIS with proximal occlusions,
and whether a CTA collateral profile could identify large DWI volumes with high specificity.

MATERIALS AND METHODS: We studied 197 patients with AIS with M1 and/or intracranial ICA occlu-
sions. We segmented admission and follow-up DWI lesion volumes, and categorized CTA collaterals
by using a 5-point CS system. ROC analysis was used to determine CS accuracy in predicting DWI
lesion volumes �100 mL. Patients were dichotomized into 2 categories: CS � 0 (malignant profile) or
CS�0. Univariate and multivariate analyses were performed to compare imaging and clinical variables
between these 2 groups.

RESULTS: There was a negative correlation between CS and admission DWI lesion volume (� �
�0.54, P � .0001). ROC analysis revealed that CTA CS was a good discriminator of DWI lesion volume
�100 mL (AUC � 0.84, P � .001). CS � 0 had 97.6% specificity and 54.5% sensitivity for DWI volume
�100 mL. CS � 0 patients had larger mean admission DWI volumes (165.8 mL versus 32.7 mL, P �
.001), higher median NIHSS scores (21 versus 15, P � .001), and were more likely to become
functionally dependent at 3 months (95.5% versus 64.0%, P � .003). Admission NIHSS score was the
only independent predictor of a malignant CS (P � .007).

CONCLUSIONS: In patients with AIS with PAOs, CTA collaterals correlate with admission DWI infarct
size. A malignant collateral profile is highly specific for large admission DWI lesion size and poor
functional outcome.

ABBREVIATIONS: AIS � acute ischemic stroke; ASPECT � Alberta Stroke Program Early CT;
AUC � area under the ROC curve; CS � collateral score; IAT � intra-arterial revascularization
therapy; M1 � middle cerebral artery stem; M2 � middle cerebral artery second order branch;
MIP � maximum intensity projection; mRS � modified Rankin Scale; PAO � proximal artery
occlusion; ROC � receiver operating characteristic

Core infarct size, quantified using admission MR imaging–
DWI, is a strong predictor of functional outcome follow-

ing AIS.1 Furthermore, pretreatment DWI lesion size has been
shown to influence the response to both intravenous and in-
tra-arterial therapies.2,3 Specifically, a malignant tissue profile
consisting of a large pretreatment DWI lesion is recognized as
a clinically useful marker for poor treatment response.3,4

However, MR imaging has limited availability in the treatment
setting. Therefore, identifying surrogate CT-based markers
for a malignant tissue profile would provide an important tool
for treatment decision making.

Although many centers use CT perfusion to evaluate tissue
viability in AIS, there are numerous challenges to this ap-

proach, including poor reliability of perfusion measurement,5

conflicting data regarding the perfusion parameter (CBV ver-
sus CBF) that best predicts core infarction,6,7 and lack of stan-
dardized protocols for acquisition, postprocessing, and anal-
ysis.8,9 CT-based evaluation of collaterals, on the other hand,
offers a straightforward and promising alternative for assess-
ing ischemic injury. The pial collateral circulation limits core
infarct size by supporting penumbral tissue during acute isch-
emia. Multiple studies have evaluated collaterals by using CTA
and have demonstrated improved tissue and clinical outcomes
in patients with more robust CTA collaterals.10-12 However,
because of their poor specificity, these grading systems are
not particularly helpful for treatment decisions in individual
patients.

We sought to determine whether CTA collaterals correlate
with concurrent DWI lesion volumes and specifically whether
a CTA collateral signature could identify a malignant DWI
pattern with high specificity.

Materials and Methods

Patient Selection
We retrospectively identified 204 patients with AIS with anterior cir-

culation PAO [ICA and/or M1 occlusion] who were admitted to our

emergency department between April 2003 and September 2010, and

who underwent DWI and CTA within 9 hours from stroke onset. The
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time window of 9 hours was chosen because it is the longest time

postictus where there is clinical evidence to support a beneficial treat-

ment effect in imaging-selected patients.13 Seven patients were ex-

cluded due to poor CTA quality. We reviewed the clinical and imag-

ing data of this cohort. Our institutional review board approved this

retrospective review. The study was Health Insurance Portability and

Accountability Act compliant.

Image Acquisition
CTA imaging was performed using a helical scanner (LightSpeed 16

or 64; GE Healthcare, Milwaukee, Wisconsin) in the emergency de-

partment. NCCT scans were performed in helical mode (1.25-mm

thickness, kV 120, mA 250) and reconstructed in the axial (5 mm

thickness) and coronal (2.5-mm thickness) planes. CTA was per-

formed during the administration of 80 –100 mL of nonionic contrast

agent (Omnipaque 370; Nycomed, Roskilde, Denmark), followed by

40 mL of saline, both at a rate of 4 mL/s (1.25-mm thickness, 120 kV,

300 – 800 mA, 0.5– 0.7 seconds/rotation). Additional images were re-

constructed in the axial plane at 5-mm thickness, as well as reformat-

ted to 20-mm-thick MIPs in the axial, sagittal, and coronal planes.

Scanning was initiated when a region of interest placed over the as-

cending aorta measured �75 HU (Smartprep; GE Healthcare).

MR imaging was performed in the emergency department on a

1.5T Signa whole body scanner (GE Healthcare). Our stroke MR

imaging protocol included a single-shot echo planar, spin-echo

DWI sequence with two 180-degree radio-frequency pulses to re-

duce eddy current–induced distortions. Five images/section were

acquired at b � 0 seconds/mm2, followed by 5 at b � 1000 seconds/

mm2 in 6 directions, for a total of 28 to 35 images/section. Imaging

parameters were TR/TE of 5000/80 –110 ms, FOV 22-cm, matrix

128 � 128 zero-filled to 256 � 256, 5-mm section thickness, and

1-mm gap. MR imaging was performed immediately after CTA in

all cases.

Image Analysis
CTA collaterals were evaluated independently by 2 radiologists with 3

(L.C.S.S.) and 6 (A.J.Y.) years of dedicated neuroradiology experi-

ence, blinded to all clinical and imaging information except stroke

side.

Intracranial CTA MIPs were used for grading the CS: 0 � absent

collaterals in �50% of an MCA M2 branch (superior or inferior di-

vision) territory; 1 � diminished collaterals in �50% of an MCA M2

branch territory; 2 � diminished collaterals in �50% of an MCA M2

branch territory; 3 � collaterals equal to the contralateral hemi-

sphere; and 4 � increased collaterals (Fig 1). This grading system was

a modification of the one used by Tan et al,10 whose scores were based

on the extent of decreased collateralization— greater than versus less

than 50% of the occluded territory. Because our study examined only

terminal ICA or MCA stem occlusions, 50% of the “occluded terri-

tory” could encompass as much as 150 mL of tissue, exceeding the

one-third of the entire MCA territory volume that is widely regarded

as the threshold above which poor outcome is highly probable. There-

fore, we based our grading upon 50% of 1 MCA division (�60 –75

mL). Recent studies have supported the clinical importance of this

volume threshold.1,14

For all patients, admission DWI lesions were manually segmented

based on visual assessment by 1 of the 2 readers. For 136 (69%) pa-

tients with a follow-up scan (CT or MR imaging-DWI obtained

24 –72 hours after the initial scan), follow-up infarcts were manually

segmented. The follow-up scans consisted of DWI in 60% (81/136) of

cases and NCCT in the remaining 40%. Image analysis was performed

by using a commercial software package (Analyze 8.1; AnalyzeDirect,

Rochester, Minnesota).

Statistical Analysis
Patients were initially stratified into the 5 CS categories (0 – 4). Inter-

rater agreement for CS grading was assessed using the � statistic. A

Spearman correlation coefficient was computed for CS versus admis-

sion DWI lesion volume, and compared with the correlation between

NIHSS score and DWI volume. Univariate analyses comparing col-

lateral categories consisted of ANOVA with Tukey post hoc analysis

(normally distributed continuous variables), Kruskal-Wallis (ordinal

data), and �-square (categoric variables) testing. Normality was eval-

uated using the Kolmogorov-Smirnov test.

ROC curves were used to determine the test characteristics of the

collateral score in determining admission DWI lesion volumes �70

mL, 80 mL, and 100 mL, as well as to compare the test characteristics

of the CS to those of the NIHSS score for the prediction of baseline

DWI volume �100 mL.

These volume thresholds were chosen based on previous work

demonstrating that lesion volumes between 70 –100 mL were predic-

tive of poor outcome or of a clinically malignant profile.1,4,14,15 Ad-

ditional ROC analyses were performed for follow-up infarct volumes

and dichotomized 3-month mRS. For these analyses, the cohort was

divided into patients receiving intravenous or intra-arterial therapy

and untreated patients.

Finally, patients were dichotomized into CS � 0 (malignant pro-

file) versus CS �0. For univariate analysis, we used the Student t test

(normally distributed data), Mann-Whitney test (ordinal data), and

�-square test (categoric data). An ordinal logistic regression identi-

fied the independent variables associated with admission CS, and a

multiple binary logistic regression identified the independent predic-

Fig 1. CS system: 0 � absent collaterals �50% of an M2 territory; 1 � diminished collaterals �50% M2 territory; 2 � diminished collaterals �50% M2 territory; 3 � collaterals equal
to contralateral side; 4 � increased collaterals.
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tors of the malignant collateral profile. SPSS 17.0 (SPSS, Chicago,

Illinois) and MedCalc 11.5.1.0 (MedCalc Software, Mariakerke, Bel-

gium) software were used to perform the statistical analyses. Statisti-

cal significance was taken at the P � .05 level.

Results

Baseline Characteristics and Univariate Analysis
The mean patient age was 67 � 17 years. Forty-seven percent
of subjects were women. The median admission NIHSS score
was 15 (12–19). Forty-nine percent of strokes were left-sided.
The mean admission systolic blood pressure and blood glu-

cose were 151 � 32 mm Hg and 141 � 52 mg/dL. The mean
baseline DWI lesion volume was 48 � 62 mL.

Forty-nine of 197 patients (25%) were treated with IV tPA
alone, 82 (41.6%) with IAT with or without IV tPA, and 66
(33.5%) did not receive any reperfusion therapy. At 3 months,
the median mRS was 4 (2– 6). Fifty-five of 172 patients (28%)
had good outcome (mRS �2) and 44 (26%) died.

Of the 197 study patients, 22 (11%) were categorized as
CS � 0, 40 (20.3%) as CS � 1, 67 (34%) as CS � 2, 42 (21.3%)
as CS � 3, and 26 (13%) as CS � 4. Kappa interrater agree-
ment was 0.76 (P � .001) for the full CS and 0.83 (P � .001) for
the binary score (CS � 0 versus 1– 4). There was a significant

Fig 2. There is progressive decrease in admission (A) DWI lesion volumes (P � .001) and (B) NIHSS (P � .001) as CS increases. Error bars represent 95% confidence intervals.

Fig 3. ROC curves for CS versus DWI volumes (A) �100 mL (AUC � 0.84, P � .001) and (B) �70 mL (AUC � 0.78, P � .001). Tables display test characteristics for various scores, including
optimal operating points (*), and positive (PPV) and negative predictive values (NPV).
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negative correlation between the collateral score and baseline
DWI lesion volume (� � �0.54, 95% CI � �0.629 to �0.429,
P � .0001), which was larger in magnitude than the correla-
tion for admission NIHSS score versus DWI volume (� �
0.38, P � .07 for comparison).

The admission DWI lesion volumes and NIHSS scores
were significantly different between collateral categories (both
P � .001), with both demonstrating an inverse relation-
ship (Fig 2). Post hoc analysis revealed that mean DWI lesion
volumes were significantly larger for CS � 0 than any other
score, while patients with a CS � 1 had significantly larger
volumes only versus patients with scores of 3– 4. Median ad-
mission NIHSS in CS � 0 patients was significantly higher
than in patients with scores of 2– 4, and CS � 1 patients
had significantly higher NIHSS scores versus patients with
scores of 3– 4. Admission DWI lesion volumes and NIHSS
scores were not significantly different between the remainder
of the CS categories. When analyzing the full collateral score
versus 3-month mRS, patients with higher CS tended to have
better outcome (P � .07).

In the multivariate analysis, admission DWI lesion volume
(P � .001) and NIHSS score (P � .007) were the only inde-
pendent variables associated with admission collateral score.

ROC Analysis
ROC analysis demonstrated good performance of the collat-
eral score for determining admission DWI lesion volumes
�100 mL, 80 mL, and 70 mL, with an AUC � 0.84, 0.80, and
0.78, respectively (all Ps �.001; Fig 3). Comparing the test
characteristics for the prediction of baseline DWI volume
�100 mL, the CTA collateral score had a significantly greater
AUC than the NIHSS score (0.83 versus 0.68, P � .03 for
comparison).

For untreated patients, the collateral score also performed
well for determining follow-up DWI lesion volumes �100
mL, 80 mL, and 70 mL, with AUC � 0.82, 0.83, and 0.84,
respectively (all Ps �.001). For treated patients, the collateral
score could only determine follow-up lesion volumes �70 mL
(AUC � 0.63, P � .02) but not lesion volumes �80 mL
(AUC � 0.61, P � .06) or �100 mL (AUC � 0.56, P � .33).

Similarly, ROC analysis revealed that the collateral score
predicted 3-month functional independence (mRS 0 –2) in
untreated patients (AUC � 0.80, P � .01), but not in those
who underwent therapy (AUC � 0.58, P � .19).

Characterizing a Malignant CTA Collateral Profile
A collateral score of zero was defined as a malignant profile
because it maximized specificity for a large baseline DWI le-
sion size. CS � 0 was 97.6% specific and 54.5% sensitive for a
DWI lesion volume �100 mL, and 99.3% specific and 42.9%
sensitive for a DWI volume �70 mL (Figs 3 and 4). Of the 32
patients with lesion volumes �100 mL, 17(53%) had a collat-
eral score of 0; 9 (28%) had a collateral score of 1; and 6 (19%)
had a collateral score �2. Of the 48 patients with lesion vol-
umes �70 mL, 20 (42%) had a collateral score of 0; 13 (27%)
had a collateral score of 1; and 15 (31%) had collateral scores
�2.

CS � 0 patients had significantly larger mean admission
DWI lesion volumes (165.8 mL versus 32.7 mL, P � .001) as
well as higher median admission NIHSS scores (21 versus 15,

P � .001). The remainder of the baseline clinical variables did
not differ between the 2 groups (Table 1).

Of the 22 patients with CS � 0, 13 (59%) were treated
with IV tPA, 1 (5%) received IAT, and 8 (36%) were un-
treated. For all treatment modalities, patients with a malig-
nant collateral profile had a higher percentage of poor out-
come than CS �0 patients (Table 2). Overall, CS � 0
patients had a higher median 3-month mRS versus those
with CS �0 (5 versus 3, P � .02), and were more likely to be
dead or dependent (95.5% versus 64.0%, P � .01; Fig 5).
Multiple logistic regression showed NIHSS score to be the
only independent predictor of CS � 0 (odds ratio � 0.79,
95% CI � 0.66 – 0.95, P � .01).

Fig 4. Scatterplot of DWI volumes versus CSs. Most CS � 0 patients have lesion volumes
�70 –100 mL (horizontal lines). There is great overlap between the other CS categories.

Table 1: Univariate analysis for dichotomized collateral score

Collateral � 0 Collateral � 0 P value
Number of patients 22 175
Age 71 � 15 66 � 17 0.25
Sex (female) 41% 36% 0.88
Side of stroke (left side) 59% 47% 0.44
Blood glucose (mg/dl) 149 � 63 140 � 50 0.56
Systolic blood pressure (mm Hg) 153 � 125 150 � 33 0.73
NIHSS score 21 (17–26) 15 (11–18) �0.001
DWI lesion volume (ml) 165.8 � 19 32.7 � 2.7 �0.001
3-month mRS 5 (3–6) 3 (1–5) 0.022
Dependent or deceased

(mRS �2)
95.5% 64.0% 0.003

Treatment (IV and/or IA) 63.6% 67.2% 0.74

Note:—Results are expressed in mean � SD, median (interquartile range), or percentages.

Table 2: Outcome by treatment and by collateral score

Collateral � 0 Collateral � 0 P value
No treatment (# patients) 8 45
Good outcome (mRS � 2) 0% 35.6% 0.044
Poor outcome (mRS � 2) 100% 64.4%
IV treatment only (# patients) 13 30
Good outcome (mRS � 2) 7.7% 50.0% 0.008
Poor outcome (mRS � 2) 92.3% 50.0%
IA treatment � IV (# patients) 1 75
Good outcome (mRS � 2) 0% 30.7% 0.507
Poor outcome (mRS � 2) 100% 69.3%
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Discussion
We have demonstrated that in patients with AIS with terminal
ICA or proximal MCA occlusions, the degree of collateral cir-
culation on admission CTA correlates with the admission
DWI lesion volume. Moreover, using a simple and reliable
grading system, we have identified a malignant CTA collateral
profile that is highly specific for patients with large baseline
infarcts at high risk for poor long-term outcome. Our CTA
collateral score of zero has �95% specificity for admission
DWI lesion volume �100 mL and a �90% rate of 3-month
death or dependency. These findings are relevant for clinical
practice because CTA is more widely available in the emer-
gency setting than MR imaging–DWI. In addition, CTA col-
lateral grading may provide a useful alternative for patients
ineligible for MR imaging.

Conventional angiography is the reference standard test for
collateral evaluation because it incorporates the timing of col-
lateral filling.16 However, its major drawbacks include its in-
vasiveness and the time required to collect this information.
Recent studies have supported the prognostic utility of CT
angiography for noninvasive collateral grading in the setting
of proximal occlusions.11,12 Using different grading schemes,
these studies have demonstrated that patients with greater
CTA collaterals have better functional outcomes and smaller
final infarct volumes. However, the clinical utility of these
grading systems is limited to population-level prognostica-
tion, making them more suitable for risk modeling rather than
for clinical decision making in individual patients.

By characterizing a malignant CTA collateral profile, we
have demonstrated that CTA collateral grading may be able to
impact treatment decisions by identifying patients who are at
high risk for having a large pretreatment infarct volume and
therefore may be unlikely to benefit from revascularization
therapy. Our patients with a malignant pattern appear similar
to corresponding populations in other AIS studies. In the DE-
FUSE study,4 “malignant profile” patients were defined as
those with baseline DWI lesion �100 mL and/or PWI lesion
�100 mL with �8 seconds of Tmax (time at which the tissue

residue function reaches its maximum) delay. This group con-
stituted 8.1% of the DEFUSE cohort, and had a mean age of
68.3 years, median baseline NIHSS score of 18.5, and 83% rate
of 30-day mRS �2. In 1 study of intra-arterial therapy,3 “fu-
tile” patients were defined as those with baseline DWI lesion
�70 mL. These patients represented 17.6% of the study pop-
ulation, which is higher than in DEFUSE because of the re-
quirement for proximal arterial occlusion, and had mean age
of 57.8 years, median NIHSS score of 21, and 100% rate of
90-day mRS �2. In comparison, our patients with a CTA
CS � 0 constituted 11.1% of the study population, had mean
age of 71.4 years, median baseline NIHSS score of 21, and 92%
rate of 3-month mRS �2.

Interestingly, a recently published work by Puetz et al pro-
posed another CTA-based imaging signature for identifying a
malignant stroke population.17 In that study, the authors ex-
amined a 20-point score that combined the CTA source image
ASPECT score and clot burden. Among 114 anterior circula-
tion stroke patients treated with IV tPA within 3 hours, they
found 24 patients (21%) with a combined score �10 (malig-
nant profile), of whom 1 (4%) was independent at 3 months
and 50% of whom died. Despite very similar clinical outcomes
between our method and theirs, our approach appears more
straightforward and probably provides a faster real-time as-
sessment. Furthermore, our approach may be more suitable
for selecting patients for intra-arterial therapy, where clot bur-
den is less of a hindrance to recanalization than with IV tPA.

Even though our CTA collateral score correlated with ad-
mission DWI lesion size, there was significant overlap in lesion
volumes for collateral scores greater than zero. This prevented
us from identifying a benign collateral score that would have a
high (�90%) specificity for a small (�70 mL) admission in-
farct size.

The correlation between our CTA collateral score and
3-month mRS demonstrated a trend toward statistical signif-
icance. When analyzing patients by treatment status, the col-
lateral score predicted dichotomized functional outcome and
final infarct size only for untreated patients. This finding is a

Fig 5. Distribution of mRS scores between patients with CS � 0 versus �0.
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matter of controversy within the literature. In a recent study,
Bang et al found that good angiographic collateral status was
associated with higher recanalization rates after intra-arterial
therapy and less infarct growth after recanalization.18 Simi-
larly, Angermaier et al demonstrated that CTA collateral grade
was an independent predictor of final infarct volume in stroke
patients treated with endovascular therapy.19 On the other
hand, Rosenthal et al reported that CTA collaterals had a pos-
itive impact on the outcomes of patients who did not achieve
complete recanalization, and no impact in patients who were
completely recanalized.20 Furthermore, Lima et al found a
greater beneficial effect of collateral status in untreated pa-
tients.11 Further studies are needed to clarify this question.
However, it is intuitive that, in untreated patients (with pre-
sumably lower rates of recanalization), the degree of collateral
circulation should have a more significant role in determining
tissue fate and clinical outcome.

Our study limitations include those inherent in a retro-
spective design. As such, recanalization status, a significant
predictor of stroke outcome, was only available for a small
fraction of our patients, precluding its entrance into our anal-
ysis. However, this would not be expected to affect our find-
ings with respect to pretreatment infarct size and baseline
NIHSS score. Nevertheless, our findings require prospective
validation before they are used for decision making in the clin-
ical setting. In addition, we recognize that our malignant CTA
collateral profile has a low sensitivity for identifying large ad-
mission core infarcts. However, this would be a major concern
if this approach were used as the primary means of selecting
patients for revascularization therapy. Rather, we simply
sought to identify a clinically useful CTA collateral sign that
would indicate a very large DWI volume with high specificity.
If validated, this sign would allow one to confidently exclude
patients from treatment based on their high likelihood of hav-
ing a bad outcome, and it could supplement other forms of
parenchymal evaluation. We are not stating that patients who
have a collateral grade higher than zero will necessarily have a
DWI volume �100 mL and would benefit from treatment.
Collateral scores of 1 to 4 are too nonspecific to be used clin-
ically for characterizing infarct volumes.

Conclusions
In patients with AIS with PAOs, CTA collateral grade is in-
versely correlated with admission DWI lesion size. Patients
with absent collaterals in �50% of 1 MCA M2 division terri-
tory have a very high likelihood of having a DWI lesion �100
mL and a poor clinical outcome. If validated, these findings
have clinical relevance for hospitals where emergent access to
MR imaging is limited and for patients who are ineligible to
undergo MR imaging.
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