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Vertebrobasilar Stroke: Association 
Between Infarction Patterns and 
Quantitative Magnetic Resonance 
Angiography Flow State
Ahmad A. Ballout , MD; Richard B. Libman, MD; Julia R. Schneider, DO; Karen Black , MD;  
Panagiotis Sideras, MD; Jason J. Wang , PhD; Timothy G. White , MD; Amir R. Dehdashti, MD;  
Henry H. Woo, MD; Jeffrey M. Katz , MD

BACKGROUND: Treatment and prognosis of vertebrobasilar atherosclerotic disease differs depending on stroke mechanism, 
such as artery- to- artery embolism, branch atheromatous disease, and hemodynamic ischemia. Our aim was to investigate 
the relationship between infarction pattern and flow status using quantitative magnetic resonance angiography (QMRA), to 
determine the validity of using infarction patterns to infer stroke mechanism.

METHODS AND RESULTS: This is a retrospective study of patients with ischemic stroke with intra-  or extracranial vertebrobasilar 
atherosclerotic stenosis, who underwent magnetic resonance imaging of the brain, neurovascular imaging, and QMRA, be-
tween 2009 and 2021. Patients with cerebral infarction predating or following QMRA by ≥1 year, or QMRA studies performed 
for basilar thrombosis, vertebral dissection, or only postangioplasty/stenting, were excluded. Poststenotic flow (basilar and 
posterior cerebral arteries) was dichotomized as low- flow or normal- flow based on published criteria. Of 1211 consecutive 
patients who underwent QMRA noninvasive optimal analysis, 69 met inclusion. Mixed patterns were most common (46.4%), 
followed by perforator (23.2%), borderzone (14.5%), and territorial (15.9%). Patients with low- flow had a significantly higher 
rate of borderzone+ patterns (borderzone alone or in mixed pattern) compared with patients with normal- flow (77.4% low- flow 
versus 39.5% normal- flow, P=0.002). Borderzone+ patterns were associated with 61.5% probability of low- flow state, while no 
borderzone (perforator/territorial) patterns were associated with 76.7% probability of normal- flow state.

CONCLUSIONS: Borderzone infarction pattern (alone or mixed) was associated with low poststenotic posterior circulation flow 
by QMRA. However, borderzone pattern only moderately predicted low- flow state, and may be an unreliable flow marker. 
Therefore, infarct topography may complement, but should not replace hemodynamic studies to establish flow status.

Key Words: hemodynamics ■ posterior circulation ■ vertebrobasilar disease

The mechanisms of cerebral infarction associated 
with symptomatic vertebrobasilar atherosclerotic 
disease include artery- to- artery embolism, branch 

atheromatous disease,1 hemodynamic ischemia, and 
often a combination of these. The interrelated nature 
of these mechanisms is debated, with evidence in the 
anterior circulation that supports a complementary re-
lationship between hypoperfusion and embolism, as 

hemodynamic compromise is thought to both promote 
the formation of thrombi and decrease the “washout” 
of distal emboli.2– 4 This relationship is less well estab-
lished in the posterior circulation.

Determining a specific stroke mechanism is im-
portant because treatment and prognosis may 
differ.5,6 Currently, several neurovascular imaging 
modalities are used to elucidate stroke mechanism, 

Correspondence to: Jeffrey M. Katz, MD, Department of Neurology, North Shore University Hospital, 300 Community Dr, Manhasset, NY 11030. E- mail: 
jkatz2@northwell.edu

For Sources of Funding and Disclosures, see page 7.

© 2022 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creat ive 
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use 
is non-commercial and no modifications or adaptations are made. 

JAHA is available at: www.ahajournals.org/journal/jaha

https://orcid.org/0000-0001-7408-4233
https://orcid.org/0000-0001-8063-5222
https://orcid.org/0000-0002-6211-2572
https://orcid.org/0000-0002-3604-4334
https://orcid.org/0000-0002-8193-3683
mailto:﻿
mailto:jkatz2@northwell.edu
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2022;10:e023991. DOI: 10.1161/JAHA.121.023991 2

Ballout et al Vertebrobasilar Infarction Patterns and QMRA Flow

including Time- of- Flight Quantitative Magnetic 
Resonance Angiography (QMRA) Noninvasive Optimal 
Vessel Analysis (VasSol, Inc., River Forest, IL, USA); 
Magnetic Resonance Perfusion- Weighted- Imaging; 
vasomotor reactivity using transcranial Dopplers and 
breath- holding techniques; and with embolic signal 
monitoring.7 At our institution, we use QMRA to mea-
sure intravascular flow, stratify recurrent stroke risk, 
and determine indications for intervention based on 
poststenotic flow status. This approach is based on 
VERITAS (The Vertebrobasilar Flow Evaluation and 
Risk of Transient Ischemic Attack and Stroke) trial, 
which showed a 5- times higher risk of subsequent 
stroke with low- flow compared with normal- flow in 
patients with symptomatic intracranial or extracranial 
vertebrobasilar stenosis.8

Infarction patterns are often used in conjunction 
with vessel imaging to infer the underlying stroke 
mechanism, although the accuracy of this inference is 
uncertain, since the actual hemodynamic effect of a 
given degree of stenosis is unclear. This is particularly 
true in the posterior circulation given the variability in 
posterior circulation vascular anatomy, collateralization 
networks, and poorly defined borderzones. QMRA 

may be helpful, because it provides a quantitative 
measure of intravascular blood flow, and thus may as-
sist in elucidating a specific stroke mechanism.9 Given 
the uncertain relationship between hemodynamics 
and magnetic resonance imaging (MRI)– based infarc-
tion patterns in the posterior circulation, we assessed 
infarction patterns in relation to flow state and hypoth-
esized that borderzone infarction patterns are associ-
ated with a low poststenotic flow state.

METHODS
Patient Selection
We performed a retrospective study of consecutive 
patients with ischemic stroke, who underwent QMRA 
Noninvasive Optimal Vessel Analysis to evaluate verte-
brobasilar atherosclerotic disease, between 2009 and 
2021, at 2 comprehensive stroke centers in a single 
health system. Institutional review board approval was 
obtained with waiver of consent because of the ret-
rospective nature of this study. The data supporting 
the findings of this study are available from the cor-
responding author upon reasonable request. Study 
inclusion required the following: (1) MRI- confirmed 
cerebral infarction localized to the posterior circula-
tion; (2) vascular imaging showing intracranial and/or 
extracranial atherosclerotic stenosis in the posterior 
circulation; and (3) QMRA performed within ±1  year 
of stroke onset to ensure that cerebral infarctions oc-
curred in relative proximity to the hemodynamic study. 
Patients were excluded from the study if any of the fol-
lowing criteria were met: (1) vascular imaging demon-
strated acute basilar thrombosis or embolic occlusion; 
(2) MRI showed concurrent cerebral infarctions in the 
anterior circulation; (3) infarctions occurred exclusively 
following catheter angiography or bypass surgery; (4) 
QMRA preceded or followed stroke symptom onset by 
>1 year; (5) cerebral infarction in the setting of a ver-
tebral artery dissection; or (6) intervention for target 
stenosis performed before QMRA. A flow diagram for 
study inclusion is shown in Figure 1.

Distal Flow Status
Patients were dichotomized into normal- flow and low- 
flow groups based on QMRA blood flow measurements 
in the basilar artery and (nonfetal origin) posterior cere-
bral arteries, distal to the atherosclerotic steno- occlusive 
disease, as defined in the VERITAS study.8

Stenosis Severity Determination
The severity of vessel stenosis was determined by 
2 board- certified neuroradiologists (K.B., P.S.) who 
were blinded to distal flow status and clinical history. 
The WASID (Warfarin versus Aspirin for Symptomatic 
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What Is New?
• There is a strong association between posterior 

circulation borderzone infarction patterns and 
a low- flow state as measured by quantitative 
magnetic resonance angiography in patients 
with atherosclerotic stenosis of the verte-
brobasilar system.

• Posterior circulation borderzone infarction pat-
terns, however, are only moderately predictive 
of a low- flow state.

What Are the Clinical Implications?
• Infarct topography in the posterior circulation 

may be used as an adjunct to predict hemo-
dynamic flow status in patients with intracranial 
atherosclerotic stenosis but cannot supplant 
hemodynamic studies.
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Intracranial Stenosis) method was used to meas-
ure intracranial vertebrobasilar stenosis,10 and the 
CAVATAS (Carotid and Vertebral Artery Transluminal 
Angioplasty Study) method was used for the extrac-
ranial vertebral arteries.11 Since most of the cohort 
underwent head and neck computed tomographic 
angiography (n=57), this was the most common im-
aging modality used. Computed tomographic angiog-
raphy has been shown to be superior to time- of- flight 
MRA in detecting stenosis, with a sensitivity and 
specificity of 95%.12 For patients without computed 
tomographic angiography (n=12), digital subtraction 
angiography (n=2) or MRA head and neck with con-
trast (n=10) were used.

Infarction Pattern Determination
MRI diffusion- weighted imaging was reviewed by 2 
board- certified neuroradiologists who were blinded 
to flow status (K.B., P.S.). Consensus was reached 
between the 2 readers in cases of disagreement. 
Infarction patterns were adjudicated with reference 
to published templates13 using a modified classifica-
tion system that was based on those used in previous 
studies.14,15 Mixed infarction patterns were further sub-
classified by their pattern constituents and later used 
to dichotomize patients into borderzone+, if a border-
zone pattern was a component of the mixed pattern, 
or nonborderzone, if the mixed pattern was composed 
solely of territorial and perforator patterns.

Infarction patterns were classified as follows:

1. Territorial pattern: ≥1 infarction distal to the ste-
notic artery restricted to the territory supplied by 
a single intracranial artery.

2. Perforator pattern: Unilateral infarction in the distri-
bution of a basilar perforating artery.

3. Borderzone pattern: ≥1 infarction exclusively in a 
borderzone between (1) the posterior inferior and 
anterior inferior cerebellar arteries, (2) the anterior in-
ferior and superior cerebellar arteries, or (3) the pos-
terior and middle cerebral arteries.

4. Mixed pattern: 2 or more of the above patterns.

Statistical Analysis
Interrater reliability for infarction pattern was performed 
using the kappa statistic, calculated as the proportion 
of infarction patterns that were similarly classified by 
both blinded readers (n=45) over the total number of 
infarctions (n=69). Bivariate analyses were performed 
to study the association between flow state and infarc-
tion patterns using the χ2 and Fisher exact test. A P 
value of <0.05 was considered statistically significant. 
Statistical adjustments were not made because we ex-
clusively performed bivariate analyses. SAS v9.4 (SAS, 
Cary, NC) was used for all statistical analyses.

RESULTS
Between 2009 and 2021, 1211 consecutive patients un-
derwent QMRA Noninvasive Optimal Vessel Analysis at 2 

Figure 1. Exclusion criteria.
AVM indicates arteriovenous malformation; and QMRA, quantitative magnetic resonance angiography.
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comprehensive stroke centers in a single health system. 
Of these, 303/1211 (25.0%) patients underwent QMRA to 
evaluate vertebrobasilar atherosclerotic disease, of which 
69/1211 (5.7%) patients met study inclusion. The mean±SD 
age of the cohort was 64.6±10.1 years, including 52 (75%) 
men and 17 (25%) women. Recurrent posterior circulation 
strokes occurred in 19/69 (27.5%) patients. Brain MRI pre-
ceded QMRA in all but 1 stroke, with this stroke occur-
ring 64 days after the QMRA. The median (interquartile 
range [IQR]) time between brain MRI and QMRA was 6.0 
(0– 70.5) days. Neurovascular imaging (computed tomo-
graphic and/or MR angiography) preceded QMRA in all 
but 6 studies. The median (IQR) time between neurovas-
cular imaging and QMRA was 3.0 (1– 28.7) days.

The vessel involved and the severity of the steno- 
occlusive disease are detailed in  Table. Patients with 
low- flow states were statistically more likely to have a 
high- grade stenosis of >70% in either vertebral artery 
or basilar artery compared with patients with normal- 
flow states (96.7% versus 71.1%, P=0.005).

Infarction Patterns
Figure  2 shows examples of each pattern type. The 
interrater reliability for infarction pattern was moderate 
(κ=0.65). The frequency of vertebrobasilar infarction 
patterns by flow status is shown in Figures 3 and 4. 
Mixed pattern was the most frequent finding (32/69, 
46.4%), followed by perforator (16/69, 23.2%), bor-
derzone (10/69, 14.5%) and territorial (11/69, 15.9%). 
A borderzone constituent was present in most mixed 
patterns (29/32, 90.6%). Low flow was seen in 5/10 
(50%) patients with borderzone pattern and the major-
ity of patients with mixed (20/32, 62.5%) pattern infarc-
tions, but only a minority of perforator (3/16, 18.8%) 
and territorial (3/11, 27.3%) patients with infarction 
pattern (Figure 3). Patients with low- flow states had a 
significantly higher rate of Borderzone+ patterns com-
pared with patients with normal- flow states (77.4% low- 
flow versus 39.5% normal- flow, P=0.002) (Figure  4). 
Borderzone+ infarction patterns were only associated 
with a 61.5% probability of a low- flow state, while no 
borderzone (perforator/territorial) pattern was associ-
ated with a 76.7% probability of a normal- flow state.

DISCUSSION
The aim of our study was to elucidate the relationship 
between posterior circulation infarction patterns and 
hemodynamic flow status. We found a strong associa-
tion between low- flow states and Borderzone+ infarc-
tions (borderzone alone or mixed borderzone plus other 
patterns), and between normal flow states and non-
borderzone infarctions (territorial and perforator pat-
terns). Despite this statistical association, Borderzone+ 
infarctions were only moderately predictive of low- flow 
states (61.5%), suggesting that infarction patterns are 
a suboptimal marker of hemodynamics in the poste-
rior circulation, and cannot be used to reliably predict 
a low- flow state. Although low- flow states were more 
frequent with mixed infarctions, and normal- flow states 
more common with perforator and territorial patterns, 
both flow states were found in all 4 patterns, suggest-
ing that, to an unequal degree, all 4 infarction patterns 
are found in both flow states.

The prevalence of the mixed infarction pattern 
(46.4%) in our study was higher than was reported by 
the WASID investigators (6.3%).14 This difference may 
be in part because of the narrower classification system 
they used; namely, posterior circulation borderzones 
limited to the middle cerebral artery/posterior cerebral 
artery cortical borderzones, excluding cerebellar bor-
derzones, and the possibility of selection bias in our 
study since our patient population was limited to those 
who underwent hemodynamic studies. Mixed patterns 
were not included in the classification system of the 
VERITAS or SAMMPRIS (Stenting versus Aggressive 
Medical Management for Preventing Recurrent Stroke 
in Intracranial Stenosis) subgroup analyses.15,16

In the VERITAS substudy, among patients with a 
low- flow state (in whom one might expect a large ma-
jority of borderzone infarctions), there was a 40% rate 
of territorial infarctions.15 In a substudy of the WASID 
population,14 hemodynamic insufficiency was defined 
by collateral status on conventional angiography. For 
the group of patients with no or poor collaterals, terri-
torial infarctions were more common than borderzone 
infarctions, and borderzone infarctions were paradox-
ically more frequent with good collaterals, suggesting 

Table 1. Degree and Location of Vertebrobasilar Atherosclerotic Steno- Occlusive Disease

Low flow (n= 31) Normal flow (n=38) Total (n=69) P value

Stenosis degree

≥70%/occlusion 30  (96.7%) 27 (71.1%) 57 (82.6%) 0.005

Stenosis location

Intracranial only 21 (67.7%) 23 (60.5%) 43 (62.3%) 0.53

Basilar involved 11 (35.5%) 17 (44.7%) 28 (40.6%) 0.43

Extracranial only 2 (6.5%) 4 (10.5%) 6 (8.7%) 0.55

Tandem EC+IC 8 (25.8%) 11 (29.0%) 18 (26.1%) 0.77

EC indicates extracranial; and IC, intracranial.
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an inconsistent relationship between flow status and 
infarction pattern. This study, however, examined pa-
tients with both anterior and posterior circulation isch-
emia and is, therefore, not strictly comparable to ours.

We found a 27.5% rate of recurrent stroke in our 
study population. Multiple studies have demonstrated 
a strong link between imaging markers of hemody-
namic status and recurrent cerebrovascular ischemic 
events.8,14,16– 21 These, however, have focused primar-
ily on the anterior circulation. Using positron emission 
topography oxygen extraction fraction (the criterion 

standard for hemodynamic imaging), the St. Louis 
Carotid Occlusion Study demonstrated that patients 
with hemodynamic impairment are at higher risk of 
stroke.19 Other authors have used surrogate markers 
of hemodynamic status, linking these to risk of further 
stroke. Using collateral scores as a surrogate for dis-
tal flow status, investigators have shown a relationship 
between collaterals and stroke risk in both WASID 
and SAMMPRIS subgroups.14,16 Unfavorable perfusion 
profiles have been linked to internal borderzone infarc-
tions,20 and these perfusion profiles have been shown 

Figure 2. Mixed (A), Perforator (B), Territorial (C), and Borderzone (D) infarction patterns.
 

A B C D

Figure 3. Number of patients with each infarction pattern in relation to flow status.
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to predict recurrent cerebrovascular events and neu-
rological deterioration.21,22 Most of these studies were 
based on the anterior circulation. VERITAS was the 
first study of its kind to apply hemodynamic imaging 
principles to the posterior circulation, and risk stratify 
patients based on flow status. VERITAS showed that 
patients with low- flow distal to a stenosis, as measured 
by QMRA, were at significantly increased risk for recur-
rent stroke compared with those with normal flow.8 In 
contrast, a more recent study examined patients with 
anterior and posterior circulation intracranial athero-
sclerotic stenosis, using several measures of hemo-
dynamics, and potential for artery- to- artery embolism 
and showed that none of the techniques reliably pre-
dicted an increased risk of subsequent stroke.23 This 
suggests that some of our current techniques for mea-
suring hemodynamics may not be predictive of stroke 
risk or may have different predictive value depending 
on the population being studied.

Our study has several strengths and limitations. 
While our sample size is relatively small, our study 
included the same number of patients as those in 
VERITAS who had complete follow- up,8 and is sizeable 
compared with previous studies of posterior circulation 
stroke in patients with vertebrobasilar atherosclerotic 
steno- occlusive disease. Our study also has all the lim-
itations of a retrospective design, including confound-
ing, which we could not control for, and selection bias, 
since QMRA was performed at the discretion of the 
clinician, and not according to a prespecified protocol. 
Furthermore, the validity of QMRA Noninvasive Optimal 

Vessel Analysis is uncertain since it has never been 
tested against other hemodynamic testing modalities, 
including the criterion standard positron- emission to-
mography. Other strengths of our study include the 
detailed assessment of infarction patterns performed 
by neuroradiologists blinded to flow status, and inclu-
sion of cerebellar borderzones, patterns that were not 
commonly assessed in previous studies.

Our study was not designed to imply a stroke 
mechanism. For example, a borderzone pattern of in-
farction associated with low- flow does not distinguish 
between artery- to- artery embolism and hypoperfusion 
as a stroke mechanism. In fact, as has previously been 
proposed, these 2 mechanisms are not mutually ex-
clusive and may coexist.2 Our study did not focus on 
the association between degree of stenosis and flow 
state. Further studies looking at this association are 
under way.

CONCLUSIONS
We found a strong statistical association between bor-
derzone infarction patterns (alone or mixed) and low- 
flow states and between nonborderzone infarctions 
and normal flow- states in the posterior circulation. 
Despite this association, borderzone infarction (alone 
or mixed) patterns were only moderate predictors of 
low- flow states, and are therefore clinically unreliable 
markers of hemodynamics. Our findings suggest that 
infarct topography in the posterior circulation should 
not be used exclusively to predict hemodynamics but 

Figure 4. Number of patients with Borderzone+ pattern in relation to flow status (n=69).
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may be a complementary tool to be used in conjunc-
tion with hemodynamic studies. Because flow status 
defined by QMRA in the posterior circulation may 
predict stroke risk, investigating angioplasty/stenting 
versus medical management in patients with symp-
tomatic posterior circulation stenosis may include 
hemodynamic quantification, but should not depend 
exclusively on infarction pattern as a marker of hemo-
dynamic compromise.
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