Noninvasive MRI evaluation of cerebral
blood flow in cerebrovascular disease
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Article abstract—Previous studies have demonstrated that cerebral blood flow (CBF) can be assessed noninvasively by
MRI using magnetic labeling of arterial water as a diffusible flow tracer. The purpose of this study was to assess the
quality of CBF images obtained from patients with cerebrovascular disease using this method, and to begin to evaluate
the potential clinical role for this technique. We recruited 14 patients who presented with stroke, TIA, or severe carotid
stenosis and were likely to have altered CBF based on clinical assessment. In many of these patients, CBF imaging
disclosed both focal and hemispheric hypoperfusion, either in vascular territories or in watershed regions. In 11 patients
with significant proximal arterial stenosis, hemispheric CBF abnormalities localized to the side of most significant
stenosis for the anterior circulation distribution. In several patients watershed hypoperfusion was even more pronounced.
Our results suggest that good-quality MR CBF images can be obtained reliably from patients with cerebrovascular
disease. CBF imaging can be combined with standard structural imaging within a single MRI examination, and provides
clinically meaningful information. The capability of measuring CBF easily provides a potentially useful tool for clinical

assessment and further investigation of stroke pathophysiology.
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Although MRI is generally considered to be a tech-
nique for imaging brain structure, a variety of MRI
methods are sensitive to the effects of cerebral blood
flow (CBF).* Previous studies in both animals and
in humans have demonstrated that MR images of
CBF can be obtained noninvasively and quantita-
tively using magnetic spin labeling of arterial water
as a diffusible flow tracer.3? In this approach arterial
water is labeled magnetically proximal to the brain
using spatially selective radio frequency (RF) pulses.
The method is entirely noninvasive and requires nei-
ther catheterization of vessels nor exogenous tracers.
The effects of arterial spin labeling (ASL) on distal
images can be quantified in terms of tissue blood
flow because the regional changes in signal intensity
are determined by an interaction between blood flow,
which delivers labeled spins to the tissue, and T,
relaxation, which causes the label to decay. CBF can
be calculated based on a knowledge of the signal
change with and without ASL and T,, which are all
measurable parameters.? We have recently improved
the quality of CBF images obtained from human sub-
jects using this technique by reducing sensitivity to
transit effects* and extending the protocol to multi-
slice imaging.'® CBF data obtained in this way may
potentially contribute to the management of patients
with cerebrovascular disease and could be acquired
as part of a standard MRI protocol.

The purpose of this study was to assess the
quality of CBF images obtained from patients with

cerebrovascular disease using the ASL method and
also to begin to evaluate the potential clinical role
for this technique. A related single-slice ASL tech-
nique was recently validated in patients with
stroke!! and was shown to provide a comparable
CBF assessment to contrast-based studies. We re-
cruited patients who presented with stroke, TIA,
or severe carotid stenosis and were likely to have
altered regional CBF, either focally or globally,
based on clinical assessment. MR CBF images
were obtained using the continuous arterial spin
labeling (CASL) method.*%7 Although the CASL
method can be made relatively insensitive to arte-
rial blood velocity, this approach has not been
widely tested in patients with cerebrovascular dis-
ease and proximal arterial stenoses. Both the pres-
ence of stenoses and the resulting prolonged
transit times are potential sources of error or arti-
fact in CBF imaging by this method.
Hypoperfusion is the proximate cause of all is-
chemic stroke, yet the extent of its role as a primary
etiology of stroke remains uncertain.’? Several stud-
ies have measured regional brain perfusion in pa-
tients with stroke and TIA in an effort to elucidate
the contribution of primary hypoperfusion in vascu-
lar territories to stroke incidence. In these studies,
regional measurements of cerebral perfusion or per-
fusion reserve were correlated with the presence of
extracranial stenoses of the carotid arteries.'?® Most
but not all studies failed to implicate primary hypo-
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perfusion clearly as a cause of large-vessel stroke,
however hypoperfusion was found to be predictive of
recurrent stroke.'™® While so-called border zone or
watershed infarctions have clearly been associated
with reduced systemic perfusion, the contribution of
this mechanism to overall stroke incidence is
thought to be low. Interestingly, however, the pres-
ence of such strokes in patients presenting with
stroke or TIA carries an extremely poor prognosis.2°
Recent evidence also suggests an etiologic role of pri-
mary hypoperfusion in white matter ischemic
disease.?”** A secondary goal of this study was to
determine whether resting hemispheric perfusion
asymmetries could be detected in patients with cere-
brovascular disease and whether any such asymme-
tries correlated with the clinical presentation.

Methods. Patient recruitment. Patients were recruited
from the inpatient and outpatient services of the Division
of Stroke and Neuro-Intensive Care, Department of Neu-
rology, University of Pennsylvania Medical Center, and
gave their informed consent to participate. Patients pre-
senting with stroke, TIA, or other clinical evidence of ab-
normalities in cerebral perfusion were recruited. All
patients had received a structural MRI and most patients
had received a variety of other diagnostic tests including
carotid ultrasound, transcranial Doppler, MR angiography,
or conventional selective angiography. The results of these
studies are briefly summarized in table 1. The majority of
patients had significant unilateral or bilateral carotid ste-
nosis. Patients with large cortical infarcts affecting the
majority of any vascular distribution were excluded. None
of the patients were studied using CASL within the first
24 hours of symptom onset.

Imaging methods. Imaging was performed on a 1.5-T
SIGNA (GE Medical Systems, Milwaukee, WI) clinical
scanner equipped with a prototype gradient system for
echoplanar imaging. CBF imaging was typically combined
with standard structural imaging including T1-weighted
images obtained in sagittal and axial planes, and T2-
weighted fast-spin echo images obtained in an axial plane.
For measurements of CBF, gradient echo echoplanar im-
ages were obtained using a field of view of 24 ¢cm along the
frequency encoding direction and 15 cm for the phase di-
rection, and an acquisition matrix of 64 X 40. An acquisi-
tion bandwidth of =62.5 kHz allowed an effective TE of 22
msec and an image acquisition time of 45 msec. Multislice
image acquisition was performed without pausing between
slices so that eight slices could be acquired in less than 400
msec. A slice thickness of 6 or 8 mm was employed and an
interslice gap of 2 mm was used to minimize any interfer-
ence between slices. Slice locations were chosen to include
supratentorial structures.

In CASL, the cephalad flow of arterial blood in the
presence of an appropriate RF field and magnetic field
gradient causes an adiabatic inversion of arterial water
spins.?* CASL was performed as previously reported for
single-slice perfusion imaging,* except that an amplitude-
modulated control pulse was used to allow the acquisition
of more than one slice while controlling for magnetization
transfer effects.’® The use of continuous velocity-driven in-
version maximizes the amount of spin labeling obtained,
providing the greatest possible flow sensitivity for an ASL
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measurement. A TR of 4 sec, a labeling gradient of 0.25
glem, a labeling RF of 35 mg, temporal interleaving of
labeled and control images, and a postlabeling delay of 1.5
sec were employed. The postlabeling delay dramatically
reduces the sensitivity of the perfusion image to the tran-
sit time from the labeling plane and strongly attenuates
the contribution of intraluminal arterial spins to the image
intensity. The postlabeling delay also allows time for all of
the labeled blood to enter the tissue before imaging so that
saturation of tagged flowing spins by the multislice excita-
tion pulses need not be considered. For the control image
used to measure brain signal in the absence of arterial
labeling, the labeling pulse was applied at the same loca-
tion, but amplitude modulation of the RF was used to
minimize its effectiveness for ASL.26 Forty-five inversion/
control pairs acquired in 6.5 min were used to measure the
signal change with spin labeling.

In addition to the perfusion scan, multislice versions of
the previously described echoplanar T1 mapping scans was
performed.* The T1 maps are required for quantification of
the perfusion images. It was necessary to leave the tagging
gradient on during T1 mapping to measure accurately the
T1 shortening effect of the off-resonance saturation. In all
other ways the protocol was identical. The entire T1 map-
ping protocol required 3 min for all slices. A map of static
magnetic field inhomogeneities was also acquired for
subsequent distortion correction of echoplanar images
(1 min).2*

Data analysis. Raw image data were stored onto 4-mm
tape during acquisition and processed off-line on SPARC
workstations (Sun Microsystems, Mountain View, CA) us-
ing software written in Interactive Data Language 4.0 (Re-
search Systems, Boulder, CO). Image reconstruction
included automated phase correction and distortion correc-
tion for static magnetic field inhomogeneities.2® A postpro-
cessing algorithm to reduce motion artifact and physiologic
noise was employed.?® T1 maps with and without the spin
tagging pulse were calculated as previously described.*

Perfusion was calculated from images acquired with
and without arterial spin tagging, and from the T1 maps
using a generalization of the formula

s W ( 1 1 \)\(Mbcm — M, ")
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where w is the post-tagging delay, 3 is the transit time to
the tissue, \ is the partition coefficient of water between
blood and brain, « is the tagging efficiency, Ty, is the T1
of the tissue, and T,, is the T1 of arterial blood. Because
T,. and T,_ , of gray matter are very close, the calculated
flow is insensitive to 8, the transit time, but we assume 8 is
1.2 sec for the calculation. For the multislice perfusion
imaging protocol, the tagging efficiency, «, was estimated
at 0.67 based on simulations and experimental data.1%30 A
representative quantitative perfusion map obtained from a
normal subject using this approach is shown in figure 1.
In regions of very low CBF with concomitant increased
arterial transit times, bright intraluminal artifact was
sometimes observed. An example of this from Patient 3 is
shown in figure 2 (top). The presence of a bright intralumi-
nal signal suggests that, despite a postlabeling delay of 1.5
sec, not all labeled arterial water has exchanged with tis-
sue and some intraluminal label remains. The bright sig-
nal could possibly be mistaken for hyperperfusion and




Table 1 Patient diagnostic tests

Perfusion MRI
Patient Age Carotid U/S and/ global CBF
no. (y) Sex Clinical history  Structural MRI or TCD Angiography (ce/100 g/min)  Perfusion MRI description
1 74 M Recurrent R L=>R white matter nd/na 100% L ICA, 90% Gray 21.2 Global and L hypoperfusion;
weakness ischemic A RICA White 6.4 L posterior temporal focal
+/— aphasia; Total 15.7 hypoperfusion
prior L CVA
2 39 F Headache and Sigmoid/transverse nd/na nd/na Gray 40.0 Global and R hypoperfusion;
seizures sinus thrombosis; White 23.0 L temporal/occipital focal
posterior Total 33.1 hypoperfusion
temporal CVA
3 45 M Takayasu's L inferior frontal 100% L CCA; L CCA,LICA, and Gray 784 Minimal asymmetry; L
arteritis, R CVA 100% L ICA R VA occlugion White 41.4 frontal hypoperfusion
hemiparesis Total 67.2
and aphasia
4 75 M R hemiparesis Ischemic A; L Normal carotids; nd/na Gray 33.3 Moderate asymmetry; L
and aphasia cerebellar CVA; L T L White 20.8 temporal/occipital and L
ICA stenosis intracranial Total 28.7 anterior temporal
velocities hypoperfusion
5 72 F  Orthostatic R R=>L white matter Normal carotids; L>R and posterior Gray 41.1 L hypoperfusion, especially
hemiparesis AL TR circulation White 16.9 watershed; L
and aphasia striatocapsular intracranial intracranial Total 33.8 temporal/oceipital focal
and R PICA velocities stenoses hypoperfusion
CVAs
6 57 M  Prior posterior L PICA CVA; L =T70% L ICA; 100% L ICA Gray 55.4 Minimal asymmetry
circulation hemispheric mild R ICA White 23.3
infaret ischemic A Total 41.3
7 79 F  Air embolus L Extensive L Moderate R ICA nd/na Gray 60.8 Normal
ICA; R hemispheric white  stenosis; White 40.6
hemiparesis matter A - normal TCD Total 52.2
and aphasia
8 73 F  OrthestaticR L MCA and L L ICA ocelusion nd/ma Gray 25.0 Global and L hypoperfusion;
hemiparesis posterior White 7.6 L temporal/occipital focal
and aphasia  watershed CVAs; Total 20.0 hypoperfusion
arterial stenoses
9 26 F  Moyamoya Diffuse L>R Normal carotids; R=-L intracranial Gray 32.4 Global hypoperfusion; L
disease with ~ watershed and TCD multifocal  stenosis with White 10.6 temporal/oceipital and R
cognitive cortical CVAs; stenoses collaterals Total 26.5 temporal/parietal focal
decline ischemic A hypoperfusion
10 75 M Orthostatic L R frontoparietal and Severe R ICA nd/na Gray 59.65 Minimal asymmetry; R
hemiparesis parietal/occipital stenosis; 50% L White 27.8 parietal/occipital
and CVAs, R lacunes ICA Total 49.3 hypoperfusion
dysarthria
11 66 M Progressive A Ischemic A in white nd/na 100% L ICAand B Gray 86.7* #*Marked transit artifact
MS; aphasia matter and VA; critical R ICA White 31.8% affecting quantification;
and L brainstem Total 63.8% global hypoperfusion
hemiparesis
12 76 M L hemiparesis, White matter nd/na nd/na Gray 76.0 Minimal asymmetry
dysarthria, ischemic A; White 32.0
and ataxia lacunes; R=L ICA Total 59.5
stenosis
13 74 F  Recurrent L striatocapsular =80% RICA; B nd/na Gray 57.6 Minimal asymmetry
episodes of R infarct intracranial White 27.7
hemiparesis stenoses Total 48.0
and aphasia
14 72 F  Asymptomatic B carotid stenosis; 80-95% R ICA; nd/na Gray 63.4 Minimal asymmetry
bilateral hypoplastic L P1 T0-80% L ICA White 29.5
carotid and PCOM Total 49.3
stenosis

U/S = ultrasound; TCD = transcranial Doppler; CBF = cerebral blood flow; M = male; F = female; L = left; R = right; B = bilateral;
A = changes; CVA = cerebrovascular accident; 1 = increased; nd/na = not done/not available; ICA = internal carotid artery; CCA =
common carotid artery; VA = vertebral artery; PICA = posterior inferior cerebellar artery; MCA = middle cerebral artery; MS = men-
tal status; P1 = P1 segment of the posterior cerebral artery; PCOM = posterior communicating artery.
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Figure 1. Multislice cerebral blood flow (CBF) imaging
using the continuous arterial spin labeling method in a
healthy 37-year-old male volunteer. Images were obtained
in eight slices with a nominal pixel resolution of 3.75 %
3.75 X 8 mm. Grayscale shows CBF ranging from 0 to
127 mL/100 g/min. Increased CBF in cortical gyri and
subcortical gray matter structures with reduced CBF in
white matter is evident. CBF is symmetric bilaterally and
without focal abnormalities. Some distortion due to mag-
netic field inhomogeneities is observed despite the correc-
tion procedure.

actually results in an underestimation of quantitative CBF
in the distal field. Patient 11 had complete left carotid
stenosis, critical right carotid stenosis, occlusion of the
right vertebral artery, and markedly reduced flow through
the left vertebral artery. In this patient, a diffuse bright
signal was observed (figure 2, bottom), suggesting diffusely
increased transit times of much greater than 1.5 sec. Away
from the bright signal, cortical flow appears markedly re-
duced throughout. Quantification of CBF using regions of
interest is therefore highly unreliable for Patient 11, as
noted in table 1. Although this artifact precluded accurate
quantification of CBF, it did suggest markedly abnormal he-
modynamics. No other patient exhibited this degree of arti-
fact. This source of artifact could be further reduced by
increasing the postlabeling delay, at the expense of signal to
noise. The postlabeling delay of 1.5 sec used in this study was
a reasonable compromise between image quality and signal
to noise for 1.5-T studies at our present resolution, although
future work at higher magnetic field strengths or using other
imaging schemes may allow a longer postlabeling delay to be
used, resulting in improved image quality for patients with
very long arterial transit times.

Multislice perfusion maps from patients were analyzed
both by visual inspection and by region-of-interest analy-
sis. The images were manually segmented into regions
representing the anterior, middle, posterior, lenticulostri-
ate, anterior watershed, and posterior watershed regions
based on known anatomy. Only supratentorial structures
were analyzed as slice coverage for this study limited data
available from the cerebellum and brainstem. Within these
regions, mean total CBF was determined as well as CBF in
gray and white matter compartments, segmented based on
T1 criteria. These data were further processed to deter-
mine an asymmetry ratio, (L. — R}/(L + R), for the anterior
and posterior circulation distribution as well as for water-
shed distributions. The asymmetry ratio provides a mea-
sure of the lateralization of changes in CBF. For patients
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Figure 2. Intraluminal artifact in cerebral blood flow
(CBF) images. Grayscale shows CBF ranging from 0 to
127 mL/100 g/min. (Top) CBF images from Patient 3. A
focal region of hypoperfusion is evident in the left frontal
lobe. Arrows indicate bright intraluminal artifact result-
ing from markedly delayed arterial transit times to the
hypoperfused region, in this case likely due to pial collat-
erals. (Bottom) CBF images from Patient 11. Bright in-
traluminal artifact is observed diffusely, and degrades
these images severely. Away from this artifact, cortical
CBF is reduced.

with proximal arterial stenoses, the asymmetry ratios
were compared with the lateralization of the most signifi-
cant proximal stenosis, as determined clinically using con-
ventional ultrasound, angiography, and MR angiography.

Results. Patient demographics, the results of indepen-
dent clinical evaluation, and major findings with perfusion
MRI are presented in table 1. All patients were able to
complete the perfusion imaging protocol. Interpretable per-
fusion images were obtained in all patients, although the
perfusion images from Patient 11 were highly degraded by
transit artifact (see Methods). In many patients global
and/or hemispheric abnormalities in perfusion were ob-
served along with focal regions of hypoperfusion. Average
CBF values across all patients for vascular regions of in-
terest are listed in table 2. These values are in reasonable
agreement with prior studies of perfusion in similar pa-
tients.'*193122 Pye to partial volume effects, the white mat-
ter compartments actually contain a significant volume of
gray matter, resulting in spuriously high flow values, al-
though values are consistently much lower than gray mat-
ter flow values. Further, SDs are relatively higher in white
matter than in gray matter because white matter CBF is



Table 2 Average cerebral blood flow values for all patients

Cerebral blood flow (ec/100 g/min)

Region of interest Mean Minimum Maximum SD Mean voxels
Left PCA gray 56.5 20.5 91.6 21.9 360
Left PCA white 23.4 6.7 40.5 11.6 89
Left PCA total 47.1 16.5 78.7 18.0 450
Right PCA gray 57.9 25.3 89.5 19.1 329
Right PCA white 24.3 3.9 45.0 12.2 88
Right PCA total 47.7 20.6 77.2 16.2 418
Left MCA gray 50.2 13.7 84.0 213 1087
Left MCA white 24.6 3.9 44.7 12.4 416
Left MCA total 40.6 9.8 63.0 17.2 1504
Right MCA gray 52.0 24.9 93.5 21.0 1066
Right MCA white 23.1 8.2 38.6 9.5 431
Right MCA total 41.3 19.6 63.1 15.7 1497
Left LS gray 48.1 16.7 85.9 20.8 139
Left LS white 231 1.9 51.7 14.1 78
Left LS total 37.8 5.8 63.4 17.9 218
Right LS gray 51.9 20.2 86.9 20.3 52
Right LS white 30.9 3.1 65.3 16.4 14
Right LS total 44.3 12.9 7.7 19.6 66
Left ACA gray 46.8 13.4 81.0 21.1 213
Left ACA white 23.4 2.9 45.9 13.6 81
Left ACA total 38.7 8.7 71.0 19.2 294
Right ACA gray 51.6 26.2 1014 21.8 230
Right ACA white 26.3 6.8 69.8 15.7 100
Right ACA total 42.3 19.5 89.3 18.9 330
Left posterior WS gray 47.0 34 78.4 234 128
Left posterior WS white 21.4 —0.8 37.8 13.5 55
Left posterior WS total 374 2.2 61.2 18.5 183
Right posterior WS gray 48.7 14.9 98.4 24.0 122
Right posterior WS white 18.1 3.2 41.4 11.3 59
Right posterior WS total 35.7 11.9 73.1 © 16.8 181
Left anterior WS gray 45.4 6.2 736 17.9 117
Left anterior WS white 184 1.0 44.4 12.7 65
Left anterior WS total 35.1 4.2 56.2 14.0 182
Right anterior WS gray 47.1 22.3 99.8 22.4 91
Right anterior WS white 24,6 8.0 51.7 13.4 68
Right anterior WS total 37.1 16.7 82.9 18.0 160
Focal region 1 gray 42.6 2.8 86.5 26.7 88
Focal region 1 white 17.2 -0.3 45.0 12.9 70
Focal region 1 total 28.0 11 58.0 16.3 159
Focal region 2 gray 30.6 7.7 46.0 15.1 124
Focal region 2 white 19.1 3.8 31.3 12.4 62
Focal region 2 total 245 6.8 36.0 11.8 186

PCA = posterior cerebral artery; MCA = middle cerebral artery; LS = lenticulostriate artery; ACA = anterior cerebral artery; WS =
watershed zone.
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Table 3 Comparison of hemispheric asymmetries by clinical
evaluation and perfusion imaging

Gray matter asymmetry ratios!

Patient Clinical Anterior Posterior ~ Watershed
no. laterality?  circulation circulation region
1 Left = right -0.63 -0.21 —0.83
3 Left —0.10 0.02 —0.30
4 Left -0.17 —0.27 0.11
5 Left > right —0.09 0.05 -0.25
6 Left > right —0.02 —0.02 —0.01
8 Left > right -0.15 ~0.02 —0.46
9 Left > right —0.04 —0.26 0.08
10 Right 0.11 0.17 0.22
11 Right = left -0.13 0.12 —0.47
12 Right 0.00 0.03 0.19
13 Left —0.04 —0.14 0.00
14 Right = left 0.04 —-0.04 0.20

! Dimensionless, calculated as [(left — right)/(left + right)).
% Based on results of carotid ultrasound, transcranial Doppler,
arteriography, and magnetic resonance angiography.

lower, and thus more difficult to measure. In consideration
of this, a subsequent analysis of asymmetry ratios for the
purpose of comparison with clinical laterality in patients
with proximal arterial stenoses was carried out using only
CBF values from the gray matter compartment.

Of the 14 patients studied, 12 patients presented with
significant proximal arterial stenoses of the anterior circu-
lation. Patient 11 was excluded because extensive intralu-
minal artifact precluded a region-of-interest analysis. In
the remaining 11 patients, asymmetry ratios were calcu-
lated for the anterior circulation, posterior circulation, and
watershed regions, and the results were compared with
the laterality of the significant arterial stenoses deter-
mined by routine clinical investigation. These results are
summarized in table 3. Of these 11 patients, all but one,
Patient 6, showed asymmetry ratios in at least one vas-
cular distribution greater than an arbitrary threshold of
0.1, equivalent to approximately a 20% difference in
hemispheric values. Of note, Patient 6 had sustained a
cerebellar stroke, but was asymptomatic with regard to
supratentorial structures despite complete carotid stenosis
by angiography. In the remainder of patients, for the ante-
rior circulation there was complete agreement between the
laterality of the clinically identified predominant stenosis
and the laterality of perfusion deficit. In seven of these
patients, greater asymmetries were observed in watershed
regions than in the anterior circulation, although in three
patients the laterality of border zone asymmetry differed
from the clinically determined laterality.

In several patients with reduced blood flow and hemi-
spheric asymmetries, T2-weighted structural imaging also
revealed asymmetries in white matter signal intensities.
An example of this from Patient 1 is shown in figure 3.
This patient had bilateral intracranial carotid stenosis and
recurrent episodes of right hemiparesis, frequently associ-
ated with aphasia. Perfusion imaging disclosed global but
also quite asymmetric reduced flow (see figure 3, top). T2-
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Figure 3. Cerebral blood flow (CBF) images and T2-
weighted images from Patient 1. (Top) CBF is decreased
both globally and asymmetrically, with markedly de-
creased flow in the left hemisphere, most notable in water-
shed regions. Grayscale shows CBF ranging from 0 to 63
mL/100 g/min. (Bottom) T2-weighted images show bilat-
eral periventricular white matter changes. Arrows indicaie
asymmetric ischemie changes in the subcortical white mat-
ter that are likely the sequelae of hypoperfusion.

weighted images showed marked asymmetry in white mat-
ter lesions, which were much more evident in the left
hemisphere (see figure 3, bottom).

Patient 10 presented with right carotid stenosis and left
hand weakness, and was found to have a right parietal
subcortical infarct extending toward the motor cortex (fig-
ure 4, top). Perfusion imaging disclosed a much larger
region of hypoperfusion affecting the right posterior water-
shed region (see figure 4, bottom). In contrast, an opposite
disparity between results of perfusion imaging and struc-
tural imaging was observed in Patient 7 and is shown in
figure 5. This patient had received an accidental air embo-
lus during selective angiography of the left carotid artery
and developed a right hemiparesis and aphasia. T2-
weighted images showed extensive subcortical changes in
the left hemisphere (see figure 5, top), while perfusion
imaging showed normal CBF bilaterally (see figure 5 bot-
tom). This patient subsequently recovered normal neuro-
logic function, and follow-up T2-weighted MRI showed
dramatic resolution of the subcortical signal changes. Pa-
tient 2 manifested decreased perfusion due to venous sta-
sis (see table 1).

Discussion. The primary purpose of this study
was to assess the feasibility of mapping CBF in pa-
tients with cerebrovascular disease using MRI with
the CASL technique. The imaging protocol was well



Figure 4. Cerebral blood flow (CBF) images and T2-
weighted images from Patient 10. (Top) T2-weighted im-
ages show subcortical ischemic changes in the right
parietal lobe abutting the motor cortex (black arrow). (Bot-
tom) CBF images show more widespread hypoperfusion in
the right posterior watershed distribution (white arrows).
Grayscale shows CBF ranging from 0 to 127 mL/100
glmin.

tolerated and could be combined easily with a rou-
tine cerebrovascular MRI protocol. CASL theoreti-
cally affords the maximum sensitivity in ASL
perfusion techniques as compared with pulsed label-
ing techniques,>! and has been implemented suc-
cessfully as a multislice protocol. Despite the
presence of significant arterial occlusive disease in
most of the patients studied, CASL was sufficient to
produce good perfusion contrast. Further, degrada-
tion of CBF images due to increased transit times,
manifested as bright focal artifact in perfusion im-
ages, was not severe or limiting except in Patient 11,
who had truly end-stage cerebrovascular disease. Re-
duced CBF—either globally, hemispherically, or fo-
cally—was observed in nearly all of the patients.
Consistent with this, several patients experienced
orthostatic exacerbation of their neurologic deficits
or recurrent TIAs in a single vascular distribution.
One patient was symptomatic from a venous throm-
bosis, which can affect CBF as a result of venous
stasis. The finding of reduced CBF in this patient
suggests a role of CBF imaging in the assessment
and management of raised intracranial pressure.
Anterior and posterior cortical watershed infarcts
represent the most widely recognized structural cor-
relate of hemodynamic infarction. Previous studies
have suggested that white matter infarcts at the ter-

Figure 5. Cerebral blood flow (CBF) images and T2-
weighted images from Patient 7. (Top) T2-weighted images
show widespread signal hyperintensities throughout the
white matter on the left. (Bottom) CBF images do not re-
veal any corresponding hemispheric changes, and CBF
values are in a normal range. Grayscale shows CBF rang-
ing from 0 to 127 mL/100 g/min.

minal distributions of vessels may be a more com-
mon consequence of hypoperfusion.®# In this
limited study we observed both cortical and subcorti-
cal infarcts in patients with reduced cerebral CBF.
As has been noted previously,? the zone of reduced
CBF was typically much greater than the region of
actual infarction as assessed by T2-weighted imag-
ing. Our observation of CBF abnormalities in cortical
watershed territories, even in the absence of overt
infarction, is consistent with the concept that these
territories are uniquely sensitive to hemodynamic
effects.

Previous studies that have assessed hemodynamic
reserve in watershed territories in patients with ca-
rotid occlusive disease have conflicted with regard to
the sensitivity of such measurements.’>™ We at-
tribute the high rate of watershed hypoperfusion in
our study to patient selection, which specifically tar-
geted patients with hemodynamic compromise. Be-
cause autoregulatory mechanisms in the cerebral
vasculature can maintain CBF through vasodilation,
it has been suggested that CBF alone is an inade-
quate measure of hemodynamic compromise.'?
Greater sensitivity is obtained by using measures of
hemodynamic reserve by measuring cerebral blood
volume (CBV) separately or by measuring the re-
sponse to a pharmacologic vasodilator such as CO or
acetazolamide. Such agents could be administered
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easily during MRI measurement of CBF. Compen-
sated hemodynamic abnormalities are also mani-
fested as an increase in mean transit time (MTT),
which is mathematically equivalent to CBV/CBF.13
CBF images obtained with ASL are sensitive to tran-
sit effects,** and by varying labeling parameters
parametrically, the arterial portion of the transit de-
lay can be estimated.*3* While the arterial transit
time is not identical to MTT, it is clearly sensitive to
hemodynamic compromise, as shown in figure 2. In
this study we used a postlabeling delay to reduce
this effect. It would also be possible to measure the
arterial transit time using ASL, at the expense of a
longer acquisition.

Although this study was not designed specifically
to test the sensitivity or specificity of MRI for detect-
ing CBF abnormalities distal to arterial stenoses,
analysis of hemispheric asymmetries in measured
CBF did show concordance with the findings of an-
giographic and ultrascnic studies. In the few pa-
tients in whom CBF asymmetries differed from the
laterality of proximal stenosis, the disagreement be-
tween CBF and vascular evaluation may have repre-
sented real differences in the cumulative reduction
in CBF at the tissue level due to tandem lesions,
rather than an error in either measurement. The
ability to assess the actual delivery of CBF at the
tissue level represents the most significant benefit of
adding a CBF imaging study to the evaluation of
cerebrovascular disease.

Additional applications of CBF imaging to stoke
triage and the clinical investigation of cerebrovascu-
lar disease can be envisioned. The presence of hyper-
perfusion in the distribution of an acute deficit
suggests a favorable prognosis,® likely due to spon-
taneous early recanalization,? and may represent a
contraindication to thrombolytic therapy. In con-
trast, very low regional CBF has been associated
with poor outcome from thrombolytic therapy,* and
may suggest a poor risk/benefit ratio for this therapy
in selected patients. While a single CBF measure-
ment alone is unlikely to determine the potential for
reversibility in acute stroke, CBF measurements
may be used to define the territory at risk or
“ischemic penumbra™* and therefore may be useful
in the assessment of stroke therapies. Such data
would complement results of diffusion imaging,
which delineates regions of ongoing cytotoxic injury
in acute stroke.*3

In summary, we have demonstrated that multi-
slice CBF imaging using MRI with CASL can be
conducted successfully in patients with cerebrovas-
cular disease. Data acquisition time for this study
was approximately 10 min, allowing it to be com-
bined with standard structural imaging within a sin-
gle MRI examination. At least in selected patients
with cerebrovascular disease, CBF imaging using
CASL can disclose both focal and hemispheric hypo-
perfusion, either in vascular territories or in water-
shed regions. The capability of measuring and
quantitating tissue perfusion easily in such patients
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provides a useful tool for the clinical assessment and
further investigation of stroke pathophysiology.
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