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The aim of this SPECT study was to determine the initial
abnormality and longitudinal changes in regional cerebral blood
flow (rCBF) in early Alzheimer’s disease (AD) using statistical
parametric mapping (SPM). Methods: rCBF was noninvasively
measured using #mTc-ethyl cysteinate dimer SPECT in 32
patients complaining of mild cognitive impairment, with a Mini-
Mental State Examination score more than 24 at the initial study,
and 45 age-matched healthy volunteers. All patients satisfied the
diagnostic criteria of AD during the follow-up period of atleast 2 y.
Follow-up SPECT studies were performed on the patients at a
mean interval of 15 mo. We used the raw data (absolute rCBF
parametric maps) and the adjusted rCBF images of relative flow
distribution (normalization of global cerebral blood flow [CBF] for
each subject to 50 mL/100 g/min with proportional scaling) to
compare these groups with SPM. Results: In the baseline study,
the adjusted rCBF was significantly and bilaterally decreased in
the posterior cingulate gyri and precunei of patients compared
with healthy volunteers. In the follow-up study, selected reduction
of the adjusted rCBF was observed in the left hippocampus and
parahippocampal gyrus. These areas showed the most promi-
nent reduction in absolute rCBF on each occasion. Moreover,
further decline of the absolute rCBF was longitudinally observed
in extensive areas of the cerebral association cortex. Conclusion:
SPM analysis showed the characteristic early-AD rCBF pattemn
of selective decrease and longitudinal decline, which may be
overlooked by a conventional region-of-interest technique with
observer a priori choice and hypothesis. This alteration in rCBF
may closely relate to the pathophysiologic process of this
disease.
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In the investigation of Alzheimer’s disease (AD), recent in
vivo neuroimaging developments have allowed MRI, PET,
and SPECT to reveal volume decreases for medial temporal
structures and reductions in regional cerebral blood flow
(rCBF) in temporoparietal areas (I—<). However, few longi-
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tudinal studies have examined the imaging characteristics of
early AD.

Most imaging studies of AD have been analyzed by a
region-of-interest (ROI) technique. Although this approach
has gained general acceptance, it is limited by the fact that
the selection of sample depends on the observer’s a priori
choice and hypothesis and leaves large areas of the brain
unexplored. An alternative method is voxel-by-voxel analy-
sis in stereotactic space to avoid subjectivity and to adopt the
principle of data-driven analysis. Such an approach is well
established in the field of functional neuroimaging analysis.
A software package known as statistical parametric mapping
(SPM) has been developed that not only spatially normalizes
PET or SPECT images to a standardized stereotactic space
but then also statistically analyzes groups of images (5). We
performed this study to evaluate the progression of rCBF
abnormalities over time in early AD by application of SPM
to brain perfusion SPECT images.

MATERIALS AND METHODS

Subjects

Thirty-two patients (13 men, 19 women; age range, 5484 y;
mean age, 72.1 y) who complained of only memory impairment
were recruited from an outpatient memory clinic of the National
Center Hospital for Mental, Nervous, and Muscular Disorders,
National Center of Neurology and Psychiatry, between 1995 and
1997. The recruitment was for an ongoing study of AD. The clinical
diagnosis of AD was based on the fourth edition of the Diagnostic
and Statistical Manual of Mental Disorders (DSM-IV) (6) and on
the criteria of the National Institute of Neurological and Communi-
cative Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association (7). For all patients, the evaluated
stage of dementia corresponded to 0.5 in the clinical dementia
rating (8). All patients underwent thorough neuropsychologic
testing that revealed quantified, objective evidence of memory
impairment with no apparent loss in general cognitive, behavioral,
or functional status at the initial study. The classification of
memory impairment required normal mental status with a score of
more than 24 on the Mini-Mental State Examination (MMSE). As
shown in Table 1, the memory performance of all patients was
significantly impaired, seen most prominently through verbal and
nonverbal episodic memory tests comprising digit span, learning of
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TABLE 1
Mean Performance Levels in Neuropsychological Assessment

Rey-Osterrieth complex figure test

. Story recall
Word le
o (c:ro w;:‘s';‘g (15 elements) Recall
Digit span delayed recall Delayed Delayed
Subject MMSE Forward Backward (30 min) Immediate (30 min) Copy Immediate (30 min)
Healthy volunteers 28.3 1.7 53*06 42*07 8.0=*1.0 96+36 80+27 356+08 199*43 188 +*56
Early AD patients
Baseline 262+15 53+08 38+08 14+23 4724 07+15" 332+47 7.0+46" 48=48"
Follow-up 223 +3.6" 52*x09 3.7*08 12+24 43+24" 15*+13 326=*51 6450 40=*49"
*Mean differs from healthy volunteers, P < 0.001.
tMean differs from baseline, P < 0.001.
Values are mean * SD.
a list of 10 words, story recall, and the Rey-Osterrieth complex  backdiffusion of the tracer from brain to blood (1/):
figure test (9). Selective impairment of delayed recall is the most .
i hologic feature of patients with an early stage 10 X ROL,onasize
prominent neuropsycholog! P y stag BPI = 100 X ky —8 ——— Eq 1

of AD (10). Each patient underwent baseline SPECT and MRI at
the time of the initial evaluation, was followed up clinically, and
underwent a second SPECT examination at intervals ranging from
11 to 25 mo (mean, 15 mo). At the time of the baseline SPECT
study, the MMSE score was 26.2 * 1.5 (mean * SD); this mean
declined to 22.3 * 3.6 at the time of the follow-up SPECT study.
The MMSE score showed a further decline to 20.8 * 5.1 during
subsequent clinical follow-up for at least 2 y. Nineteen patients
(59%) showed an MMSE score of less than 24 at the follow-up
SPECT study, and 24 patients (75%) showed scores of less than 24
during further clinical follow-up. At the time of study entry, none of
the 32 patients met AD criteria according to DSM-IV. However,
during the observation period, the patients showed a progressive
cognitive decline and eventually fulfilled the AD criteria. No focal
brain lesions on MRI were observed except for age-related white
matter hyperintensities on T2-weighted images.

Forty-five healthy volunteers (14 men, 31 women; age range,
54-87 y;, mean age, 68.2 y) were also studied. They had no
neurologic or psychiatric disorders, including alcoholism, sub-
stance abuse, atypical headache, head trauma with consciousness
loss, and asymptomatic cerebral infarction detected by T2-
weighted MRI. They did not significantly differ in age, sex, or
educational level from the AD patients. The ethics committee of the
National Center of Neurology and Psychiatry approved this study
for healthy volunteers, all of whom gave informed consent to
participate.

Global and rCBF Measurements

Before SPECT was performed, an intravenous line was estab-
lished in all subjects. They were injected while lying down with
eyes closed. Each received a 600-MBq intravenous injection of
9mTc-ethyl cysteinate dimer. The global CBF was noninvasively
measured using graphic analysis, as has been described in reports
without any blood sampling (/1,12). The passage of the tracer from
the aortic arch to the brain was monitored in a 128 X 128 format for
100 s at I-s intervals using a rectangular gamma camera with a
parallel-hole collimator on a triple-head SPECT system
(Multispect3; Siemens Medical Systems, Inc., Hoffman Estates,
IL). ROIs were drawn by hand over the aortic arch (ROI,,,) and
both brain hemispheres (ROlynin). A hemispheric brain perfusion
index (BPI) was determined as follows before the start of initial
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where ku is the unidirectional influx rate for the tracer from blood
to brain, which is determined by the slope of the line in graphic
analysis within the first 30 s after injection. Then, the BPI (x) was
converted to global cerebral blood flow (CBF) values (y) using a
regression equation (y = 2.60x + 19.8) obtained from previous
133Xe inhalation studies (/1).

Ten minutes after the injection of ®™Tc-ethyl cysteinate dimer,
brain SPECT was performed using a camera equipped with
high-resolution fanbeam collimators. For each camera, projection
data were obtained in a 128 X 128 format for 24 angles of 120° at
50 s per angle. A Shepp and Logan Hanning filter was used for
SPECT image reconstruction at 0.75 cycle/cm. Attenuation correc-
tion was performed using Chang’s method. To calculate rCBF and
to correct for incomplete retention of ®™Tc-ethyl cysteinate dimer
in the brain, the following linearization algorithm (/3) of a
curvilinear relationship between brain activity and blood flow was
applied:

a X (Ci/Cr)

s X X(CiC
R =R X e - o’

Eq.2
where Fi and Fr represent CBF values for a region i and a reference
region r, respectively, and Ci and Cr are the SPECT counts for the
region i and the reference region r, respectively. The cerebral
hemisphere was used as the reference region, and global CBF
obtained from graphic analysis was substituted for Fr. The lineariza-
tion factor a was set to 2.59, as proposed by Friberg et al. (13).

Image Formatting

All subsequent image manipulation and data analysis were
performed on a personal computer equipped with a UNIX operat-
ing system (Linux, version 4.2; Red Hat, Inc., Durham, NC) as
described previously (/4). The software for image manipulation
included MATLAB, version 4.2¢c (MathWorks, Inc., Natick, MA)
and SPM96. Transverse slice image volumes were converted to
ANALYZE format (Biomedical Imaging Resources, Mayo Founda-
tion, Rochester, MN). The images were then spatially normalized
in SPM96 to a standardized stereotactic space based on the
Talairach and Tournoux atlas (15), using 12-parameter linear affine
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normalization and a further 8 nonlinear iteration algorithms with an
original template for ¥™Tc-ethyl cysteinate dimer. This original
template was generated from 60 healthy volunteers, aged 20-79 y.
Then, isotropic smoothing with 12 mm full width at half maximum
was performed. This resolution corresponds to almost twice that
(7.6 mm full width at half maximum) of the SPECT scanner. The
initial parameters of the image were 128 X 128 X n, where n = the
number of slices covering the whole brain. The final image format
was 16-bit, with a size of 79 X 95 X 68 mm and a voxel size of 2 X
2 X 2 mm.

Image Analysis

Data were analyzed using the SPM96 program. Statistical
parametric maps are spatially extended statistical processes used to
characterize regionally specific effects in imaging data. The SPM96
combines the general linear model and the theory of gaussian fields
(16,17) to make statistical inferences about regional effects. To
examine images for specific regions of differences in perfusion
between the AD patients and healthy volunteers, we compared the
2 groups using 2 contrasts in statistical analysis of SPM96. The first
contrast examined areas of increased perfusion in the AD group, as
compared with the control group, and the second contrast examined
areas of decreased perfusion. Moreover, to examine perfusion
changes from baseline to follow-up studies in the AD patients, the 2
conditions were compared in a paired manner using 2 contrasts
(multisubject with different conditions in SPM96). The analysis
was performed with or without the implication of changes in global
CBF levels as a confounding covariate. The gray matter threshold
was set to 0.8. We first used the raw data (absolute rCBF parametric

SPM96
Absolute rCBF
I To

Sormal Control

FIGURE 1.

Normal Control

maps without global normalization) and then adjusted rCBF
images (normalization of global CBF for each subject to 50
mL/100 g/min with proportional scaling) to compare 2 groups
regarding relative rCBF distribution. The resulting set of values for
each contrast constituted a statistical parametric map of the ¢
statistic SPM {t}. The SPM {t} maps were then transformed to the
units of normal distribution (SPM {Z}), and height threshold was
set to P = 0.001. The resulting regions were examined with
multiple comparisons. The significance of each region was esti-
mated with a threshold of P = 0.05 using distributional approxima-
tions from the theory of gaussian fields (/7). These areas of
significance were best visualized as overlaid on a normalized MR
image to obtain a clear view of the location of the perfusion
changes.

RESULTS

Global Effects

The baseline and follow-up global CBFs of AD patients
were 38.4 * 4.6 and 37.2 *+ 5.0 mL/100 g/min, respectively,
without significant changes. The follow-up global CBF of
AD patients was significantly lower (P < 0.001) than that of
healthy volunteers, at 42.1 * 4.3 mL/100 g/min in Tukey-
Kramer as a posthoc 1-way ANOVA test in the statistical
software program JMP, version 3.1 (SAS Institute, Cary, NC).

Regional Effects
Absolute rCBF. Figure 1 shows the voxels with a signifi-
cant decline in absolute rCBF in AD patients compared with

Height (p=0.001), Corrected for multiple comparisons (p=0.05)

early AD (baseline)
(\

&
L3

08 e

carly AD (follow up . mean 15 months)

Orthogonal

Absolute rCBF decrease shown by SPM in patients with early AD compared with healthy volunteers and from baseline to

follow-up study. Significant decrease is shown as maximume-intensity projection (MIP) and colored areas superimposed on orthogonal

sections of standard MR scans.
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healthy volunteers and from the baseline to the follow-up
study (no voxel significantly increased). A significant rCBF
reduction was observed in both posterior cingulate gyri, both
precunei, both parietal lobules, and the left angular and
superior occipital gyri of AD patients in the baseline study
compared with healthy volunteers. In the follow-up study,
the left hippocampus, left fusiform gyrus, right amygdaloid
body, and both temporal lobules became additionally in-
volved. Follow-up studies showed a significant rCBF de-
cline from the baseline study in both middle frontal gyri,
both inferior temporal gyri, the left middle and inferior
occipital gyri, the right inferior parietal lobules, and the left
hippocampus. Table 2 lists the peaks of the most significant
declines in absolute rCBF obtained in this analysis with
Talairach and Tournoux coordinates (/5), X, y, and z in
millimeters of these peaks, as well as the corresponding z
scores.

Adjusted rCBF. Figure 2 and Table 3 show the voxels with
a significant decline in adjusted rCBF compared with
healthy volunteers and from the baseline to the follow-up
study. A significant, bilateral rCBF reduction was observed
in the posterior cingulate gyri and precunei of AD patients in
the baseline study compared with the healthy volunteers. In
the follow-up study, the left hippocampus and left parahippo-
campal gyrus showed significant reductions. Follow-up
studies also showed significant declines from the baseline

study in the left hippocampus and left parahippocampal
gyrus.

Figure 3 and Table 4 show the voxels with a significant
increase in adjusted rCBF in AD patients compared with
healthy volunteers and from the baseline to the follow-up
study. A significant rCBF increase was observed in the left
thalamus, left putamen, and right insula of AD patients in the
baseline study compared with healthy volunteers. In the
follow-up study, the pons, both putamina, both cerebellar
hemispheres, both precentral gyri, and the right posterior
central gyrus showed significant increases. Follow-up stud-
ies showed significant increases from the baseline study in
the lobulus paracentralis, both postcentral gyri, the right
cerebellar hemisphere, the right precuneus, the right superior
frontal gyrus, the right posterior cingulate gyrus, the pons,
the right putamen, and the right cuneus.

DISCUSSION

Recent PET studies have revealed selective rCBF de-
creases in the posterior cingulate gyrus and precuneus not
only in mild to moderate AD but also in very early AD using
a stereotactic anatomic standardization technique such as
SPM (18-21). These reductions remained significant even
after correction of partial-volume effects using segmented
MR images (21). We showed the same finding in the initial
baseline SPECT study. In the recent SPM analysis of AD of

TABLE 2
Location and Peaks of Significant Decreases in Absolute rCBF
Coordinates z
Study Structure b y z score
Baseline of early AD patients versus healthy volunteers Both posterior cingulate gyri 0 -38 38 5.75
Left precuneus -4 ~52 36 5.61
Right precuneus 2 -68 40 5.09
Right inferior parietal lobules 16 —-78 38 4.97
Left superior parietal lobules -34 -76 52 4.92
Left angular gyrus —46 -60 34 4.65
Left superior occipital gyrus -30 -84 36 442
Follow-up of early AD patients versus healthy volunteers Left hippocampus -26 -20 -12 6.73
Left fusiform gyrus -36 -16 -24 6.53
Right precuneus 2 =70 38 5.99
Left angular gyrus -46 -60 28 5.97
Left middle occipital gyrus -36 -74 22 5.96
Left inferior temporal gyrus —-58 -50 -16 5.90
Right amygdala 20 -2 -14 5.90
Right posterior cingulate gyrus 2 -34 32 5.84
Left middle temporal gyrus -54 —64 20 5.80
Left precuneus -10 -52 38 5.79
Follow-up versus baseline Left middle occipital gyrus -36 -74 -4 5.62
Right middle frontal gyrus 48 46 6 5.57
Left inferior occipital gyrus -46 -78 -16 5.55
Left middle frontal gyrus -38 56 10 5.43
Right inferior parietal lobules 40 —40 32 5.41
Left hippocampus -24 -20 -8 5.24
Right inferior temporal gyrus 48 —26 -30 5.16
Left inferior temporal gyrus —-46 -28 —-26 5.13

Significance is at the P < 0.001 level.
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FIGURE 2. Adjusted rCBF decrease shown by SPM in patients with earty AD compared with healthy volunteers and from baseline to

follow-up study. MIP = maximum-intensity projection.

mild to moderate severity, a significant correlation was
revealed between verbal and visual episodic memory scores
and rCMRglu in the posterior cingulate gyrus (22). A PET
activation study revealed that encoding and retrieval of
episodic memory was associated with activation of the
posterior cingulate gyrus and precuneus, respectively (23).

Clinical evidence also supports the involvement of the
retrosplenial cingulate cortex in the memory system (24,25).
Although the posterior cingulate gyrus and precuneus still
showed a significantly lower absolute rCBF in the follow-up
study, the adjusted rCBF of AD patients did not show a
significant decrease in the follow-up study compared with

TABLE 3
Location and Peaks of Significant Decreases in Adjusted rCBF
Coordinates z
Study Structure X y z score

Baseline of early AD patients versus healthy volunteers Right posterior cingulate gyrus 4 -34 44 5.08

Right posterior cingulate gyrus 4 -42 38 4.61

Left posterior cingulate gyrus -6 —44 38 4.39

Right precuneus 2 -70 38 412

Left precuneus -8 -52 38 4.08
Follow-up of early AD patients versus healthy volunteers Left hippocampus -26 -22 -12 4.87

Left parahippocampal gyrus -34 -18 -30 4.47

Left parahippocampal gyrus -28 -20 -20 4.46
Follow-up versus baseline Left hippocampus -24 -28 -6 4.57

Left hippocampus -26 -34 0 4.14

Left hippocampus -22 -12 -14 4.12

Left parahippocampal gyrus -14 -36 -2 3.18
Significance is at the P < 0.001 level.
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FIGURE 3. Adjusted rCBF increase shown by SPM in patients with early AD compared with healthy volunteers and from baseline to

follow-up study. MIP = maximume-intensity projection.

healthy volunteers. This vanishing phenomenon of the
significant decrease in adjusted rCBF from the first to the
second study may be caused by considerable stability of the
absolute rCBF in these areas during this period. This
possibility was supported by the SPM maps of the second
minus the first study with a significant increase in adjusted
rCBF in these areas, which also showed well-known pre-
served areas in AD such as primary sensorimotor areas,
cerebellum, basal ganglia, thalamus, and pons (/,2,26).
Most previous pathologic and morphologic studies sug-
gest that structures within the medial temporal structures,
amygdala, hippocampal formation, enthorhinal cortex, and
parahippocampal and fusiform gyri are the first to be
affected in AD (4,27-30). The reduced rCBF in the medial
temporal structures shown by a recent high-resolution
SPECT system is consistent with these pathologic findings
(31-33). The current follow-up study also revealed signifi-
cant reductions in the absolute and adjusted rCBF in the
medial temporal area on the left side, although the possibil-
ity cannot be excluded that this decrease may be related to a
partial-volume effect from focal atrophy. However, our
recent cross-sectional study (34) on simultaneous anatomic
and functional measurements using MRI and SPECT ex-
plains that the rCBF reduction in the hippocampus is not
caused solely by a partial-volume effect in AD. Early AD
patients showed much less decline in rCBF (12.4% on
average) than in volume (22.2%) in the hippocampus
compared with healthy volunteers, whereas advanced AD
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patients showed an almost equal decline in rCBF (25.9%)
and in volume (29.3%). This much greater difference in
rCBF than in volume between early and advanced AD
patients is attributable not to a mere partial-volume effect
but to the disease process.

Two reports (31,32) did not describe asymmetry in rCBF
reduction in the medial temporal areas of AD, whereas
Rodriguez et al. (33) reported that a more stringent statistical
correlation exists between right hippocampal perfusion and
both quantitative EEG and neuropsychologic score. Most
MRI volumetric studies have shown significant asymmetry
in the hippocampal volume (4,29,35). This discrepancy may
be attributed to the greater variance of rCBF in the right
hippocampus than in the left. A less stringent height
threshold at P = 0.005 shows an additional statistical
decrease in the absolute rCBF in the right hippocampus in
the current follow-up study. A recent volumetric study (36)
revealed that the right hippocampal region is smaller than
the left in healthy volunteers carrying the apolipoprotein Ee4
allele, which is a risk factor for late-onset AD but not in
those without the €4 allele. AD patients with 2 €4 alleles
have been reported to have severe damage in the medial
temporal structures early in the disease process and differ
from the AD patients with 1 or no €4 alleles (37). A further
comparative SPECT study of AD patients with or without
the €4 alleles would clarify the rCBF variance and asymme-
try in the medial temporal structures.

Several investigators have addressed longitudinal changes
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TABLE 4
Location and Peaks of Significant Increases in Adjusted rCBF

Coordinates z

Study Structure X y z score

Baseline of early AD patients versus healthy volunteers Left thalamus -16 -18 6 4.63
Right insula 36 6 0 3.83

Right insula 28 14 -8 3.65

Left putamen -26 -16 10 3.54

Follow-up of early AD patients versus healthy volunteers Pons 0 -28 -28 5.86
Right putamen 30 2 -2 5.55

Left putamen -30 -12 10 5.49

Right putamen 20 14 -6 5.09

Left cerebellum -28 —56 —46 4.63

Right cerebellum 20 -56 -20 4.55

Right precentral gyrus 32 -26 54 4.48

Left precentral gyrus -26 -26 54 4.48

Right postcentral gyrus 22 -32 56 4.30

Follow-up versus baseline Right lobulus paracentralis 2 -32 66 4.82
Left postcentral gyrus -26 -32 66 4.59

Right postcentral gyrus 28 -34 62 4.57

Right cerebellum 4 —68 -24 4.49

Right precuneus 6 —44 50 4.48

Right superior frontal gyrus 24 -10 62 4.41

Right posterior cingulate gyrus 4 -44 36 4.32

Right precentral gyrus 32 -28 54 4.31

Pons 0 -30 -32 4.27

Right putamen 18 0 6 4.10

Right cuneus 24 -88 28 4.05

Right precuneus 8 -68 32 3.95

Significance is at the P < 0.001 level.

of rCBF or rCMRglu alteration in AD (2,37—40). However,
most of the studied subjects had probable AD with MMSE
scores less than 24, and cerebral association cortices were
only roughly evaluated using ROI analysis. The posterior
association cortex has consistently been reported to be the
first cortical region affected in AD. This deficit then spreads
to the frontal lobes as the disease progresses, with persisting
asymmetry. In our longitudinal study, the left hippocampus
and parahippocampal gyrus showed the most prominent
decrease in adjusted rCBF in addition to a decline in the
absolute rCBF in the cerebral association cortices. Both the
high spatial resolution of the SPECT system used and the
fully automated, user-independent analysis using SPM en-
abled us to detect rCBF changes in the fine structures of the
medial temporal areas.

This study showed considerably rapid chronologic alter-
ation of the rCBF distribution pattern in early AD. SPM
analysis using both absolute and adjusted rCBF was useful
for characterizing this alteration. The analysis of absolute
rCBF revealed an overall tendency toward a diffuse decrease
in extensive areas of the brain, and the analysis of the
adjusted rCBF distinguished the regions with the most
prominent decrease or increase. The reason that the rCBF
decrease in the posterior cingulate gyrus and precuneus
preceded that of the medial temporal areas is unclear.
Functional or structural deafferentation caused by primary

SPECT IN ALZHEIMER’S DISEASE ¢ Kogure et al.

neural degeneration in the medial temporal areas may lead to
the rCBF decrease in the posterior cingulate cortex and
precuneus in the early stage of AD, as suggested by
Minoshima et al. (/9). A longitudinal combined study of
functional and morphologic imaging will be necessary to
further elucidate this issue.

CONCLUSION

SPM analysis showed the characteristic rCBF pattern in
early AD. Initially, a selective rCBF decrease was observed
in the posterior cingulate cortex and precuneus. A longitudi-
nal rCBF decline was then observed most prominently in the
left hippocampus and parahippocampal gyrus. These find-
ings may closely relate to the pathophysiologic process of
this disease. The SPM technique makes objective investiga-
tion possible and is useful for exploring regions with rCBF
alteration in AD that may be overlooked by a conventional
ROI technique.
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