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Los Angeles (UCLA), Brown University (KF, DS, BM, SC); and New York University (SY)

Abstract

Background: In patients with symptomatic vertebrobasilar intracranial atherosclerotic disease 

(ICAD), impaired distal flow predicts recurrent stroke, but limited data exist on the association 

between perfusion status and recurrent stroke in anterior circulation ICAD.

Methods: This is a retrospective study of patients hospitalized for symptomatic ICAD with 50–

99% stenosis of the intracranial carotid or middle cerebral artery. The primary outcome is 

recurrent symptomatic ischemic stroke in the territory of the artery with ≥50% stenosis within 90 

days. The primary predictor is distal hypoperfusion on MR or CT perfusion, defined as a ≥15 mL 

volume of territory of the symptomatic artery with Tmax >6 seconds.

Results: Fifty patients met inclusion criteria, including 15 (30%) with recurrent stroke and 15 

(30%) with distal hypoperfusion. Distal hypoperfusion was present in 10/15 (66.7%) with 

recurrent stroke versus 5/35 (14.3%) without recurrent stroke. The hazard ratio for recurrent stroke 

in patients with distal hypoperfusion was 6.80 (95% CI 2.31–20.0).

Conclusion: Distal hypoperfusion in acutely symptomatic ICAD with 50–99% stenosis is 

associated with stroke recurrence. Distal hypoperfusion could be used to enrich future trials of 

secondary stroke prevention in ICAD patients.

Keywords
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Introduction

Intracranial atherosclerotic disease (ICAD) is the cause of ischemic stroke in ~40% of 

Asians, 30% of African-Americans, and 10% of Caucasians, making it the most common 

cause of stroke in the world, with a high risk of early recurrence.1–3 ICAD causes stroke 

through different mechanisms, including atheroembolic, branch artery occlusion, thrombo-
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occlusive, and impaired distal perfusion.4 However, existing trials have not differentiated 

among these etiologies. Improved risk stratification among the various ICAD mechanisms 

could enrich future studies of ICAD stroke prevention. Our prior research has shown that 

impaired distal perfusion detected by noninvasive imaging can predict neurologic 

deterioration after ICAD stroke,5 but data on its association with recurrent stroke in patients 

with anterior circulation symptomatic ICAD is very limited.6 In addition, available data is 

from a small single center retrospective study, therefore lacking generalizability.

In this study, we aim to determine the association between perfusion delay and early 

recurrence in patients with acutely symptomatic proximal anterior circulation intracranial 

stenosis.

Methods

The study was approved by the Institutional Review Board in both centers. This is a 

retrospective study of patients hospitalized for symptomatic ICAD at two academic medical 

centers. We defined symptomatic ICAD as an intracranial internal carotid artery (ICA) or 

middle cerebral artery (MCA) M1 segment atherosclerotic lesion creating 50–99% stenosis 

that had caused ischemic stroke within the prior 48 hours. This was determined on CT 

angiography or MR angiography using previously defined criteria.7 Patients with tandem 

lesions (concomitant extra-cranial lesions causing 50–99% stenosis or total occlusion) were 

excluded. Causality of the stroke was determined by two board certified vascular 

neurologists (SY, AD). We excluded patients with bilateral hemispheric or posterior 

circulation stroke. Patients included were those with 70–99% stenosis and MRI perfusion 

(MRP) at study site 1 or 50–99% stenosis and CT perfusion (CTP) at study site 2. Perfusion 

imaging was obtained within 48 hours of stroke onset and processed using the RAPID 

software (IschemaView, Menlo Park, CA).

Our primary outcome was recurrent stroke due to recurrent infarct or infarct expansion in the 

territory of the stenotic artery within 90 days that met American Heart Association criteria 

for ischemic stroke.8 The primary predictor was distal hypoperfusion, with penumbra 

defined as a Tmax >6 seconds (Tmax6) and volume ≥15 mL of penumbra distal to the 

symptomatic ICAD, similar to prior studies.9 We fit Cox proportional hazards models to the 

outcome of recurrent stroke and report hazard ratios, both unadjusted (Model 1) and 

adjusted for three potential confounders in additional models, to limit overfitting: patient 

age, sex, prior stroke (Model 2); hypertension, diabetes, smoking (Model 3); and statin 

therapy, dual antiplatelet therapy, and symptomatic ICAD 50–69% vs 70–99% (Model 4). 

Stata 15.1 was used for statistical analysis and statistical significance was based on 0.05 

level of significance.

Results

Fifty patents met inclusion criteria, 22 at study site 1 and 28 at study site 2. Baseline 

demographics are seen in Table 1, stratified by the primary outcome. Symptomatic ICAD 

was present in the intracranial ICA in 15 (30%) patients and in the MCA M1 segment in 35 

(70%) patients. The index stroke was confirmed on MRI in 45 (90%) patients and on CT in 
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the remaining 5 patients. At study site 1, all patients had 70–99% stenosis and an MRP 

study. At study site 2, 28 had 50–99% stenosis and a CTP study. In both sites combined, 20 

(40%) of patients had 50–69% stenosis and 30 (60%) had 70–99%. The primary outcome of 

recurrent stroke was found in 15 (30%, 95% CI 17.9% – 44.6%) patients and distal 

hypoperfusion (Tmax6 ≥15 mL) in 15 (30%, 95% CI 17.9% – 44.6%) patients. Recurrent 

stroke occurred at a median of 7 days (range 1–77 days). Distal hypoperfusion was present 

in 10/15 (66.7%, 95% CI 38.4% – 88.2%) with recurrent stroke versus 5/35 (14.3%, 95% CI 

4.8% – 30.3%) without recurrent stroke. The hazard ratio for recurrent stroke in patients 

with distal hypoperfusion was 6.80 (95% CI 2.31–20.0) (Figure 1), and similar hazard ratios 

were seen in the adjusted models (Table 2).

We found a similar effect of distal hypoperfusion on recurrent stroke risk at both study sites. 

At study site 1, which used CTP, the hazard ratio for recurrent stroke was 5.15 (95% CI 

1.14–23.2) and at study site 2, which used MRP, the hazard ratio was 9.76 (95% CI 1.19–

80.0).

Discussion

Our results suggest that hypoperfusion distal to recently symptomatic ICAD is associated 

with recurrent ischemic stroke within 90 days. The effect size was relatively large and the 

association persisted after adjustment for potential confounders and study site.

Mechanisms of Association

Aggressive medical treatment has been shown to be effective in stabilizing acutely 

symptomatic plaque,10,11 but it is questionable if it could significantly improve distal blood 

flow across a stenosis, especially in the acute setting,12 when the risk of neurological 

deterioration has been shown to be the highest.13 Therefore it is intuitive that patients with 

impaired distal blood flow are more likely to fail medical treatment.

Our findings can be compared to the Vertebrobasilar Flow Evaluation and Risk of Transient 

Ischemic Attack and Stroke (VERiTAS) study, which included patients with a symptomatic 

≥50% stenosis or occlusion of a vertebral artery.14 In VERiTAS, distal low flow, measured 

with quantitative MR angiography, was also associated with recurrent stroke (HR 11.55, 

95% CI 1.88–71.0), with a comparable effect size to our study (HR 6.80, 95% CI 2.31–

20.0). However, patients in VERiTAS were enrolled at a median of >2 weeks from the 

qualifying stroke, while ours was 48 hours of stroke onset, allowing capture of more early 

stroke recurrence. Furthermore, studies have shown that in patients with anterior circulation 

ICAD, patients with borderzone infarcts (a marker of impaired distal perfusion) had a higher 

risk of recurrent stroke than those with non-borderzone infarct pattern.15, 16 Moreover, 

another study showed that in patients with symptomatic severe middle cerebral artery 

stenosis, severe hypoperfusion volume ratio (HVR) defined as HVR ≥ 50% is associated 

with recurrent stroke during 1 year follow up (OR 12.93 95% CI 1.57 – 106.24, p = 0.017).6

Therapeutic implications

Our study has several therapeutic implications. First, perfusion imaging may be a useful tool 

to help risk stratify patients with acutely symptomatic anterior circulation ICAD and identify 
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those who are likely to fail aggressive medical treatment. Previous studies have suggested 

that impaired distal perfusion is associated with recurrent stroke in patients with acutely 

symptomatic proximal anterior circulation stenosis.5, 6, 17 That being said, due to the 

scarcity of evidence and major limitations of these studies, the optimal definition of 

impaired distal perfusion or flow in patients with acutely symptomatic proximal anterior 

circulation ICAD remains unknown and needs further study. Second, patients with 

symptomatic proximal anterior circulation ICAD and impaired distal perfusion may be a 

subgroup who may benefit from surgical intervention. In the Stenting and Aggressive 

Medical Management for Preventing Recurrent Stroke in Intracranial Stenosis 

(SAMMPRIS) trial, the 30-day risk of stroke or death in the stenting arm was 15% (95% CI 

10% to 20%).18 In our study, the risk of recurrence was nearly 66.7% (95% CI 38.4% – 

88.2%) in patients meeting our pre-specified definition for impaired distal perfusion, which 

is significantly higher than patients randomized to the stenting arm of SAMMPRIS. In fact, 

a post-hoc analysis of SAMMPRIS showed that patients with borderzone infarcts had fewer 

events with stenting as compared with maximal medical treatment (26.4% vs. 18.2%, p = 

0.3), but this analysis was probably underpowered to achieve statistical significance. 

Therefore, larger studies are needed to identify the optimal definition of impaired distal 

perfusion in patients with acutely symptomatic proximal anterior circulation ICAD, aiming 

to identify a sub-group where the efficacy and safety of endovascular treatment can be 

studied in clinical trials.

Study limitations

Our study has several limitations, the most important being that it is a retrospective cohort 

from academic medical centers, and therefore susceptible to selection bias. For example, 

patients with perfusion imaging as part of their standard of care workup were presumably 

considered higher risk, compared to those who did not received perfusion imaging; this may 

account for the high rate of recurrent stroke in the study. We also do not have data on other 

possible confounders for our recurrent stroke outcome, such as blood pressure levels or 

medication compliance. Although the mix of MRP and CTP is a potential limitation, we 

used the same software for post-processing. Additionally, the small sample size did not 

allow for a fully adjusted model and reduced precision of our point estimates.

Conclusion

Distal hypoperfusion in recently symptomatic ICAD with 50–99% stenosis may be 

associated with stroke recurrence or neurological deterioration. Although the present study 

cannot definitely determine this as the mechanistic cause for the recurrent strokes, patients 

with Tmax6 volumes ≥15 may represent a high risk group for study in future trials of 

secondary stroke prevention in ICAD patients. Further prospective validation of these 

findings is needed.
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Figure 1. 
Kaplan-Meier curve showing estimates of stroke-free survival for patients with distal 

hypoperfusion (Tmax6 ≥15 mL, red line) versus without distal hypoperfusion (Tmax6 <15 

mL, blue line).
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Table 1.

Baseline Demographics for the full cohort (n=50) and for patients with recurrent stroke (n=16) versus without 

recurrent stroke (n=34) with p value for difference.

Full cohort (n=50) Recurrent stroke (n=15) No recurrent stroke (n=35) p value

Age 68.1±14.6 71.3±14.1 66.8±14.1 0.316

Male sex 25, 50% 7, 46.7% 18, 51.4% 0.758

Prior stroke 13, 26% 4, 26.7% 9, 25.7% 0.994

Hypertension 40, 80% 13, 86.7% 27, 77.1% 0.440

Hyperlipidemia 28, 56% 9, 60% 19, 54.3% 0.709

Diabetes Mellitus 19, 38% 7, 46.7% 12, 34.3% 0.409

Atrial Fibrillation 8, 16% 4, 26.7% 4, 11.4% 0.178

Current smoking 10, 20% 3, 20% 7, 20.6% 1.000

Stenosis 70–99% 30, 60% 12, 80% 18, 51.4% 0.059

Dual antiplatelet therapy 26, 52% 10, 66.7% 16, 45.7% 0.174

Mono antiplatelet therapy 16, 32% 4, 26.7% 12, 34.3% 0.597

Anticoagulation 8, 16% 2, 13.3% 6, 17.1% 0.736

Statin therapy 45, 90% 13, 86.7% 32, 91.4% 0.607

Index stroke core volume (mL) 4.4±11.8 8.8±20.2 2.5±4.5 0.085

Baseline Tmax6 hypoperfusion volume (mL) 30.5±51.5 67.5±69.1 14.6±31.5 <0.001

Absolute mismatch volume (mL) 26.1±48.0 58.7±65.4 12.1±29.7 0.001

Continuous variables presented as mean±SD, binary variables as n,%. Intergroup differences tested with Student’s t-test for continuous variables 
and the chi-squared for binary variables.
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Table 2.

Hazard ratios for recurrent stroke with the predictor of distal hypoperfusion.

Hazard Ratio 95% CI p value

Model 1 6.80 2.31–20.0 0.001

Model 2 8.01 2.69–24.2 <0.001

Model 3 9.56 3.12–29.3 <0.001

Model 4 6.90 1.94–24.6 0.003

*
Model 1 is unadjusted; Model 2 is adjusted for patient age, sex, prior stroke; Model 3 is adjusted for hypertension, diabetes, smoking; and Model 

4 is adjusted for statin therapy, dual antiplatelet therapy, and symptomatic ICAD ≥50–69% vs ≥70–99%
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