Assessment of Cerebral Blood Flow in
Alzheimer’s Disease by Spin-Labeled

Magnetic Resonance Imaging
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To evaluate the utility of arterial spin-labeled blood flow magnetic resonance imaging for the detection of cerebral blood
flow abnormalities in Alzheimer’s disease, arterial spin-labeled blood flow images in 16 contiguous 5-mm axial sections
were acquired in 18 patients diagnosed with probable Alzheimer’s disease and 11 age-matched controls. Blood flow
images from all subjects were transformed to a standard anatomical space for voxel-by-voxel statistical analysis. High
quality blood flow images were obtained from all but 1 subject. Statistical analysis demonstrated significant flow de-
creases relative to control subjects in temporal, parietal, frontal, and posterior cingulate cortices. Increased severity of
disease, as measured by Mini-Mental State Examination, correlated with posterior parietal and posterior cingulate de-
creases but not temporal decreases. Arterial spin-labeled magnetic resonance imaging was found to be an effective tool for
characterizing flow decreases accompanying Alzheimer’s disease. The absence of jonizing radiation or injection and the
ability to obtain high quality anatomical images within the same scanning session make arterial spin labeling an attrac-
tive technique for the study of Alzheimer’s disease, for the evaluation of pharmacological therapies, and, possibly, for

early diagnosis.
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Functional imaging has demonstrated great promise for
the diagnosis, investigation, and early detection of de-
generative diseases of the central nervous system such
as Alzheimer’s disease (AD). Positron emission tomog-
raphy (PET) imaging in AD has revealed marked hy-
pometabolism in specific areas of temporal, parietal,
and frontal cortex"* as well as in the posterior cingu-
late cortex.” Single-photon emission compured tomog-
raphy (SPECT) using blood flow tracers can also dem-
onstrate decreases.~® Several studies using these
imaging techniques have suggested that AD can be de-
tected at a very early stage, possibly even before the
appearance of cognitive deficits.”® Such studies suggest
an important role for functional imaging in future
studies of disease progression, in the evaluation of
pharmacological treatments, and, potentially, in the
routine diagnosis of AD.

Over the past decade, magnetic resonance imaging
(MRI) methods have been developed that are sensitive
to functional changes and provide resolution and con-
trast comparable with or exceeding that obtained with
nuclear medicine techniques, without the use of ioniz-
ing radiation. Images sensitive to blood volume,” blood
oxygenation,'® and blood flow''™'> are now being rou-

tinely used for activation studies and the clinical eval-
uation of stroke'® and neoplasms.'®> Such MRI tech-
niques could be advantageous for studies of dementia,
because MRI is more widely available than PET, has
higher spatial resolution than SPECT, and can produce
high resolution, spatially coregistered, strucrural images
for quantifying atrophy and ruling out other possible
causes of dementia. Blood volume MRI scanning re-
quires the rapid injection of a magneric contrast agent.
Blood volume can be inferred from the amplitude and
duration of signal attenuation induced by the agent in
the microvasculature. Blood volume imaging has been
explored for the study of dementia by several
groups.“""7

Blood flow MRI by arterial spin labeling'> uses elec-
tromagnetic labeling of the naturally existing water in
the blood to acquire images sensitive to flow without
any external contrast agents. Initial implementations
for human sczmninglg‘19 were limited to single slices
and could not provide accurate quantitative flow val-
ues. Nevertheless, one preliminary study of AD was
able to report significant differences relative to con-
trols.”” Recent technical advances have made the acqui-
sition of multiple slices®* and absolute quantification™
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possible. The acquisition of coregistered anatomical
Images permits the use of automaric computer algo-
rithms to anatomically align the brains of different
subjects for three-dimensional (3D) image analysis.
Herein, we report the results of a study in which we
used quantitative, multislice arterial spin labeling blood
flow MRI for the evaluation of AD.

Subjects and Methods
Subject Population

A total of 29 subjects were studied. One of the subjects, a
patient with severe dementia, was excluded from further
analysis because motion was severe even in the spin echo
localizer images. Seventeen of the remaining subjects were
patients who were diagnosed with probable AD by criteria of
the Nartional Institute of Neurological and Communicative
Disorders and Stroke-Alzheimer’s Disease and Related Dis-
orders Association (NIN CDS-ADRDA).?* A strucrural MRI
scan demonstrated that there was no other structural abnor-
mality that could explain the patient’s symptoms, and the
modified Hachinski Ischemia Score was 2 or less in all sub-
jects. None of the patients had any history of head trauma,

Table 1. Individual Subject Information

primary psychiatric diagnosis (psychosis or depression),
stroke, hydrocephalus, or metabolic, infectious, or endocrine
cause of declining cognition. Patients who sarisfied published
criteria®® for frontotemporal dementia were also excluded
from the study. The average Mini-Mental State Examina-
tion”® (MMSE) for the patient group was 20.8 *+ 7.0, indi-
cating moderate dementia. The remaining 11 subjects were
approximately age-matched normal controls recruited from
the spouses of the patients as well as by advertisement. Sub-
ject information is summarized in Table 1. Signed consent
was obrained from all subjects, and the study was approved
by the University of Pennsylvania Institutional Review
Board.

Magnetic Resonance Imaging

All imaging was performed in a GE Horizon Echospeed
1.5-T MRI scanner (GE Medical Systems, Milwaukee, WT).
Patients were imaged while lying supine with their heads in-
side the product head radiofrequency coil. Foam padding
was inserted against the sides of the head and the forehead to
minimize patient motion. Subjects were instructed to relax
and minimize motion during the scans. Each study began

Sex Handedness Total Flow
Diagnosis Age (yr) (1 =F (1 =R) MMSE ml/(100 g - min)
Normal 64.0 1.0 — S 43.1
Normal 75.0 2.0 gl — 35.7
Normal 76.0 2.0 1.0 — 31.8
Normal 75.0 1.0 £ — 34.0
Normal 750 2.0 — — 37.4
Normal 53.0 1.0 1.0 — 36.2
Normal 73.0 2.0 1.0 E 43.5
Normal 64.0 2.0 — —_ 35.2
Normal 64.0 1.0 = = 42.5
Normal 67.0 1.0 1.0 — 46.4
Normal 72.0 2.0 —_ — 37.4
Mean 68.9 1.5 38.5
SD 7.2 0.5 4.7
AD 79.0 2.0 1.0 11.0 35.0
AD 80.0 2.0 1.0 29.0 24.9
AD 74.0 1.0 1.0 27.0 36.6
AD 78.0 2.0 1.0 27.0 31.3
AD 74.0 2.0 2.0 7.0 21.7
AD 72.0 1.0 2.0 21.0 28.5
AD 74.0 2.0 1.0 20.0 37.5
AD 73.0 1.0 1.0 6.0 28.2
AD 63.0 1.0 1.0 22.0 442
AD 55.0 2.0 2.0 20.0 35.4
AD 77.0 2.0 1.0 24.0 29.0
AD 72.0 2.0 1.0 26.0 31.1
AD 71.0 1.0 — 19.0 47.2
AD 81.0 2.0 1.0 23.0 41.2
AD 75.0 2.0 1.0 25.0 44 4
AD 65.0 1.0 1.0 18.0 29.7
AD 65.0 1.0 1.0 28.0 38.2
Mean 72.2 1.6 20.8 34.4
SD 6.8 0.5 7.0 7.2

F = female; R = right; MMSE = Mini-Mental State Examination (score); AD = Alzheimer's disease.
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with a rapid sagittal T1-weighted image to determine patient
position. Next, arterial spin labeling blood flow imaging was
performed by using methods described below. Finally, high-
resolution T1-weighted 3D spoiled gradient echo images
were acquired with a repetition time (TR) of 35 msec, an
echo time (TE) of 6 msec, a slice thickness of 1.5 mm, a flip
angle of 30°, a matrix size of 128 X 256, and a rectangular
field of view giving an in-plane resolution of 0.9 X 1.3 mm.
These 3D images were acquired for computerized alignment
of subjects.

Two separate blood flow image acquisitions of eight
5-mm slices with 5-mm interslice gaps were performed rto
acquire a total of 16 contiguous 5-mm axial slices. These
slices did not provide complete coverage of the brain of each
subject; however, the variability between subjects in the
placement of the slices permitted the study of group differ-
ences within most of the cortex. Images of the most inferior
portions of the frontal lobe, and in the portions of the tem-
poral lobe immediately superior to the mastoid sinuses, were
often degraded by signal loss and distortion because of the
echoplanar acquisition, so concrete conclusions about these
regions cannot be made from this study. A rectangular field
of view of 24 X 15 cm and a rectangular matrix of 64 X 40
were used for the echoplanar acquisition to provide square
pixels of 3.75 mm. Adiabatic electromagnetic labeling was
applied at the cervicomedullary junction to invert flowing
spins in the carotid and vertebral arteries. A radiofrequency
irradiation amplitude of 36 mG and a magnetic field gradi-
ent of 0.25 gauss/cm were used.?? Labeled images were sub-
tracted from control images acquired while an amplitude-
modulated control irradiation®' of either 250 or 125 Hz was
applied at the same location as the label, to control for sys-
tematic effects unrelated to flow. For both the labeled and
control images, the irradiation was stopped 1.5 seconds be-
fore the acquisition of the images. This postlabeling delay
minimizes any systematic errors due to variations in arterial
transit times.”” Because asymptomatic cerebrovascular disease
is prevalent in the general elderly population and transit
times can be strongly affected by stenosis,”® transit time in-
sensitivity is an important requirement for the quantitative
study of dementia. After the delay, echoplanar images were
rapidly acquired from the eight slices. Gradient echo echop-
lanar images with a TE of 22 msec, a receiver bandwidth of
*62.5 kHz, and in-plane resolution of 3.75 mm were used.
Labeled and control images were alternately acquired every 4
seconds for 6 minutes to produce a total of 45 image pairs
for averaging. In addition to the flow-sensitive imaging, a
rapid sequence for mapping the T1 in the slices was per-
formed.** This sequence, which requires just 2 minutes for
eight slices was intended to produce T1 information neces-
sary for quantification of the blood flow—sensitive images. A
I-minute calibration sequence to correct the echoplanar im-
ages for distortion and ghosting was also perfozmed.?’? The
total time for acquiring all images necessary for quantitative
blood flow imaging was less than 20 minutes, and the entire
examination, from patient entry to exit, was always less than
45 minutes.

Image Analysis
All image data were transferred by digital tape to a Sun Ul-
tral workstation for subsequent processing. The blood flow

and T1 echoplanar images were reconstructed from the raw
echo amplitudes, using software developed in the IDL anal-
ysis environment (Research Systems, Boulder, CO). Because
of the rapid interleaving berween label and control images,
motion artifacts were minimal for most subjects; but to fur-
ther improve image quality, a motion correction zﬂgorithm23
was applied to the individual label and control pairs before
averaging. T1 maps were obrtained from the T1 scans by
nonlinear least squares fitting, as previously described, but we
observed that the resulting T1 maps were frequentdy de-
graded by motion whereas the motion corrected blood flow
scans were not.

Quantification of the spin-labeled blood flow images is
possible because the signal measured is simply a comperition
between the inflow of labeled blood and the decay of the
label with the MRI time constant T1. We have previously
estimated the efficiency of our labeling of blood water spins
to be 96%”° and directly measured the additional ineffi-
ciency of the amplitude-modulated control technique.”’ To-
tal labeling efficiencies of 70% for 125-Hz amplitude mod-
ulation and 60% for 250-Hz modulation were assumed for
the quantification based on these previous measurements.
The sensitivity of the imaging to the presence of water was
calibrated by manually selecting a region within the ventricle
of each subject as a reference. Quantification requires a value
for the relaxation time, T1. We chose to use the T1 of blood
instead of the T1 maps, which is equivalent to assuming that
the time to pass through the microvasculature and into the
tissue is long compared with T1 and the postlabeling delay.
The effects of transit times to the voxel and to the tissue on
quantification of blood flow, and the reduction of the transit
time sensitivity when a postlabeling delay is inserted between
labeling and image acquisition, have been discussed exten-
sively in an earlier publication.” Quantification is insensitive
to assumptions about transit times in gray martter, where
most of the dementia-related changes are expected, but blood
flow in white matter could be underestimated if the assump-
tions fail. The blood flow images and the 3D T1-weighted
images were resampled to a common space of 4-mm
resolution.

Images from different subjects were aligned to a standard
brain by using the 1996 version of the Statistical Parametric
Mapping (SPM) package (Wellcome Department of Cogni-
tive Neurology). The resampled T1-weighted images were
used to determine the parameters for transforming to the
standard brain. The SPM alignment algorithm uses linear
and nonlinear warping to align brain structures.”® The align-
ment procedure is completely automated and requires no
user input. The default SPM values for the alignment were
used except that 4-mm resolution was requested. The non-
linear alignment algorithm produced qualitatively good
alignment across subjects, but the nonlinear degrees of free-
dom were insufficient to correct for enlarged ventricles in the
more severe cases. The blood flow images were also trans-
formed to the standard space, using the warping parameters
of the T1-weighted images. This implicitly assumes that mo-
tion between the acquisition of the two scans was minimal.
The blood flow images were then smoothed, using a gaussian
kernel of 12 mm full width half maximum, in preparation
for statistical analysis.

The blood flow images were tested for significant differ-
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ences between groups by using an approach similar to the
compare groups function of the PET component of the SPM
software, but the algorithm was implemented in separate
code. This special implementation used a weighting func-
tion, which permitted the analysis of regions of the brain
where some subjects did not have data because of incomplete
slice coverage. A voxel was analyzed as long as at least 7
subjects had valid data at that locarion. Because of the vari-
ability of slice coverage, analysis could be performed in most
of the cortex. The flow image of each subject was divided by
the flow measured within a region containing the basal gan-
glia and thalamus. The cerebellar flow, which is frequently
used for normalizing funcrional images, was not available be-
cause of the slice coverage of this study. Two statistical anal-
yses were performed on the image data. First, the voxel-by-
voxel ¢ statistic was calculated for the difference between
patients and control subjects. This statistic was then trans-
formed to a normally distributed £ statistic. Second, a linear
regression between blood flow in the patients and MMSE
score was calculated. The £ statistic for a regression coeffi-
cient different than 0 was calculated and also converted to a
normal distribution. z scores were averaged along 3-cm-long
lines of sight into the cortex from cight different viewpoints
and correcred for the approximately three independent values
along the 3-cm line. The resulting averaged z scores were
thresholded at a value of 2.6, which corresponded o p <

0.01, of a false-positive uncorrected for multiple compari-
sons. The thresholded z maps were then overlaid, in color,
on top of 3D renderings of the brain supplied with SPM9G.
The color scale was chosen such that pixels with yellow col-
oring have z values greater than 3.8, which correspond to a
2 < 0.05 of a false-positive, corrected for multiple compar-
isons across the two-dimensional projection.”® This cortical
projection approach to increasing the study sensitivity by de-
creasing the number of degrees of freedom has previously
been reported for analysis of nuclear medicine studies of
dementia.*?

A region-based analysis was also performed, to support the
statistical methods of the image-based analysis. Regions were
manually drawn on Tl-weighted images from one of the
normal controls after transformation to the standard space.
Regions defining the entre temporal, frontal, parietal, and
occipital lobes of each hemisphere were drawn following
boundaries defined in a published atlas.®> A region conrain-
ing the thalamus and basal ganglia was also drawn for nor-
malization of flow. We chose to use whole lobe regions, be-
cause they include most of the dara bur minimize the tortal
number of regions and their definition is less arbitrary than
that of smaller regions. Cerebral blood flow in each region
was quantified for each subject. Because whole brain data
were not obtained, only those voxels with valid data were
used in the average. The exact location and number of voxels

Fig 1. Axial blood flow images in a normal elderly subject (second row) and 4 patients with severe Alzheimer’s disease (bottom Jfour
rows). The anatomical images from the normal subject are shown on top for spatial reference.
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used for the average varied between subjects because of dif-
ferent imaged slice positions. An average of the eight lobe
values was also calculated as an indicator of whole brain
flow. Regional values were tested for significant difference
berween patients and controls, using the one-sided 7 test, and
for significant correlations with MMSE score in the patients,
using the F statistic of the regression. Significance was calcu-
lated for both the flow images and the flow images normal-
ized to the basal ganglia and thalamus flow.

Results

MRI studies produced satisfactory images in all but 1
of the more severe AD subjects, who attempted to rise
several times during the course of the scans. This sub-
ject was excluded from further analysis. Global and fo-
cal flow decreases were clearly apparent in all 4 of the
most severe AD patients (Fig 1). The reduced flow in
temporal and parietal association cortex is consistent
with other studies using PET and SPECT. Flow de-
creases were more challenging to visually identify in the
individual mild AD subjects.

Image-based group analysis produced highly signifi-
cant results. The volume of the brain covered by the
group analysis is shown in Figure 2. This analysis re-
vealed multiple areas of significant blood flow decrease
in the AD group relative to controls (Fig 3). Signifi-
cant decreases were detected in temporal, parietal, and
frontal cortex and the posterior cingulate. Also appar-
ent is a significant decrease in the area of the lateral
ventricle, which appears to represent loss of white mat-
ter flow in this region because of the larger ventricles of
the patients. A decrease in flow in the anterior portion
of both medial temporal lobes is also apparent. Within
the patient group, a significant correlation between
MMSE score and perfusion was detected in the tem-
poroparictal association cortex and the posterior cingu-
late (Fig 4).

Regional analysis of the images produced results that
were qualitatively consistent with the image-based anal-
ysis. Results obrained with the normalized images were
much more significant than with the nonnormalized
images. Significant decreases in normalized flow rela-
tive to controls were detected in all of the cortical re-
gions. A significant decrease in tortal cortical flow was
also detected. The flow values in the left and right pa-
rietal cortex and the left occipital cortex (which in-
cludes the posterior cingulate), and the total cortical
flow, were significantly correlated with MMSE score.
Absolute blood flow values in normal subjects were
consistent with earlier studies of older subjects.”**>
The fractional decreases in flow observed in the AD
patients were also consistent with those measured with
SPECT?® and PET.*” Although our fractional de-
creases appear similar to those obrained with PET im-
aging of glucose utilization, flow and glucose consump-
tion need not be perfectly coupled. Recently, some

Fig 2. The volume of the brain evaluated in this study. The
color scale represents the number of 4-mm voxels with data in
at least 7 subjects along @ 3-cm deep line into the brain. A
three-dimensional rendering of a brain is shown in regions
where insufficient data were obtained. The most superior re-
gions of the frontal and parietal lobes and the most inferior
regions of the temporal lobes were not evaluated. Imaging arti-
facts may also compromise the significance of results in the
most inferior portions of the frontal lobe.

evidence for decoupling of flow and oxidative metabo-
LT 37
lism in AD has been reported.

Discussion
This study conclusively demonstrates that noninvasive
blood flow MRI can be used to detect pathological al-
terations of tissue in suspected AD. The ability to ac-
quire multple sections made voxel-by-voxel statistical
analysis very successful. In addition to the blood flow
studies, high-resolution structural images were obtained
without moving the subject, making automared regis-
tration of patient brains possible. The results of Figures
3 and 4 and Table 2 compare favorably with similar
analyses of glucose consumprion PET and blood flow
SRE@ I scans e

The combination of blood flow MRI with anatom-
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Fig 3. Significant decreases in regional blood flow relative to
the control population. Significant results are overlaid in color
on top of a surface rendering of the brain. Yellow colors are
the most significant and dark red are the least significant.

ical MRI could be a convenient and powerful approach
to the clarification of several controversies in dementia
research. It has been suggested that the decrease in
blood flow and metabolism observed in functional im-
aging studies such as this one simply represents the loss
of metabolically active tissue and its replacement with
cerebrospinal fluid. Modern anatomical MRI and seg-
mentation techniques can be used to evaluate the loss
of gray matter volume and correlate it with functional
imaging findings. Previous investigations®”** have pri-
marily used brain—cerebrospinal fluid segmentation,
which ignores the three to four times higher merabo-
lism in gray matter than white marter, and have re-
quired registering images of two different modalities.
Another area of debate is on the contribution of leu-
koaraiosis to the observed deficits in demented popu-
lations.*! T2-weighted MRI is ideally suited to the
quantification of the defining diffuse white matter le-
sions of leukoaraiosis and can readily be performed in
the same study as blood flow MRI.

Blood flow MRI is but one of several techniques for
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Fig 4. Significant corvelations between decreased regional
blood flow and severity of disease as measured by the decrease
in Mini-Mental State Examination score. Significant results
are overlaid in color on top of a surface rendering of the
brain. Yellow colors are the most significant and dark red arve
the least significant.

imaging brain function that have been applied to AD.
This technique is most similar to SPECT studies,
which also measure blood flow; however, the tech-
niques differ in the systematic errors that can occur.
The primary advantages of blood flow MRI are the ab-
sence of injection and ionizing radiation, the ease of
absolute quantification, and the ability to obrain other
types of spatially registered magnetic resonance infor-
mation. Modern MRI can measure anatomical struc-
ture and atrophy, and detect acure and chronic infarcts
and even biochemical imbalances. The primary disad-
vantages of the MRI technique are the low signal-to-
noise ratio, which limits the sparial resolution, sensitiv-
ity to motion, and systematic underestimation of flow
if the transit time from the base of the brain to the
tissue is much longer than 1 second. Signal-to-noise
ratio can be improved by longer acquisitions, opti-



Table 2. Average Blood Flow in Eight Regions of the Brain for the Control and Patient Populations

Tortal
T RT LE RF LpP RP LO RO Flow
Normal conrrols 34.6 35.8 37.2 41.6 39.8 41.5 394 37.8 38.5
(5.4) (3.2) (5.3) (6.4) (5.3) (6.9) (7.3) (7.3) 4.7)
Alzheimer’s patients 29.9 32.3 36.0 38.9 34.4 35.4 32.7 35.0 34.4
(6.9) (5.6) (7.3) (6.9) (10.2) (8.9) (10.0) (9.1) (7.2}
Significance of nonnormal- 0.028 0.024 0.320 0.139 0.039 0.028 0.026 0.188 0.038
ized difference
Signiﬁcance of normalized 0.00006  0.003 0.011 0.002 0.0008 0.0009 0.002 0.02 0.0006
difference
Significance of nonnormal- 0.290 0.370 0.270 0.396 0.031 0.091 0.065 0.164 0.139
ized MMSE regression
Significance of normalized 0.14 0.13 0.09 0.36 0.002 0.008 0.033  0.10 0.03

MMSE regression

Blood flow values are expressed as milliliters per 100 g per minute
L = lef R = right; T = temporal; F = fronwal; P = parietal; O

mized receiver coils, and higher field strength magnets.
In this study, motion during the flow study degraded
the images less than during the high-resolution T1 im-
aging. Although motion can be a problem with very
uncooperative patients, the rapid interleaving of labeled
and control echoplanar images strongly attenuates mo-
tion artifacts.

Blood flow MRI cannot be directly compared with
most PET studies of AD because glucose utilization
rather than flow is typically measured. Although glu-
cose utilization and flow are usually well coupled in the
brain, coupling has not been confirmed for the subtle
decreases present early in the progression of AD. Mea-
surement of glucose utilization has the advantage that
it is more directly connected to metabolism than blood
flow. However, because MRI is much cheaper and
more widely available than PET, and because blood
flow MRI requires no injections and can be part of a
comprehensive study providing multiple image con-
trasts, it has definite advantages for the study of AD,
including routine clinical diagnosis, and the serial eval-
uation of candidate pharmacological treatments. Mea-
surement of blood flow may also be mechanistically
important because widespread degradation of the mi-
crovasculature occurs in AD.*? Because genetic predis-
position to AD also gives predisposition to cerebrovas-
cular disease and amyloid deposits can directly affect
vessels, the hypothesis that AD is actually a microvas-
cular disease has been advanced.*> The ability to easily
measure flow and potentially other microvascular pa-
rameters such as water extraction®® with the spin-
labeling method can help to explore such hypotheses.

Difficulty detecting medial temporal metabolism de-
creases in AD relative to age-matched controls has pre-
viously been reported.*> Our study detected significant
decreases in the area of the hippocampus and entorhi-
nal cortex where neurofibrillary pathology is first ob-
served in AD.*® Because the decrease in this area was

[ml/(100 g - min)]; SD values are in parentheses.
= occipital; MMSE = Mini-Mental State Examination.

near the border of the slice coverage of this study and
degradation of echoplanar image quality ar the base of
the frontal and temporal lobes may also have affected
the results, we prefer not to emphasize the scientific
significance of this decrease. Future work, using blood
flow labeling of other MRI sequences®” and higher spa-
tial resolution, to more carefully examine these struc-
tures, is planned.

This research was supported in part by a Biomedical Engineering
Research Grant from the Whitaker Foundation, grants NS01668,
AG15116, and NS35867 from the Narional Institutes of Health,
the American Health Assistance Foundation, and the Charles A.
Dana Foundarion.
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