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Abstract
PURPOSE—To prospectively determine if pulsed arterial spin-labeling perfusion magnetic
resonance (MR) imaging depicts regional cerebral hypoperfusion in subjects with Alzheimer disease
(AD) and mild cognitive impairment (MCI), compared with perfusion in cognitively normal (CN)
subjects, that is consistent with results of fluorodeoxyglucose (FDG) positron emission tomography
(PET) and hexamethyl-propyleneamine oxime (HMPAO) single photon emission computed
tomography (SPECT) studies of similar populations.

MATERIALS AND METHODS—Institutional review board approval and informed consent were
obtained. Twenty subjects with AD (13 men, seven women; mean age, 72.9 years), 18 with MCI
(nine men, nine women; mean age, 73.3 years), and 23 CN subjects (10 men, 13 women; mean age,
72.9 years) underwent arterial spin-labeling and volumetric T1-weighted structural MR imaging.
Perfusion images were coregistered to structural images, corrected for partial volume effects (PVEs)
with information from the structural image to determine tissue content of perfusion voxels, and
normalized to a study-specific template. Analyses of perfusion differences between groups, with and
without corrections for PVEs, were performed on a voxel-by-voxel basis with a one-tailed fixed-
effects analysis of covariance model adjusted for age. In addition, tests were performed with and
without accounting for global perfusion.

RESULTS—The AD group showed significant regional hypoperfusion, compared with the CN
group, in the right inferior parietal cortex extending into the bilateral posterior cingulate gyri (P < .
001), bilateral superior and middle frontal gyri (P < .001), and left inferior parietal lobe (P = .007).
When PVEs from underlying cortical gray matter atrophy were accounted for, the AD group still
showed hypoperfusion in the right inferior parietal lobe extending into the bilateral posterior
cingulate gyri (P < .001) and left (P = .003) and right (P = .012) middle frontal gyri. With a more
liberal voxel-level threshold of P < .01, the MCI group showed significant regional hypoperfusion
relative to the CN group in the inferior right parietal lobe (P = .046), similar to the region of greatest
significance in the AD group.
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CONCLUSION—Arterial spin-labeling MR imaging showed regional hypoperfusion with AD, in
brain regions similar to those seen in FDG PET and HMPAO SPECT studies of similar populations;
this hypoperfusion persists after accounting for underlying cortical gray matter atrophy.

Results of neuropathologic studies suggest that evidence of Alzheimer disease (AD) may be
present in the brain years or even decades prior to the onset of clinical symptoms (1,2).
Currently, multiple potential therapies are being developed to attempt to halt or disrupt the
disease process before neurons are irrevocably lost (3). Evaluation of the effectiveness of these
potential treatments will be enhanced by identification of patients at the earliest stages of the
disease and by the possibility of objectively measuring disease progression. Because of this,
there is currently great interest in the characterization of AD by means of objective measures
such as brain imaging, particularly in early stages of the disease process.

Fluorodeoxyglucose (FDG) positron emission tomography (PET), which is used to measure
glucose metabolism, and technetium 99m hexamethylpropyleneamine oxime (HMPAO) single
photon emission computed tomography (SPECT), which is used to measure cerebral blood
flow, consistently show reduction of cerebral metabolism or blood flow in studies of subjects
with AD. The most characteristic reductions of metabolism or blood flow are seen in the
temporoparietal association cortices, in the posterior cingulate cortex, and, to a lesser extent,
in frontal association cortices with relative sparing of the primary motor and sensory cortices
(4–6). More recently, PET and SPECT have been used to examine subjects with genetic
predisposition to AD, family history of AD, very mild AD, or mild cognitive impairment (MCI)
in an attempt to characterize functional patterns associated with preclinical or early disease.
The results of these studies suggest a similarity between regions most affected in AD and those
regions affected in subjects who have high risk of developing dementia, which suggests that
detection of such functional changes may be useful for early detection of AD (7–17).

Arterial spin-labeling perfusion magnetic resonance (MR) imaging is another method used to
assess brain perfusion and function in dementia (18). To the extent that regional metabolism
and perfusion are coupled, arterial spin-labeling MR imaging, at which arterial blood water is
labeled as an endogenous diffusible tracer for perfusion, may depict functional deficiencies in
a way similar to FDG PET and HMPAO SPECT (19). Moreover, arterial spin-labeling MR
imaging offers several advantages over these techniques: It is entirely noninvasive and free of
exposure to ionizing radiation, intravenous contrast agents, and radioactive isotopes; it can be
performed with most MR imagers in 10–15 minutes; and it can be rapidly repeated, since
labeled water is cleared after a few seconds because of T1 relaxation. An additional advantage
is that both perfusion and structural images can be obtained during the same imaging session.

Results of a few previous studies on arterial spin-labeling MR imaging of AD showed regional
hypoperfusion in subjects with AD in a pattern similar to that in PET and SPECT studies, which
demonstrates the promise of this approach (20,21). However, authors of these studies did not
account for underlying gray matter atrophy in AD and, as in most previous PET and SPECT
studies (22–25), ignored partial volume effects (PVEs) due to white matter. Furthermore, there
are no previous arterial spin-labeling MR studies of subjects with MCI or prodromal AD.

We had three a priori hypotheses for our study: (a) that arterial spin-labeling MR imaging
would depict regional hypoperfusion in the parietal association cortices and posterior cingulate
gyri of subjects with AD, relative to perfusion in subjects with normal cognitive function
(cognitively normal [CN] subjects), (b) that differences in regional perfusion between groups
would remain after partial volumes of white matter and cerebrospinal fluid in perfusion voxels
were accounted for, and (c) that similar patterns of hypoperfusion as observed in patients with
AD would also be detected in subjects with MCI, a group with cognitive impairments who do
not have dementia but who have a high risk for conversion to dementia with AD. Thus, the
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purpose of our study was to prospectively determine if arterial spin-labeling MR imaging would
depict regional cerebral hypoperfusion in subjects with AD and MCI, compared with CN
subjects, that is consistent with results from previous FDG PET and HMPAO SPECT studies
of similar populations.

MATERIALS AND METHODS
Subjects

Twenty-three CN elderly subjects, 18 subjects with MCI, and 20 subjects with AD were
recruited from two academic dementia centers and were examined by means of structural MR
imaging and arterial spin-labeling MR imaging. Sample sizes were estimated by means of
power analysis based on arterial spin-labeling MR imaging pilot studies performed in our
laboratory with patients and control subjects; results of these pilot studies showed about 10%
variability and 20% difference in global cerebral perfusion between the groups. On the basis
of these values, at least 20 subjects would be needed in each group to detect a 10% difference
in perfusion between the groups with 90% confidence. Our institutional review board approved
this study, and patient informed consent was obtained for all participants prior to evaluation.
For subjects who were determined by the clinician not to have the capacity to consent because
of cognitive impairment, a legally authorized surrogate provided consent.

All participants provided a detailed medical history and underwent neurologic examination,
screening laboratory testing, and a standard battery of neuropsychologic tests, which included
the Mini-Mental State Examination (26) for global cognitive ability; the California Verbal
Learning Test II (27) for episodic memory; Color-Word Interference (27), California Trail-
Making (27), and Verbal Design Fluency (28) tests for executive functions; the Clinical
Dementia Rating Scale, or CDR (29); and the Functional Activities Questionnaire (30). A
diagnosis of probable AD was made by using criteria from the National Institute of
Neurological and Communicative Disorders and Stroke-Alzheimer Disease and Related
Disorder’s Association (31). A diagnosis of MCI was made according to the Petersen or the
Alzheimer Disease Cooperative Study criteria (32). Petersen criteria consisted of the presence
of subjective memory complaints by the patient or a collateral source, intact activities of daily
living, a CDR score of 0.5, performance on a delayed memory test that was scored at least one
standard deviation below the age- and education-adjusted mean, normal performance on other
nonmemory cognitive tasks, and the absence of dementia. Alzheimer Disease Cooperative
Study criteria include all Petersen criteria, as well as the following additional requirements:
mandatory verification of memory difficulties by an informant, a Mini-Mental State
Examination score of 24 or greater, no more than two CDR box scores for categories other
than memory rated as high as 1, no CDR box score greater than 1, and a memory box score of
0.5 or 1.0.

CN subjects had neuropsychologic test scores within the normal age- and education-adjusted
range and had no history of psychiatric disease, neurologic disease, major heart disease,
diabetes, vascular disease, epilepsy, or head trauma. Furthermore, a neuroradiologist with 20
years of experience in brain MR imaging evaluated T1-weighted, T2-weighted, and
intermediate-weighted MR images for each subject to determine that study subjects had no
evidence of prior cortical infarction.

Image Acquisition
Images were acquired by using a standard 1.5-T MR system (Vision; Siemens, Erlangen,
Germany) by using a circularly polarized head coil for radiofrequency transmission and
reception.
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A described method for pulsed arterial spin labeling by means of double inversions with
proximal labeling of both tag and control images, termed DIPLOMA, was used for labeling
arterial blood water (33). In brief, labeling was achieved by using a frequency-selective
inversion pulse off-resonance to water and a slab-selective inversion pulse with the same
amplitude on-resonance to water. For reference without spin labeling, two slab-selective
inversion pulses on-resonance to water were used. Because the pulses were all of the same
amplitude, undesirable magnetization transfer effects that are induced with labeling were
canceled out better than they would be with standard methods of pulsed arterial spin labeling.
Moreover, since the inversion pulses used the same power, slab profiles on the labeled and
reference images were the same. Finally, eddy current effects from pulsed gradients were
canceled to a large extent as well, because pulsed gradients were applied in both labeled and
reference sequences. Following pulsed arterial spin labeling, a bolus of labeled blood water
was established by applying a series of 14 short saturation pulses to the distal edge of the slab,
as proposed previously (34). Five MR sections (each 8 mm thick, 2 mm apart, and oriented
10° off the anterior-posterior commisure line) were then acquired by using single-shot gradient-
echo echo-planar sequences with a resolution of 2.3 × 2.3 mm over a field of view of 225 ×
300 mm. The other acquisition parameters for the labeled and reference images were as follows:
repetition time, 2.5 seconds; echo time, 15 msec; time from labeling pulse to the excitation
pulse (labeling delay), 1500 msec. Labeled and reference images were then subtracted to obtain
perfusion-weighted imaging data. Additionally, a single-shot gradient-echo echo-planar
sequence was performed to cover the whole brain with the same resolution and orientation as
the perfusion sequence.

For brain tissue segmentation and image registration to a brain anatomy template, T1-weighted
images were acquired by using a standard magnetization-prepared rapid acquisition gradient-
echo sequence with a repetition time of 10 msec, echo time of 7 msec, inversion time of 300
msec, 15° flip angle, 1.00 × 1.00-mm in-plane resolution, and 1.4-mm-thick coronal partitions
oriented orthogonally to the optic nerve, as seen from a midsection scout MR image.

Following acquisition and image reconstruction, the data were transferred to an off-line
personal computer for image processing and analysis. All subsequent image processing was
performed by one of the authors (N.A.J.).

Spatial Processing
For each subject, the perfusion image was coregistered with the T1-weighted image by using
the mutual information coregistration algorithm within a statistical parametric mapping
program (SPM version 1999; Wellcome Department of Cognitive Neurosciences, London,
England). Since direct coregistration of perfusion-weighted and T1-weighted MR images was
not reliable, because of the poor signal-to-noise ratio and the limited structural features of
perfusion-weighted images, a stepwise coregistration was done by first registering labeled and
reference images to the echo-planar reference image for each subject and then registering the
echo-planar reference image to the T1-weighted image. Once all four images were coregistered,
the perfusion image was calculated by subtracting the labeled and reference images. In this
way, the resultant perfusion image was coregistered to the T1-weighted image. A representative
perfusion image for a CN elderly subject is shown in Figure 1, A.

Perfusion signal was then corrected for intersubject variations of coil loading and signal
amplification by first calculating the image brightness (BR) according to the following formula:
BR = α · 10RG/20, where RG is the receiver gain and α stands for coil loading, which is
determined according to the voltage required for a radiofrequency spin inversion pulse. We
then calculated the ratio of image brightness to the mean brightness of all the images in the
study and then divided the value of each perfusion image by this ratio to obtain a common
intensity scale.
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To obtain perfusion maps from primarily gray matter regions, T1-weighted images were then
segmented to create a probabilistic gray matter mask. The segmentation algorithm of the
parametric mapping program (SPM, version 1999) combines a traditional clustering algorithm,
which classifies tissues on the basis of voxel intensities, with prior probability information for
each voxel obtained by performing a nine-parameter affine transformation of each T1-weighted
image to tissue probability maps of the template. In this manner, the segmentation algorithm
combines anatomic information with voxel intensity to produce a probabilistic map of gray
matter, white matter, and cerebrospinal fluid for each subject. This gray matter mask was then
resectioned to the resolution of the perfusion image and converted to a binary mask thresholded
at 20% probability to exclude voxels with small amounts of gray matter. The 20% probability
threshold was chosen because it minimized the effect of misregistration errors on our atrophy
correction procedure while simultaneously minimizing the number of relevant gray matter
voxels excluded from the analysis. The perfusion image data was multiplied by the binary gray
matter mask data to remove predominantly white matter, cerebrospinal fluid, and nonbrain
voxels. The resultant gray matter perfusion image is shown in Figure 1, B.

The perfusion images were then spatially normalized to a study-specific gray matter template
by using the normalization parameters generated by spatially normalizing each subject’s T1-
weighted MR image to this template. The gray matter template was specifically created for
this study by using the gray matter probability masks of all subjects with AD and CN subjects
to minimize systematic errors in spatial normalization owing to morphologic differences
between groups. This was done by segmenting the T1-weighted images for each subject after
affine normalization to the T1 template in the parametric mapping program, taking the mean
of all gray matter probability masks, and smoothing the resultant image with an 8-mm full-
width-at-half-maximum Gaussian kernel according to the optimized voxel based–
morphometry protocol of Good et al (35). Each subject’s T1-weighted image was segmented,
and the resultant gray matter mask was spatially normalized to the study-specific gray matter
template by using both linear (12-parameter affine) and nonlinear (7 × 8 × 7 basis functions
with 12 nonlinear iterations) transformations. Voxels with extreme perfusion values, such as
negative values or very high values from large blood vessels that were not removed in the
masking process, were then eliminated by setting a low value threshold to zero and a high value
threshold to two standard deviations above the mean perfusion in voxels with greater than 95%
gray matter for each subject.

Accounting for PVEs of White Matter and Cerebrospinal Fluid
Once perfusion images were accurately coregistered to magnetization-prepared rapid
acquisition gradient-echo images, information about the proportion of each tissue type (ie, gray
matter, white matter, and cerebrospinal fluid) contained within perfusion voxels was used to
correct perfusion data for regions where gray matter atrophy results in perfusion voxels with
greater volume fractions of white matter and cerebrospinal fluid. PVE correction for
cerebrospinal fluid was calculated for each voxel on the perfusion image on the basis of the
methods of Meltzer et al (36) and Muller-Gartner et al (37), described previously for correction
of PET data, for which it is assumed that all contributions to perfusion are from brain tissue
and that cerebrospinal fluid contributes nothing. Furthermore, to account for partial volumes
of gray matter and white matter in the voxel, we assumed that the perfusion to gray matter is
2.5 times greater than that to white matter per unit volume (18). Taken together, computations
for PVEs of cerebrospinal fluid (CSF) and white matter were then performed for each image
voxel, according to the following formula: SIcorr = SIuncorr/(GM = 0.4 + WM), where SIcorr
and SIuncorr are corrected and uncorrected perfusion signal intensities, respectively, and GM
and WM are the probabilities for the tissue volume consisting of gray matter or white matter,
respectively, with GM + WM + CSF = 1. Since SIcorr can reach extreme values if voxels contain
small amounts of brain tissue (which may happen for voxels with small misregistrations
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between the structural and perfusion images), an upper limit was set for SIcorr of two standard
deviations above the mean value of SIuncorr for all voxels containing at least 95% gray matter.

Statistical Analysis
Statistical tests were performed by one author (N.A.J.) by using the statistical parametric
mapping program. Images were smoothed with a 12-mm full-width-at-half-maximum
Gaussian kernel prior to statistical analysis to normalize the distribution of perfusion data as
required for parametric analysis within the framework of the statistical program. Group
differences in perfusion were tested for each voxel by using a one-tailed fixed-effect analysis
of covariance model with subject age entered as a covariate. Additionally, group comparisons
were made with and without a measure of each subject’s global perfusion entered as an
additional covariate to account for inter-subject instrumental and biologic variability.
References of global perfusion were calculated for each subject by first extracting data from a
region of interest that included portions of the primary motor strip bilaterally and calculating
the mean perfusion of these voxels. The motor strip was chosen because it is known to be
relatively spared until the very late stages of AD and in this way we attempted to account for
global intersubject variability while minimizing the disease effects on that variability (1,2).

The mean motor strip perfusion value was then entered into the analysis of covariance test as
a nuisance covariate to adjust for global variations of perfusion. The contrasts performed
included the following: the AD group versus the CN group, the AD group versus the CN group
adjusted for global perfusion, the MCI group versus the CN group, the MCI group versus the
CN group adjusted for global perfusion, and the AD group versus the MCI group adjusted for
global perfusion. In addition, contrasts that included the AD group were performed with and
without correction for PVEs to account for cortical atrophy in AD.

To exclude the possibility that group differences resulted from imbalance between the sexes,
we further performed a conjunction analysis for group and sex (test for a significant main effect
of group in absence of differences or interactions between the nuisance effects of sex) to
determine the pattern of hypoperfusion that men and women with AD have in common, as
compared with the pattern in CN subjects (38).

Results of group comparisons were displayed as statistical parametric maps superimposed on
the rendered cortex from a single CN elderly subject. The shaded portions of the renderings
represent regions for which perfusion data were not acquired. Clusters displayed on statistical
parametric maps were thresholded at a corrected cluster level of P < .05 by using a voxel-level
threshold of P < .001, unless explicitly stated. Corrected-cluster-level statistics yielded a
correction for multiple comparisons that took into account both significance levels of individual
suprathreshold voxels and their proximity to other suprathreshold voxels. For comparisons in
which no statistically significant clusters were found by using a voxel-level threshold of P < .
001, a more liberal voxel-level threshold of P < .01 was used to view statistical trends, although
a corrected-cluster-level threshold of P < .05 was still used for every comparison.

RESULTS
Table 1 shows demographic information for the three study groups. All groups were of a similar
age and were balanced for sex except for the AD group, which had a greater proportion of men.
The mean Mini-Mental State Examination score in the AD group was 21.0 (range, 17–26),
which represents a group with mild to moderate severity of dementia.
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AD Group versus CN Group
The comparison of the AD group versus the CN group demonstrated significant clusters of
hypoperfusion in the parietal (P < .001; cluster size [in normalized voxels], 5541) and frontal
association cortices (P < .001; cluster size, 1190) bilaterally in AD (Fig 2, A). Cluster level
statistics for all rendered clusters are shown in Table 2. The parietal cluster includes the inferior
parietal lobes, posterior cingulate gyri, and precunei, with greater significance in the right
parietal lobe than in the left. There were no clusters of significant hypoperfusion seen in the
primary motor or sensory cortices.

AD Group versus CN Group: Adjusted for Global Perfusion
After accounting for intersubject variations in global perfusion, significant clusters of
hypoperfusion in the AD group remained in the right inferior parietal lobe extending to the
posterior cingulate gyri bilaterally (P < .001; cluster size, 2788), left frontal lobe (P = .003;
cluster size, 775), and right frontal lobe (P = .012; cluster size, 521) (Fig 2, B). No significant
hypoperfusion was found in the lateral left parietal lobe as seen when global perfusion was not
accounted for.

AD Group versus CN Group: Corrected for PVEs and Adjusted for Global Perfusion
After accounting for PVEs, significant clusters of hypoperfusion remained in the right parietal
lobe (P < .001; cluster size, 2312), portions of the right middle frontal gyrus (P = .002; cluster
size, 805), and the left middle frontal gyrus (P = .023; cluster size, 419) of the AD group (Fig
2, C). When compared with the analysis in which we used non–PVE corrected data, the
significance levels and cluster sizes were slightly decreased, but the regional pattern of
hypoperfusion remained similar after PVE correction.

Conjunction Analysis
The conjunction analysis was used to test for group effects in subjects with AD relative to CN
subjects in the absence of sex differences or interactions. This analysis demonstrated that men
and women with AD showed comparable patterns of regional hypoperfusion (Fig 4).

MCI Group versus CN Group
The comparison of the MCI group versus the CN group showed no significant clusters of
hypoperfusion in the MCI group. The comparison of the MCI group versus the CN group
(covaried for global perfusion) also showed no significant regions of hypoperfusion in the MCI
group. This group comparison was then repeated after lowering the voxel-level threshold to
P < .01 to look for statistical trends. This comparison showed significant hypoperfusion in the
right inferior parietal lobe (P = .046; cluster size, 1517) of the MCI group (Fig 3, A).

AD Group versus MCI Group: Corrected for PVEs and Adjusted for Global Perfusion
No significant clusters of hypoperfusion were seen in the AD group by using a voxel-level
statistical threshold of P < .001. With a voxel-level threshold of P < .01, a significant cluster
of hypoperfusion encompassing portions of the inferior parietal lobes, precuneus, and posterior
cingulate gyri bilaterally (P < .001; cluster size, 5231) was found (Fig 3, B).

DISCUSSION
The major findings of this study were as follows: First, we demonstrated patterns of
hypoperfusion in subjects with mild to moderate AD by using arterial spin-labeling MR
imaging. The brain regions involved were similar to those in previous FDG PET and HMPAO
SPECT studies of similar populations. Specifically, we found regional hypoperfusion in the
parietal association cortices and posterior cingulate gyri of subjects with AD as compared with
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the perfusion in those structures in CN subjects. Second, these patterns of hypoperfusion in
subjects with AD were largely independent of underlying cortical gray matter atrophy. Third,
we observed hypoperfusion of the right inferior parietal lobe in the MCI group compared with
that in the CN group. Considered together, these results suggest that arterial spin-labeling MR
images, analyzed together with coregistered structural MR images, may depict patterns of
reduced brain function in subjects with AD and subjects at risk for AD; this finding is similar
to results previously observed with FDG PET or HMPAO SPECT but without the
disadvantages of these techniques.

Our first finding of hypoperfusion in subjects with AD—specifically, reductions in the parietal
association cortices and posterior cingulate gyri—is consistent with a large volume of PET and
SPECT research showing that regional hypoperfusion is most prominent in the sensory and
multimodal association cortices, as well as in the posterior cingulate gyri (4–6). Results of
previous studies have shown a temporal relationship for this pattern, with milder AD focused
more in the cingulate gyri and temporoparietal cortices and frontal hypoperfusion seen with
more advanced disease (39,40). This is consistent with our findings in a group of subjects with
mild to moderate AD, in whom the greatest hypoperfusion was shown in the parietal lobes and
cingulate gyri and a smaller effect was seen in the frontal lobes. These results are also consistent
with those of a previous arterial spin-labeling MR study involving subjects with AD, in which
a similar voxel-based approach that showed hypoperfusion most substantially in the
temporoparietal cortices was used (21).

We also found that nonnormalized measurements of perfusion showed more extensive regional
hypoperfusion in subjects with AD compared with those in CN subjects than did perfusion
measurements adjusted for a global measure of perfusion for each subject. It is difficult to
determine whether this is due to confounding effects of instrumental errors specific to the group
or whether there are global disease effects in addition to regional effects. The fact that similar
regions remained significantly hypoperfused even after accounting for inter-subject variability
of motor strip perfusion does not help separate these effects, but it does suggest that there are
regional effects independent of global differences. In contrast to results of the AD group versus
CN group comparison, results in the MCI group showed the greatest hypoperfusion relative to
the CN group only after normalization. This may result from early disease effects being more
localized while the magnitudes of biologic variability and disease effects are more similar at
this early stage.

In light of the incomplete understanding of sex effects on regional perfusion in normal aging
and dementia, a conjunction analysis for group and sex was done to determine the extent to
which men and women with AD show similar patterns of hypoperfusion. We found very similar
regions in the parietal lobes, cingulate gyri, and frontal lobes with both the conjunction analysis
and the overall group comparison. These results suggest that the regional hypoperfusion seen
in AD is largely independent of sex.

Our second finding was that patterns of hypoperfusion in AD were not caused by PVEs of
cerebrospinal fluid and white matter in the setting of cortical gray matter atrophy. The
separation of underlying structural changes from hypoperfusion is important in understanding
the onset and progression of dementia, since these two processes may differ in temporal as
well as spatial extent. Results of PET and SPECT studies with asymptomatic subjects at high
risk for development of dementia suggest that perfusion deficits may exist in presymptomatic
stages before substantial atrophy is present (7–17). Furthermore, studies combining both
functional and structural measurements demonstrate that metabolic and structural changes
associated with AD have a complex relationship both spatially and temporally (41–44). PVE
correction is particularly important in light of large voxel size in the perfusion image relative
to gray matter thickness, which results in greater PVEs. Our results are consistent with those
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of previous PET and SPECT studies that include corrections for PVEs of cerebrospinal fluid
and show that hypoperfusion in the parietal lobes and cingulate are largely independent of
atrophy in mild to moderate AD (22–25). Additionally, our atrophy correction technique
corrects for the PVEs of white matter, thereby accounting for the differential perfusion to gray
matter and white matter, a correction that is usually not performed in PET and SPECT studies
in which there is correction for atrophy.

Our third finding was that there was hypoperfusion of the right inferior parietal lobe in the MCI
group compared with perfusion in the CN group. Notably, the region of greatest difference
between the MCI and CN groups was in a region similar to that most affected in the AD group.
The AD versus MCI analysis showed that the AD group had significant hypoperfusion in the
cingulate gyri and portions of the inferior parietal lobes compared with perfusion in the MCI
group, but these regions did not overlap the region most affected in the MCI group compared
to perfusion in the CN group. While the significance of the regional hypoperfusion seen in the
MCI group relied on a lower voxel-level statistical threshold, its location in the region most
affected in the AD group and the lack of a difference between AD and MCI in this same region
was consistent with the hypothesis that subjects with MCI may demonstrate regional
hypoperfusion in the regions most affected in AD prior to the onset of clinical AD. Our study
may have lacked the power to depict more extensive differences between the MCI and CN
groups because of the heterogeneity of our MCI group since, presumably, our MCI group
included both subjects whose conditions would convert to AD and those whose conditions
would not convert. In fact, published results of most studies showing statistically significant
regional hypoperfusion in a population with MCI with use of PET or SPECT have included
subjects with MCI whose conditions were known to have subsequently converted to AD or
those who were at higher risk because of strong genetic risk factors (45). While it is interesting
to note that our MCI group showed a trend toward hypoperfusion in a region severely affected
in the AD group, the relevance of this finding depends on future analyses in which the clinical
outcome of the subjects with MCI is known.

This study had several limitations. The most important limitation was that data were acquired
only for the superior cerebral cortex because of technical limitations that required spin labeling
at the circle of Willis, thus excluding major portions of the temporal lobes and inferior frontal
lobes from the perfusion image. Consequently, interpretation of our results as they relate to the
characterization of the diagnostic groups studied must be tempered by the understanding that
the brain regions with the greatest pathologic changes in early disease (ie, median temporal
lobe structures such as hippocampal regions and entorhinal cortex) were not included. A second
limitation was that transit time and T1 relaxation times of labeled water in blood and brain
tissue were not measured because they require longer imaging times, which may have increased
the attrition rate. Therefore, increased transit times in imaging of AD and MCI because of
cerebrovascular factors or decreased T1 relaxation may have mimicked hypoperfusion. While
we attempted to minimize group differences due to technical factors and to account for
intersubject variations in global perfusion when comparing groups, the more reliable way to
study effects of disease is by using quantitative arterial spin-labeling MR imaging that also
takes into account effects of transit times and blood and tissue water relaxations.

In conclusion, regional hypoperfusion measured with arterial spin-labeling MR imaging in a
population with AD is similar to that seen with other functional modalities and is, to a large
extent, independent of underlying gray matter atrophy. These results suggest that perfusion
MR imaging is a useful tool for the functional characterization of AD and may be useful for
early detection of the disease.
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Figure 1.
A, Example of transverse arterial spin-labeling MR images obtained with double inversions
with proximal labeling of tagged and control images in a single CN subject (gradient-echo
echo-planar acquisition; repetition time, 2.5 seconds; echo time, 15 msec; labeling delay, 1500
msec; resolution, 2.3 × 2.3 mm; section thickness, 8 mm; field of view, 225 × 300 mm). B,
Masked perfusion images obtained after voxels corresponding to non–gray matter voxels in
the coregistered magnetization-prepared rapid acquisition gradient echo image were removed.
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Figure 2.
A, Statistical parametric maps of regional hypoperfusion in the AD group (relative to the CN
group). All colored voxels are contained within clusters with a corrected cluster-level P value
of .05. Yellow voxels are regions of greatest group differences. The most significant
hypoperfusion is in the posterior cingulate gyri and parietal association cortices. B, Same
analysis as in A, after accounting for global perfusion. C, Same analysis as in A, with data
corrected for PVEs and after accounting for global perfusion. Although significance and spatial
extent of hypoperfusion are reduced, the regional pattern remains very similar and suggests
group effects cannot be fully explained by underlying cortical atrophy.
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Figure 3.
A, Statistical parametric maps show regional hypoperfusion in the MCI group (relative to the
CN group) after accounting for global perfusion. A lower voxel-level threshold of P < .01 was
used. The cluster of significant hypoperfusion is located in the right parietal lobe, in a region
very similar to that most affected in the AD group. B, Statistical parametric maps show
hypoperfusion in the AD group relative to the MCI group with correction for PVEs and adjusted
for global perfusion. The right parietal regions seen in A are not seen in B; this suggests that
hypoperfusion in this region may reflect early disease effects in the MCI group.
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Figure 4.
Statistical parametric maps of regional hypoperfusion in the AD group (relative to the CN
group). The conjunction analysis here shows group effects with sex differences and interactions
removed. Highlighted voxels show regional hypoperfusion in the AD group independent of
sex imbalance between groups (uncorrected P < .001). This shows that effects seen in the left
posterior cingulate and parietal lobes are not dependent on sex imbalances.
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TABLE 1
Characteristics of Study Groups

Characteristic AD Group (n = 20) MCI Group (n = 18) CN Group (n = 23)
Mean age (y)* 72.9 (10.8) 73.3 (8.6) 72.9 (8.2)
Sex†
 Male 13 9 10
 Female 7 9 13
Mean MMSE score‡ 21.0 (17–26) 27.7 (24–30) 29.4 (28–30)
*
Data in parentheses are standard deviations.

†
Data are numbers of patients.

‡
Data in parentheses are ranges. MMSE = Mini–Mental State Examination.
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