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BACKGROUND AND PURPOSE: VB artery stenosis is associated with a high risk of recurrent ischemic
events, and knowledge about the hemodynamic relevance of VB stenosis is important for clinical
decision making. In this study, multiple inflow pulsed ASL MR imaging was assessed for its ability to
measure CBF and ATT in patients with VB disease.

MATERIALS AND METHODS: ASL was performed on a 3T MR imaging scanner in 41 participants.
Twenty-one patients had a history of ischemic events in the VB circulation (14 men, 7 women, age
66 � 11 years). Clinical data and CE-MRA were used to classify VB disease severity. Twenty
age-matched adults were controls. Group and within-VB analyses were performed. Mean CBF and ATT
values in the ROIs were adjusted by excluding voxels that did not produce a reliable ASL estimate.

RESULTS: CBF was reduced (P � .003) in patients compared with controls, which was significant after
excluding voxels with a poor fit. Differences in ATT between patients and controls were not significant
after voxel correction. There was a strong correlation between CBF and ATT among patients. Finally,
ATT was significantly correlated with VB disease severity (P � .026).

CONCLUSIONS: Multiple inflow ASL distinguished patients with VB disease from age matched-con-
trols. VB disease rating was associated with prolonged ATT downstream. ASL may have diagnostic
potential among patients in whom risk of intervention is high.

ABBREVIATIONS: ASL � arterial spin-labeling; ATT � arterial transit time; CE-MRA � contrast-
enhanced MRA; GRASE � gradient and spin echo; MNI � Montreal Neurological Institute;
Q2TIPS � quantitative imaging of perfusion with a single subtraction with thin-section TI1 periodic
saturation; sig � significant; VB � vertebrobasilar

ASL MR imaging has gained clinical interest because of its
ability to quantitatively image perfusion without the use

of an injected contrast agent.1,2 In ASL, blood water is labeled
magnetically in the proximal arteries to produce perfusion-
weighted image contrast when the labeled blood reaches the
imaging region.3 ASL data are often acquired by using a single
inflow period to quantify perfusion, requiring assumed
knowledge of the bolus transit time, defined here as the arterial
transit time (ATT; in units of seconds). This approach is jus-
tified for healthy patients but might be problematic in cere-
brovascular diseases where arterial flow is atypical or delayed,
as in the case of ischemic scenarios.2,4 Recent work illustrates
the value of multiple inflow ASL to extract both CBF and ATT
information5-7

The current study focused on symptomatic VB circulation.
In contrast to carotid circulation, the impact of stenotic dis-
ease on brain perfusion in VB circulation has not been re-
ported in the literature thus far. ASL studies have shown that it
is possible to assess perfusion specifically for the posterior cir-
culation in the occipital region.8,9 Patients with VB stenotic
disease have a high risk of recurrent ischemic events.10-12 In
addition, intervention in VB stenotic disease is associated with
a high procedural risk and its benefit is currently the object of
clinical trials (eg, Vertebral Artery Ischemia Stent Placement
Trial, Vertebral Artery Stent Placement Trial). Information
about the hemodynamic relevance of VB stenotic disease may
help target candidates suitable for revascularization by identi-
fying patients with poor cerebral perfusion. In the current
study, we hypothesize it is possible to use multiple inflow ASL
to distinguish patients with VB circulation ischemic events
from age-matched controls. From the multiple inflow ASL, we
are able to produce images of CBF and ATT. In addition, we
estimate the proportion of ASL voxels that produced signifi-
cant estimates for the hemodynamic parameters. Finally, we
hypothesize that ASL data will be correlated with VB disease
severity.

Materials and Methods

Patients and Controls
In this cross-sectional observational study, we enrolled patients who

attended the TIA clinic of the John Radcliffe Hospital, Oxford, United

Kingdom, with a previous diagnosis of TIA or minor stroke in the VB

circulation. Standardized clinical data, including previous medical

Received November 16, 2011; accepted after revision January 30, 2012.

From the Nuffield Department of Clinical Neurosciences (B.J.M., L.M., U.G.S., P.J., P.M.R.),
University of Oxford, Oxford, England; Heart and Stroke Foundation Centre for Stroke
Recovery (B.J.M.), Sunnybrook Research Institute, Toronto, Ontario, Canada; Department of
Medical Biophysics (B.J.M.), University of Toronto, Toronto, Ontario; Department of Neu-
rology (L.M.), University of Erlangen, Erlangen, Germany.

B.J.M. and L.M. contributed equally to this work.

This work was funded by the UK Medical Research Council, Dunhill Medical Trust (P.J.); the
Stroke Association, National Institute for Health Research, NIHR Clinician Scientist Fel-
lowship (U.G.S.); and the NIHR Oxford Partnership Comprehensive Biomedical Research
Centre and Heart and Stroke Foundation of Canada (B.J.M.).

Please address correspondence to Bradley J. MacIntosh, PhD, Heart and Stroke Foundation
Centre for Stroke Recovery, Sunnybrook Research Institute, 2075 Bayview Ave, Room A453,
Toronto, ON M4N 3M5, Canada; e-mail: bmac@sri.utoronto.ca

Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A3090

B
RA

IN
ORIGIN

AL
RESEARCH

AJNR Am J Neuroradiol 33:1939 – 44 � Nov 2012 � www.ajnr.org 1939



history and vascular risk factors, were recorded. Patients had brain

MR imaging (standard stroke protocol, including T2, T2*, FLAIR,

DWI) and vascular imaging of the cervical and proximal intracranial

vessels with CE-MRA. All patients had their event at least 2 months

before undergoing ASL perfusion imaging.

Three neurologists (L.M., U.S., P.M.R.) independently reviewed

the clinical and radiologic data and categorized the patients into 3

groups according to the presence and degree of severity of any VB

stenotic disease. In cases of disagreement, a consensus was sought.

Group 1 included patients with a VB circulation ischemic event but

no evidence of VB stenosis (no VB) on CE-MRA. Group 2 patients

had moderate VB stenosis (moderate VB) on CE-MRA. Group 2 in-

cluded patients with unilateral vertebral artery stenosis and/or good

collateral flow from the anterior circulation. Finally, group 3 con-

sisted of patients with severe VB disease (severe VB), described by

bilateral vertebral artery stenosis or occlusion and/or significant basi-

lar artery stenosis, with little to no evidence of cross-flow from the

anterior to posterior circulation via the circle of Willis. The control

cohort consisted of 20 age-matched and sex-matched participants

with no known history of cerebrovascular disease or stroke. The local

ethics committee approved the study.

MR Imaging
ASL MR imaging was performed on a 3T MR imaging system (Tim

Trio; Siemens, Erlangen, Germany) using a 12-channel head receive

coil. Pulse sequences with imaging parameters included 1) pulsed ASL

perfusion imaging (TR/TE � 3216/40 ms in 8 of 21 patients and

TR/TE � 3166/23 ms for remaining patients/participants; 200 �

200 � 130 mm field of view; 26 sections; 3.1 � 3.1 � 5 mm3 voxels;

5/8 partial k-space; 10 inversion times; inflow time, 10 control-tag

difference pairs for a 10.5-minute scan duration), 2) diffusion-

weighted imaging (TR/TE � 4400/93 ms; 27 sections; 1.6 � 1.6 � 3

mm3 voxels; b-value � 0,1000s/mm2), 3) FLAIR (TR/TI/TE �

13,970/2500/94 ms; 27 sections; 1 � 1 � 2.5 mm3 voxels), and 4) T1-

weighted anatomic images (TR/TE � 1250/4.6 ms; 44 slabs; 3D turbo

fast low-angle shot; 2x parallel imaging; 1 � 1 � 2.5 mm3 voxels).

Flow-sensitive alternating inversion recovery-pulsed ASL was used to

create section-selective (control) and nonselective (tag) images and to

consequently tag a large volume of arterial blood water. The tagging

geometry was designed so that the section-selective tagging volume

was 10% larger than the field of view along z (FOVz; ie, 121-mm slab

thickness versus 110 mm for FOVz). This leads to a 5.5-mm gap be-

tween the tag region and the imaging slab. In addition, 2 background

suppression inversion pulses were used to null gray and white matter

signal. The method of Q2TIPS was used to constrain the maximum

duration of the ASL label. Although a Q2TIPS TI1 value of 1.6 s was

used for all experiments, in practice, we find that for this duration of

inflow time 1, the extent of the radio-frequency transmit coil profile

acts as an effective limit to the bolus duration. The remaining uncer-

tainty in inflow time 1 was therefore included in the fitting of the data

to the kinetic model.13 ASL imaging was performed using 3D

GRASE.13,14 Data were collected over a range of inflow times to pro-

duce an ASL time series. The first and last inflow times were 400 ms

and 2200 ms, respectively, for the patients, with 200-ms increments,

and 400 ms and 2100 ms, respectively, for the controls, with 170-ms

increments. ASL parametric estimates were 1) CBF (mL/100 g/min),

and 2) ATT (s). A reference ASL image (18 seconds) was acquired

without any arterial labeling preparation to calculate the initial mag-

netization of arterial blood water.

Data Processing
ASL images were processed by using tools supplied by the FSL. Spatial

smoothing involved a full width at half maximum smoothing filter of

6 mm. Perfusion-weighted difference images were calculated by using

sinc-interpolated subtraction for control and tag images at each in-

flow time.15 Difference images were averaged at each inflow time. A

single-compartment 2-parameter model16 was implemented in Mat-

lab (MathWorks, Natick, Massachusetts) to calculate CBF and ATT

voxelwise. Model parameters included bolus duration � 900 ms,

which was verified empirically, as in,13 T1,blood � 1500 ms, T1,tissue �

1300 ms. Goodness-of-fit was assessed on a voxel-by-voxel basis using

the confidence intervals that were generated from the model fitting

for CBF and ATT, as defined by the following criteria: 1) if the CBF

estimate minus the 95% lower-bound confidence interval was greater

than zero, the fit to the CBF parameter was considered significant

(CBF-sig), and 2) if the ATT estimate plus the 95% upper-bound

confidence interval was less than the longest inflow value (TImax),

the fit to the ATT fit was considered significant (ATT-sig). TImax was

2200 ms for patients and 2100 ms for controls. The percentage of

significant voxels within the ROI was determined for the CBF and

ATT data, denoted as percent CBF-sig voxels and percent ATT-sig

voxels, respectively.

CBF images were converted to absolute units (ie, mL/100 g/min)

by conducting the following steps: 1) estimating the initial arterial

blood magnetization (M0,blood) from a ROI in the ventricles and using

a proton attenuation ratio for tissue and CSF, 2) correcting for the

receiver coil sensitivity across the brain, 3) correcting for the T2 dif-

ference between CSF and tissue by incorporating the following ratio

expression: exp(�TE/T2,blood)/exp(�TE/T2,CSF),17 and 4) assuming

a labeling efficiency (� � 0.81) associated with 2 background suppres-

sion pulses in pulsed ASL.18 T1-weighted anatomic images were col-

lected in the same orientation as the ASL data to facilitate registration

to MNI standard space. ROIs in occipital and parietal gray matter

shown in Fig 1 were selected from the MNI structural atlas that is

available in FSLview. The ROIs were warped to the individual patient

coordinate space and voxels were included in the ROI if they had a

significant fit for CBF or ATT.

Statistics
SPSS was used to perform statistical analyses (SPSS 19, SPSS, Chicago,

Illinois). For the group comparisons, an unpaired t test was per-

formed on CBF, ATT, % CBF-sig voxels, % ATT-sig voxels, CBF-sig,

and ATT-sig. An empirical relationship between CBF and ATT was

sought for controls and patients by regression analysis. Curve fitting

was performed in SPSS using both a linear model and an exponential

model. Finally, a within-VB patients 1-way analysis of variance was

performed on these data by separating patients based of the 3 VB

ratings.

Results
We recruited 21 patients (14 men, mean age 66 years, SD 11
years) and 20 healthy controls to the study. There was no sig-
nificant difference in age or sex between patients and controls
(P � .87, P � .79, respectively). DWI scans showed no evi-
dence for acute ischemia at the time of the MR imaging. Table
1 shows the clinical details of the patients, the CE-MRA vas-
cular imaging findings, and the category of severity of VB-
disease, as determined by the neurologic review.

Figure 1 shows CBF and ATT images for representative
participants. The figure shows a 65-year-old control partici-
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pant (Fig 1A), followed by patients sorted by their VB disease
severity. Fig 1B shows a 73-year-old man with no VB disease
(P16). CBF and ATT images in Fig 1A, -B appear normal. Fig
1C shows a 65-year-old male patient with moderate VB disease
(P2). Fig 1D shows P1, with a left vertebral occlusion and
severe right vertebral stenosis. Fig 1C, -D demonstrate regions
with reduced CBF, prolonged ATT, or both.

Comparison between Patients and Controls
The percentage of voxels that showed a significant fit was dif-
ferent between groups for CBF in the parietal region of interest
(92 � 9.5% for controls versus 81 � 19.3% for patients, P �
.021) and occipital region of interest (97 � 4.3% for controls
versus 85 � 19.9% for patients, P � .024). Similarly, for ATT,
the percentage of significant voxel fits was higher in controls in
the parietal region of interest (98 � 4.8% for controls versus
91 � 12.9% for patients, P � .033) and occipital region of
interest (99 � 1.8% for controls versus 92 � 13.2% for pa-

tients, P � .024). Table 2 shows CBF was reduced in patients
compared with controls in the occipital region of interest (P �
.10) and parietal ROIs (P � .003). After excluding voxels that
showed a poor CBF fit, the occipital region of interest re-
mained significant (P � .003), while the parietal ROI was not
(P � .161). Neither region of interest showed a significant
ATT difference between groups (P � .09).

Fig 2 shows CBF versus ATT for controls (Fig 2A) and
patients (Fig 2B). The CBF versus ATT curve fitting was not
significant for controls (P � .06). For patients, however, both
linear and exponential curves were significant (P � .001), with
the exponential curves explaining a greater proportion of the
variance (r2 � 0.25 and r2 � 0.31, respectively).

Within-VB Patient Analysis
Table 2 shows the results of the 1-way ANOVA and revealed a
significant relationship between occipital ATT and VB disease
rating (P � .026), which was significant when considering

Fig 1. Axial CBF (left; mL/100 g/min) and ATT (middle left; seconds) images. A, A representative control shows anterior and posterior regions had a longer ATT compared with middle cerebral
territory, while CBF was relatively uniform across the cortex. B, Patient 16 (P16; no VB) had normal CBF and ATT patterns. C, P2 (mod VB) has reduced CBF and prolonged ATT in the posterior
portion of the cortex. A patient with severe VB disease (sev VB, P1) also showed reduced CBF and prolonged ATT. Voxels with zero intensity in C-D occurred due to poor fitting. The 2
right columns show the standard space ROIs that were altered to include only voxels that showed a significant fit for CBF or ATT.
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only ATT-sig voxels (P � .010). To address the small sample
size for the severe and moderate VB subgroups, a test of ho-
mogeneity of the variance was performed and found not to be
significantly different between subgroups (P � .235).

Discussion
This study demonstrates that multiple inflow ASL can be used
to characterize hemodynamics among patients with symp-
tomatic VB large artery stenotic disease. These results extend
the work of previous clinical ASL studies 2,5-7,19-21 by showing
that CBF is reduced in the VB circulation in patients compared
with controls. Significance of ASL fitting was assessed voxel-
wise using the 95% confidence intervals produced from the
ASL model fitting. The percentage of the CBF-sig and ATT-sig
voxels was lower among patients compared with controls,
which suggests that a wider inflow time schedule among pa-
tients may have been useful. Further, it was possible to evalu-
ate the impact of including voxels that showed a poor fit,
which is a new approach in ASL. Excluding voxels within the

region of interest that showed a poor fit did not substantially
alter the results. We observed an empirical relationship be-
tween CBF and ATT that was significant among VB patients.
Finally, occipital ATT was strongly related to VB disease sever-
ity rating.

Our focus was on patients with VB large artery stenotic
disease, which is an area of research that is underreported in
the perfusion literature compared with carotid disease.8,19,22

In addition, to our knowledge, this is the first study that has
attempted to assess fitting results from the ASL model in a
clinical population. Analyses could be extended to incorporate
the number of ASL difference pairs that are required to pro-
duce reliable estimates23 or by using a bootstrap approach on
the residuals to assess the reliability of the ASL estimates.24

Within-VB analysis showed ATT was significantly corre-
lated with VB disease severity, which suggests ATT may be a
good marker of hemodynamic alteration downstream of ath-
erosclerotic stenoses. Future work could compare ATT with
more established techniques like digital subtraction angiogra-

Table 1: Patient demographics, including history of stroke or TIA, infarcts, and arterial disease

Patient
Age

(years) Sex Stroke/TIA Brain Infarct
Carotid

Stenosis VB Stenosis
VB

Rating
1 62 M Multiple TIAs R thalamus and pons No Severe R VA, occlusion L VA Severe
2 65 M Stroke R cerebellar, bilat occipital No High-grade R VA Moderate
3 71 F Stroke, multiple TIAs No No High-grade R VA, low-grade L VA Severe
4 49 M Stroke, then TIA R cerebellar No Occlusion R VA, low-grade L VA Moderate
5 59 F Stroke, then TIA No No Bilateral VA, moderate BA Moderate
6 54 M Stroke Bilat cerebellar, R occipital No L VA occluded, high-grade R VA Severe
7 50 M Multiple TIAs No No Moderate BA Moderate
8 87 M Stroke No No No None
9 79 M TIA No L 20%, R 30% No None
10 52 M TIA No No Low-grade L VA None
11 76 F Stroke No No No None
12 52 F Stroke Occipital No No None
13 64 F TIA No No No None
14 73 M TIA No R ICA No None
15 75 F TIA No L 20%, R 15% No None
16 73 M TIA No No No None
17 50 F Stroke L occipital No R VA stenosis Moderate
18 75 M Multiple TIAs R cerebellar No Occlusion R VA Moderate
19 78 M TIA, then stroke No No Severe BA Severe
20 70 M Multiple TIAs No No Medium-grade bilateral VA Moderate
21 62 M TIA No L 20%, R 20% No None

Note:—Expected degree of hypoperfusion is based on blinded and unanimous agreement from 3 neurologists. Bilat indicates bilateral; L, left; R, right; VA, vertebral artery.

Table 2: CBF and ATT for patients with VB disease and controls separated by group and ROI

Control (n � 20) Patient (n � 21) Between-Groups
P Value

Within-VB
P ValueMean SD Mean SD

CBF (mL/100 g/min)
PAR 29.7 7.5 24.9 10.1 0.096 0.459
OCC 31.8 10.5 21.8 9.9 0.003a 0.371

CBF-sig (mL/100 g/min)
PAR 31.3 6.5 27.9 8.7 0.161 0.359
OCC 32.4 10.1 22.6 9.6 0.003a 0.307

ATT (s)
PAR 0.75 0.10 0.84 0.20 0.094 0.763
OCC 0.82 0.11 0.87 0.34 0.599 0.026b

ATT-sig (s)
PAR 0.73 0.08 0.76 0.13 0.438 0.059
OCC 0.82 0.10 0.81 0.26 0.918 0.010b

Note:—The percentage of significant voxels for CBF and ATT are shown (ie, % CBF-sig voxels and % ATT-sig voxels). ROI-adjusted CBF-sig and ATT-sig are shown, achieved by excluding
voxels with a poor fit. For group comparison, a indicates a significant difference (P � .05). For within-VB analysis, b indicates a significant within-VB difference (P � .05). OCC indicates
occipital cortex; PAR, parietal cortex.
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phy. ATT was not significantly different between patients and
controls because the patient group showed a large ATT vari-
ance. Although ATT is quantitative, it is dependent on the
imaging volume and labeling schemes, so it can be difficult to
compare between studies. Our ATT values among controls
were consistent with our previous work that used pulsed ASL
3D GRASE. Furthermore, the maximum measurable ATT is
determined by the longest inflow value. On the basis of the
percent ATT-sig voxels, it was possible to estimate ATT vox-
elwise in greater than 80% of the voxels. A post hoc analysis
revealed that the percentage of voxels that met the lower-
bound ATT threshold (ie, greater than zero) was correlated
with the percentage of voxels from the upper-bound ATT
threshold. Ultimately, this illustrates that participants with a
poor upper-bound ATT fit also showed a poor lower-bound
fit, suggesting our metric for ATT significant voxel fitting was
reasonable.

Recent work highlights the value of ATT,21,25 while others

have used the arterial transit artifact from single-inflow
pseudocontinuous ASL to quantify collateral flow.4 Another
ATT acquisition approach is to perform multiple inflow ASL
with a lower spatial resolution acquisition that requires fewer
averages to estimate ATT.26 We characterized the relationship
between CBF and ATT and found a significant trend among
patients. The data showed that ATT increased faster than CBF
decreased among patients, as suggested by an exponential
curve. Future work is warranted to establish how ATT is influ-
enced by intra- and extracranial vascular disease.

The current study is not without limitations. First, analysis
was restricted to the cortical regions, despite knowledge that
the VB circulation includes the brain stem and cerebellum,27

as the ASL acquisition did not adequately cover lower brain
regions. Second, our ASL implementation did not incorporate
flow-crushing gradients and we did not model large-artery
contributions to the ASL signal.28 Recent work by our group
has shown, however, that large vessel signals using pulsed ASL
3D GRASE tend to occur mainly near the middle cerebral ar-
teries.29 Consequently, we do not expect this to be a major
issue in the current study. Third, absolute CBF values were
comparable with other perfusion studies involving older or
patient populations,21,30-32 but were still generally lower than
might be expected. We attribute this to through-plane partial
volume blurring associated with the current ASL implemen-
tation, which accentuates partial volume effects with white-
matter voxels. The quantification method was consistent for
all participants, thus within- and between-groups results are
valid.

Conclusions
We have demonstrated that cortical perfusion and hemody-
namics are altered in patients with underlying VB large artery
disease. The multiple inflow ASL allowed for estimation of
CBF and ATT, as well as the proportion of significant voxels
within the ROIs. ASL perfusion imaging is a noninvasive
method that can be used to determine the hemodynamic rel-
evance and perfusion patterns in patients with cerebrovascular
stenotic disease, which ultimately may be useful when decid-
ing upon treatment options.
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