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Optimized Hemodynamic Assessment
to Predict Stroke Risk in Vertebrobasilar
Disease: Analysis From the VERITAS Study

Alfred P. See, MD; Dilip K. Pandey, MD, PhD; Xinjian Du, MD, MPH; Linda Rose-Finnell, MPA; Fady T. Charbel,
MD; Colin P. Derdeyn, MD; Sepideh Amin-Hanjani “*/, MD; for the VERITAS Study Group*

BACKGROUND: Atherosclerotic vertebrobasilar disease is a significant etiology of posterior circulation stroke. The prospective
observational VERITAS (Vertebrobasilar Flow Evaluation and Risk of Transient Ischemic Attack and Stroke) study demon-
strated that distal hemodynamic status is a robust predictor of subsequent vertebrobasilar stroke risk. We sought to compare
predictive models using thresholds for posterior circulation vessel flows standardized to age and vascular anatomy to optimize
risk prediction.

METHODS AND RESULTS: VERITAS enrolled patients with recent vertebrobasilar transient ischemic attack or stroke and >50%
atherosclerotic stenosis/occlusion in vertebral and/or basilar arteries. Quantitative magnetic resonance angiography meas-
ured large-vessel vertebrobasilar territory flow, and patients were designated as low or normal flow based on a prespecified
empiric algorithm considering distal territory regional flow and collateral capacity. For the present study, post hoc analysis was
performed to generate additional predictive models using age-specific normalized flow measurements. Sensitivity, specificity,
and time-to-event analyses were compared between the algorithms. The original prespecified algorithm had 50% sensitivity
and 79% specificity for future stroke risk prediction; using a predictive model based on age-normalized flows in the basilar and
posterior cerebral arteries, standardized to vascular anatomy, optimized flow status thresholds were identified. The optimized
algorithm maintained sensitivity and increased specificity to 84%, while demonstrating a larger and more significant hazard
ratio for stroke on time-to-event analysis.

CONCLUSIONS: These results indicate that flow remains a strong predictor of stroke across different predictive models, and
suggest that prediction of future stroke risk can be optimized by use of vascular anatomy and age-specific normalized flows.

Key Words: blood flow m magnetic resonance angiography m magnetic resonance imaging ® quantitative magnetic resonance
angiography ® stroke vertebrobasilar disease

30% of all ischemic stroke, a significant source

of which is atherosclerotic vertebrobasilar dis-
ease."”® Hemodynamic compromise, as assessed
by large-vessel flow measurements, has proven to
be a robust predictor of stroke in symptomatic ver-
tebrobasilar disease based on prospective observa-
tional data from the VERITAS (Vertebrobasilar Flow

Posterior circulation stroke accounts for up to

Evaluation and Risk of Transient Ischemic Attack and
Stroke) study. In VERITAS, patients classified as low
flow on the basis of evaluation of relevant distal terri-
tory flow had a 4-fold higher risk of stroke.” The flow
algorithm used for determination of flow status was
originally established from retrospective data and
proved highly predictive in VERITAS. However, this al-
gorithm relies on absolute thresholds for flow in the
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CLINICAL PERSPECTIVE

What Is New?

e This report uses data from the prospective ob-
servational multicenter VERITAS (Vertebrobasilar
Flow Evaluation and Risk of Transient Ischemic
Attack and Stroke) study and details the me-
thodical consideration of normal age-related
changes in vertebrobasilar distribution flow to
optimize the algorithm allowing stratification of
patients into low or normal flow categories with
improved prediction of recurrent vertebrobasilar
stroke.

What Are the Clinical Implications?

e The optimized algorithm improves the selection
criteria for secondary stroke prevention strate-
gies and research: low versus normal distal flow
is predictive of recurrent vertebrobasilar stroke.

Nonstandard Abbreviations and Acronyms

BA basilar artery

PCA posterior cerebral arteries

QMRA quantitative magnetic resonance
angiography

VERITAS \Vertebrobasilar Flow Evaluation and

Risk of Transient Ischemic Attack and
Stroke

relevant arteries, without adjustment for age, and can
generate equivocal (ie, borderline) cases dependent
on vascular anatomy. We sought to determine if the al-
gorithm could be optimized by using age-normalized
thresholds and accounting for posterior circulation
anatomic variations.

METHODS

The data supporting the findings of this study are avail-
able from the corresponding author upon reasonable
request.

The VERITAS study design has been published pre-
viously.8 Briefly, the study was a multicenter prospective
cohort study of adult patients suffering recent (within
60 days) vertebrobasilar territory transient ischemic at-
tack or nondisabling stroke, and >50% vertebrobasilar
stenosis or occlusion demonstrated on conventional or
computed tomographic angiography.®'® Cases of dis-
section, fibromuscular dysplasia, vasculitis, radiation-
induced vasculopathy, and other nonatherosclerotic
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disease were excluded; unilateral isolated vertebral
artery occlusion was also excluded due to uncertainty
of the underlying etiology of disease. Patients were ex-
cluded for inability to return for follow-up or comorbid-
ity with <12-month life expectancy, as well as for any
known cardiac disease associated with cardioembolic
risk (eg, atrial fibrillation, prosthetic valves, cardiomy-
opathy with low ejection fraction) and blood dyscrasias
(eg, polycythemia vera, sickle cell disease). Seventy-
two patients were recruited prospectively at 5 centers
in North America from 2008 to 2014. This cohort un-
derwent quantitative magnetic resonance angiography
(QMRA) for flow measurements at prespecified loca-
tions at the vertebral artery straight segment proximal
to the posterior inferior cerebellar artery, basilar artery
(BA) proximal to superior cerebellar arteries, and pos-
terior cerebral arteries (PCAs) distal to the posterior
communicating artery. The results of the QMRA were
kept blinded from the patients and investigators, and
patients were followed prospectively on standard med-
ical therapy for 12 to 24 months for a primary end point
of ischemic stroke in the vertebrobasilar territory. The
study was approved by the local institutional review
boards, and all subjects provided informed consent.

Original Flow Algorithm

The algorithm is depicted in Figure 1A. Low flow was
designated a priori as more than 20% reduction below
normative lower limits of flow (as available at that time)
in the BA (<120 cc/min) or PCA (<40 cc/min)."" The PCA
flow was not considered in flow status determination
if the PCA anatomy was fetal (defined as absent P1
segment on QMRA). In patients with reduced distal de-
mand from bilateral fetal PCAs, the BA flow threshold
was adjusted to <40 cc/min. In patients with 2 normal-
configuration PCAs but flow in 1 PCA below and the
other above the normative limit, flow status was con-
sidered borderline and additional clinical/radiographic
criteria were applied to determine the flow status.

Development of Optimized Algorithm

To develop an optimized algorithm, we examined a
strategy to define vascular anatomy—specific and age-
normalized thresholds for flow in the BA and PCA.
Data for flow measurements from a large cohort of
healthy adults (=323, 18- to 84-year-old nonsmokers
with no history of cerebrovascular, cardiac, respiratory,
liver, kidney, or neoplastic disease, diabetes mellitus,
or untreated hypertension), published subsequent to
the original designation of flow thresholds, was used
as our reference population for normative flows.' This
cohort conforms to the distribution of healthy adults
and therefore is enriched in younger cases compared
with cases >60 years old (mean 48+15). Age stratifi-
cation was not able to be performed on all anatomic
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A QMRA flow measurement:
flows considered reduced if >20% lower than baseline flows in normal volunteers
v
yes BA flow normal no
_’ o
(>120cc/min) Measure PCA flow
PCA flows normal Low flow - one PCA Low flow — both PCAs
(>40cc/min) (<40cc/min) (<40cc/min)
Criteria absent BORDERLINE FLOW | _Criteria present
Consider additional criteriaf
v v

NORMAL FLOW LOWFLOW
B ( )
QMRA flow
PCA anatomy”
Age’
\_ J
>-1
BA flow z-score*
<-1
<-2 2-2
17 PCA flow average z-score®
Low Flow Normal Flow

Figure 1. Flow stratification algorithms.

A, The original algorithm for determining a low-flow vs normal flow state. Flow algorithm for symptomatic
VB disease. *In the case of fetal PCA, determination of flow status is as follows. If 1 PCA is fetal, only the
flow in nonfetal PCA is considered; if both PCAs are fetal, only flow in the BA is considered (low flow if
<40 mL/min). TAdditional criteria in borderline cases: ominous BA flow waveform oscillating ~0, ominous
symptom complex (symptoms exacerbated with head position, cannot be on anti-coagulation/
antiplatelets, requires very elevated blood pressure to avert symptoms); flow in nonoccluded proximal BA
<40 mL/min. B, The optimized anatomy-specific and age-stratified normalizing algorithm for determining
a low or normal flow state. BA indicates basilar artery; PCA, posterior cerebral artery; and QMRA,
quantitative magnetic resonance angiography. *The PCA anatomy is classified as bilateral fetal PCA,
unilateral fetal PCA, or no fetal PCA. TThe age of patients with no fetal PCA is stratified as 18 to 60 or
>60 years old. Each stratification has distinct averages and standard deviations of normal BA and PCA

flows (Table 1). fThe BA flow Z score is calculated (BA flow-mean normal BA flow) SThe PCA flow Z
standard deviation of the normal BA flow

score is calculated as the average of normal configuration PCA Z scores, where PCA Z scores are
(PCA flow-mean normal PCA flow)
standard deviation of the normal PCA flow

configurations because of infrequent occurrence of 2 age groupings based on our previously observed
bilateral and unilateral fetal PCA (8 and 32 normal sub- threshold for reduction in cerebral blood flow from
jects, respectively). In the 283 patients with normal PCA the published normative cohort: <60 years old cohort
configuration, age stratification was dichotomized into (n=219) and the >60 years old cohort (n=64).
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Table 1. Normal BA and PCA Flows Dependent on PCA
Anatomy and Age
BA Flow
BA Flow (Relative to PCA Anatomy an Age) Mean=SD
Normal PCA anatomy
<60y (n=219) 150437
>60y (n=64) 13133
Unilateral fetal PCA (n=32) 92+22
Bilateral fetal PCA (n=8) 50+17
PCA Flow (Relative Left PCA Flow Right PCA Flow
to Age) Mean+SD Mean+SD
<60y (n=252) 72+16 68+16
>B60y (n=73) 63+14 59+14

BA indicates basilar artery; and PCA, posterior cerebral artery.

VERITAS patients were assigned a calculated Z
score from their flows in the BA and each PCA nor-
malized to the normative meansz=standard devia-
tion derived from the healthy adult cohort (Table 1).
In patients with bilateral fetal PCAs, the BA Z score
determined the flow state. In patients with unilateral
fetal PCA, the BA Z score, and nonfetal PCA Z score
only were used to determine flow status. In patients
with bilateral normal (nonfetal) PCAs, the Z scores of
the 2 PCAs were averaged, and the BA Z score and
averaged PCA Z score were used to determine flow
status. The Z scores for the BA and PCA were then
applied at various thresholds ranging from O to -3
(Table 2). These thresholds were applied to the algo-
rithm shown in Figure 1B.

Applying the anatomy and age-normalized algo-
rithm, 2-way tables were constructed on the basis of
the flow classification and event occurrence to calcu-
late discrete sensitivity, specificity, positive predictive
value, and a negative predictive value of various Z score
thresholds. The receiver operating characteristic curve
was calculated for the age-stratified analysis to aid in
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selecting the optimum BA and PCA threshold. The
optimum threshold was selected by simultaneously
varying the BA and PCA thresholds independently for
a maximum Youden’s J statistic.'®

Algorithm Comparison

To compare the relative performance of the optimized
algorithm to the original algorithm, Kaplan-Meier analy-
sis with log-rank testing, and Cox proportional hazards
model to calculate a hazard ratio (HR) for stroke events
was performed for each algorithm.

RESULTS

The VERITAS cohort consisted of 72 patients, 44%
women, aged 40 to 90 years (mean 65.6+10.3). Forty
percent had disease of the BA only, 30% had disease
of the vertebral artery only; 78% had intracranial dis-
ease only, and 10% had extracranial disease only. The
cohort was stratified into 18 low-flow and 54 normal-
flow cases based on the original algorithm. On the
basis of the optimized algorithm, 15 were classified as
low flow and 57 were classified as normal flow.
Thereceiver operating characteristic curve of the op-
timized algorithm demonstrates a maximum Youden'’s
J statistic of 0.35 (Figure 2). The optimum threshold for
the Z statistic in the anatomy-specific age-adjusted al-
gorithm was found at —1 for the BA and -2 for the PCA.
In comparison, the original algorithm had a Youden'’s
statistic of 0.29 (Figure 2). This is the result of 5 reclas-
sifications (7%), all occurring in patients >60 years of
age: 4 patients designated as low flow with the original
algorithm were reclassified as normal flow, 1 of which
had suffered a stroke end point; 1 patient designated
originally as normal flow, who had suffered a stroke
end point, was reclassified as low flow. With these
reclassifications, 5 of 15 low-flow patients reached a
primary stroke end point as compared with 5 of 18

Table 2. Subset of Thresholds in the Age-Stratified Algorithm and Resulting Test Characteristics in Comparison With the

Original Algorithm

BA Z Score PCA Z Score Sensitivity Specificity PPV NPV X2 P Value

-0.5 -2 0.5 0.82 0.31 0.91 0.04

-1 -0.5 0.6 0.63 0.21 0.91 0.19

-1 -1 0.5 0.74 0.24 0.90 0.14

-1 -1.5 0.5 0.79 0.28 0.91 0.11

Optimized algorithm -1 -2 0.5 0.84 0.33 0.91 0.03
-1 -25 0.4 0.85 0.31 0.90 0.07

-1 -3 0.3 0.90 0.33 0.89 0.10

-1.5 -2 0.4 0.84 0.29 0.90 0.10

-2 -2 0.3 0.87 0.27 0.89 017

Old algorithm NA NA 0.5 0.79 0.28 0.91 0.05

The shaded row highlights the optimum threshold. BA indicates basilar artery; NPV, negative predictive value; PCA, posterior cerebral artery; and PPV,

positive predictive value.
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patients with the original algorithm. The specificity of 0.07 5 % 7
the optimized algorithm reached 84%, compared with Months

79% in the original algorithm (Table 2).

Although the original algorithm demonstrated a
statistically significant difference by log-rank analy-
sis in the low-flow versus normal-flow patient cohorts
(P=0.04), the age-adjusted algorithm improved upon
this statistical significance (P=0.01) (Figure 3), and
better distinguished the stroke risk in low-flow versus
normal-flow patients (Table 2). Furthermore, the HR
in a Cox model was more robust and significant: 4.5
(95% ClI, 1.3-15.5; P=0.02) in the optimized algorithm
compared with 3.4 (95% ClI, 0.99-11.8; P=0.05).

DISCUSSION

Patients with vertebrobasilar circulation transient is-
chemic attack or stroke secondary to athero-occlusive
disease are at an increased risk of a recurrent event.'
QMRA has been shown to be an effective means of
stratifying these patients into high- and low-risk cate-
gories for subsequent stroke based on vessel-specific
flows.” Given the well-recognized flow variations at-
tributable to vascular anatomic variants and the re-
duction in cerebral blood flow that occurs with age,
we sought to optimize the existing flow algorithm by
accounting for both PCA anatomy and age. Our op-
timized algorithm enhances specificity without sacri-
ficing sensitivity and is less complex because of the
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Figure 3. Cumulative probabilities of stroke.

A, The log-rank analysis of event occurrence with the original
algorithm. B, The optimized algorithm distinguishes the low- and
high-flow groups in a more statistically significant fashion.

elimination of a borderline flow category and the asso-
ciated subjective clinical criteria involved in the original
algorithm. Decreased algorithm complexity may facili-
tate clinical and research use and simplifies automated
stratification.

Despite the significant effect of age on blood flow,
Table 1 demonstrates that anatomic configuration re-
mains a primary driver of BA flow rate. Fetal supply
to a PCA, which is accounted for in both algorithms,
is more impactful on the BA flow than the age of the
patient. As a result, the 2 algorithms differ in only 7%
of assignments. However, the age proves critical in the
determination of every discrepancy. All the restratifica-
tions occurred in patients >60 years old. The optimized
algorithm demonstrates that accounting for both an-
atomic variation and age is important in determining
normal vertebrobasilar blood flow and regional risk of
secondary stroke.
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Randomized controlled trials of interventions such
as angioplasty/stenting have not demonstrated ben-
efit for patients with vertebrobasilar, or other intra-
cranial stenosis, in part due to high peri-procedural
complication rates.’®~'9 However, such trials did not
restrict inclusion to high-risk flow-compromised pa-
tients and may have thus precluded determination
of benefit. Consequently, optimal performance of an
algorithm for flow stratification is critical to enriching
the at-risk population in this context. More so than
sensitivity, higher specificity is particularly import-
ant in patient stratification by honing the candidate
population for higher-risk interventions to those who
are likely to glean benefit by virtue of their elevated
risk for recurrent vertebrobasilar stroke without in-
tervention. Highly specific stratification is therefore
paramount and more useful in identifying appropriate
target patients. Although achieving a high sensitivity
is also favorable, the clinical imperative is to avoid
unnecessary interventions and their associated risk
of complications, in order to achieve a favorable bal-
ance between recurrent stroke prevention and pro-
cedural risk.

Although several diagnostic metrics are available
to measure the quality of the optimized algorithm,
predictive values (both negative and positive) are
distorted by prevalence of the event, in this case re-
current vertebrobasilar stroke, which remains rela-
tively low at 14% in the overall patient population.
The log rank and HR are valuable in comparing the
prior and optimized algorithms, as, unlike sensitiv-
ity, specificity, positive predictive value, and nega-
tive predictive value, these statistics account for the
exposure to time-at-risk. The optimized algorithm
has better predictive performance on these time-to-
event analyses.

Limitations of this study include the post hoc na-
ture of the algorithm validation, although testing of
the algorithm in a prospective blinded centrally ad-
judicated cohort closely simulates a priori testing.
External validation with larger cohorts will be useful
in the future. The normalizing data set used in algo-
rithm development was insufficiently large to allow
age-specific stratification of patients with unilateral or
bilateral fetal PCA, which could theoretically further
improve the algorithm. These variants, however, are
relatively uncommon. Although the age distribution
of the normalizing data is skewed younger, this is a
natural reflection of an increasing frequency of med-
ical disease in older people, which excludes them
from a healthy cohort; although this reduces the rel-
ative sample size for determination of normative flow
ranges in the older age group, the sample of healthy
elderly was large enough to generate reference data
with similar standard deviations as for the younger
healthy cohort.
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Notably, the findings here are applicable to athero-
sclerotic disease but not dissection as an etiology of
decreased flow, since the original study was designed
to exclude cases of potential dissecting mechanism.
Patients with unilateral vertebral occlusion were ex-
cluded from the original study because of difficulty
in confirming underlying pathology as atherosclerotic
versus dissection; in principle, this would preclude
generalizing this model to such cases.

CONCLUSIONS

Although QMRA flows have already been demon-
strated to stratify the vertebrobasilar stroke popu-
lation into high- and low-risk subgroups, using
anatomic and age-normalization further improves
the effectiveness of the stratification. This is useful
in optimizing the identification of particularly high-
risk patients in whom procedural interventions could
reduce the risk of recurrent vertebrobasilar stroke.
This methodology should be preferentially used for
patient selection for future trials.

APPENDIX

VERITAS Study Group
Clinical Coordinating Center

University of lllinois at Chicago; Pl: Sepideh Amin-
Hanjani, MD; Project Manager: Linda Rose-Finnell,
MPA CCRA.

Data Management Center

Center for Stroke Research, University of lllinois at
Chicago; Director: Deduran Richardson, PhD, Dilip
Pandey, MD, PhD; Biostatisticians: Xinjian Du, MD
MPH, Hui Xie, PhD; Database Administrator: Xinjian
Du, MD, MPH.

Participating Sites (in Descending Order of
Number of Enrollees)

University of lllinois at Chicago: Site Pl: Sepideh Amin-
Hanjani, MD; Project Manager: Linda Rose-Finnell,
MPA CCRA; Site MR Team: Keith Thulborn, MD, PhD,
Michael P. Flannery, Hagai Ganin; Study Physician(s):
Sean Ruland, DO, Rebecca Grysiewicz, DO, Aslam
Khaja, MD, Laura Pedelty, MD, Fernando Testai,
MD, Archie Ong, MD, Noam Epstein, MD, Hurmina
Mugtadar, MD; Coordinator(s): Karriem Watson, MD,
Nada Mlinarevich, RN, Maureen Hillmann, RN.
Columbia University, New York: Site Pl: Mitchell
S. V. Ekind, MD; Site MR Team: Joy Hirsch, PhD,
Stephen Dashnaw; Study Physician(s): Philip M.
Meyers, MD, Josh Z. Willey, MD; Coordinator(s):
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Edwina McNeill-Simaan, BS, Veronica Perez, MA,
Alberto Canaan, MD, Wayna Paulino-Hernandez, MD.

Washington University, St. Louis: Site PIl: Gregory J.
Zipfel, MD; Site MR Team: Katie Vo, MD, Glenn Foster;
Study Physicians: Andria Ford, MD, Abdullah Nassief,
MD; Coordinator(s): Abbie Bradley, RN, BSN, MSW,
Jannie Serna-Northway, RN, BSN, Kiristi Kraus, RN,
Lina Shiwani, BS, Nancy Hantler, BS, CCRC.

University of California, Los Angeles: Site Pl: David
S. Liebeskind, MD; Site MR Team: Jeffrey Alger, PhD,
Sergio Godinez; Study Physician(s): Jeffrey L. Saver,
MD, Latisha Ali, MD, Doojin Kim, MD, Matthew Tenser,
MD, Michael Froehler, MD, Radoslav Raychev, MD,
Sarah Song, MD, Bruce Ovbiagele, MD, Hermelinda
Abcede, MD, Peter Adamczyk, MD, Neal Rao, MD, Anil
Yallapragada, MD, Royya Modir, MD, Jason Hinman,
MD, Aaron Tansy, MD, Mateo Calderon-Arnulphi, MD,
Sunil Sheth, MD, Alireza Noorian, MD, Kwan Ng, MD,
Conrad Liang, MD; Coordinator: Jignesh Gadhia, BS,
Hannah Smith, BS, Gilda Avila, BS, Johanna Avelar, BA.

University of Toronto -Toronto Western Hospital,
Toronto: Site Pl: Frank L. Silver, MD; Site MR Team:
David Mikulis, MD, Jorn Fierstra, Eugen Hlasny; Study
Physician(s): Leanne K. Casaubon, MD, Mervyn
Vergouwen, MD, J. C. Martin del Campo, MD, Cheryl
S. Jaigobin, MD; Coordinator(s): Cherissa Astorga, RN,
Libby Kalman, RN.

Satellite Site

Mercy Hospital and Medical Center, Chicago: Site
Pl Jeffrey Kramer, MD; Study Physician(s): Susan
Vaughan, MD; Coordinator(s): Laura Owens, RN.

Committees and Panels

Operations Committee: Sepideh Amin-Hanjani, MD,
FACS (Chair); Fady T. Charbel, MD, FACS; Dilip K.
Pandey, MD, PhD; Deduran Richardson, PhD; Keith R.
Thulborn, MD, PhD.
Advisory Committee: Colin P. Derdeyn, MD (Chair);
Louis R. Caplan, MD; Philip B. Gorelick, MD, MPH, FACP.
Adjudication Committee: Scott E. Kasner, MD
(Chair); Brett Kissela, MD; Tanya N. Turan, MD.
Central Angiography Review: Victor Aletich, MD.
National Institutes of Health/National Institute of
Neurological Disorders and Stroke Program Officer(s):
Tom P. Jacobs, MD/Scott Janis PhD.
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