N. Ohiwa er al. / Neuroscience Letters 395 (2006) 4650 47

including stress response and sympathetic activation, being gen-
erally observed during exercise around LT. Thus, the aim of this
study is to clarify whether running stress activates NA neurons;
and if so, if it can be hypothesized that this activation will occur
only during exercise above the LT. To address this, we investi-
gated whether running stress activates NA neurons in the A1/A2
by examining the expression of Fos protein, an immediate early
gene product, in NA neurons in the A1/A2.

Male Wistar rats (250-300 g) were housed four per cage and
kept on a 12-h light:12-h dark cycle with standard laboratory
feed and water ad libitum. Body weight was measured daily. All
the procedures used were in accordance with the NIH Guidelines
for Ethical Care of Experimental Animals and were approved
by the University of Tsukuba’s Experimental Animal Use
Committee.

The protocols for the training and the exercise tests were the
same as in our previous study [20]. Briefly, rats were initially
trained to run 5 days/week for 2 weeks with a graded increase in
the speed and duration for 30 m/min/day on a treadmill (KN-73
Natsume, Tokyo, Japan), before they were subjected to an exer-
cise test. This test consisted of running at 15 m/min or 25 m/min
a0° incline for 30 min. The control rats were put on the treadmill
without running for 30 min. All exercise tests were performed
between 8:00 and 11:30 a.m. to eliminate the effect of basal glu-
cocorticoid level, which is known to increase during the dark
phase. After completion of the test, the animals were withdrawn
blood from previously inserted jugular catherter for measure-
ments of blood lactate and plasma ACTH concentrations. Blood
lactate was measured using an automated glucose-lactate ana-
lyzer (2300 Stat Plus, YSI, OH, USA). Plasma samples were
obtained by centrifugation and stored at —30 °C until measure-
ment. Plasma concentrations of ACTH were measured using
commercially available kits (ICN Biomedicals, Costa Mesa,
CA) with a detection limit of <4 pg/ml. The coefficient of
intra-assay variation was 7.2%. For immunohistochemistry, the
animals were returned to their home cage. A hundred twenty
minutes after the initiation of the test, they were anesthetized
with sodium pentobarbital (50 mg/kg, 1.p.) and perfused first
with saline and then with 5% acrolein in 0.1 M phosphate buffer
(PB, pH 7.4). The brains were quickly removed and immersed
for more than 24 h in PB containing 30% sucrose. Frozen serial
frontal sections (40 wm thick) of the brain were made using a
cryomicrotome. The sections were then processed for immuno-
histochemistry.

A sensitive immunohistochemical method of that employs a
free-floating technique was used as previously described [20].
Briefly, the cryosections were washed with PB and immersed
sequentially in the following solutions: (1) 0.5% sodium meta-
periodate in PB for 20 min, (2) 1% sodium borohydride in PB
for 20 min, (3) 1% normal goat serum and 0.2% Triton X-100
in PB (GPB) for 1h, (4) a rabbit polyclonal antibody against
Fos protein (Oncogene, Boston, MA, USA, diluted 1:48,000)
in GPB for 24 h, (5) biotin-conjugated donkey antirabbit IgG
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, diluted 1:400)
in GPB for 2 h, and (6) avidin-biotinylated HR P-complex (ABC,
Vector Laboratories, Inc., Burlingame, CA) for 30 min. Fos
immunoreactivity was then visualized as a black nuclear pre-

cipitate by means of a glucose oxidase-based nickel-intensified
diaminobenzidine (Nickel-DAB) procedure.

After staining the Fos protein with Nickel-DAB, the free-
floating sections were first washed with 0.1 M acetate buffer (pH
6.0) and then incubated for 24 h with a rabbit polyclonal anti-
body against tyrosine hydroxylase (Chemicon, Temecula, CA,
USA, diluted 1:5000) in GPB. The sections were treated with
biotin-conjugated donkey antimouse IgG (Santa Cruz Biotech-
nology, Inc.) diluted 1:400 in GPB for 2 h, then further incubated
with avidin-biotiny{ated HRP-complex (ABC, Vector Laborato-
ries, Inc.) for 30 min. Finally, the sections were visualized as a
brown cytoplasmic precipitate using a diaminobenzidine proce-
dure. Sections incubated without primary antibodies remained
virtually free of immunolabeling. After processing, the sections
were mounted and examined by light microscopy. The C1/C2
regions are mainly located in the rostral part of the area postrema
(AP) [11], whereas the A1/A2 regions are localized more in the
caudal part than C1/C2 [10], so we divided both the C1/C2 and
the A1/A2 region into rostral and caudal parts to AP. The two
to three sections containing the A1/A2 (—13.7 to —13.1 mm
from the bregma) and the parvocellular part of the paraven-
tricular nucleus (pPVN) (—1.9 mm from the bregma) that most
closely matched the Paxinos and Watson [17] rat brain stereo-
taxic atlas and our previous study [20] were counted for each
animal. All Fos- and/or TH-positive cells in both sides of each
nuclear area were counted by staff blind to treatment. To avoid
double counting, only neurons with a complete nucleus were
counted.

All data shown are expressed as mean + S.E. The compar-
isons between different groups were performed using one-way
ANOVA followed by Scheffé’s post hoc test. Brain areas show-
ing between-group variations with p <0.05 were regarded as
statistically significant.

Concentrations of blood lactate after 30 min of running were
1.58 4:0.08 mmol/l in the controls (n=4), 1.71 4 0.08 mmol/
in the below-LT running (n=15), and 3.34 & 0.06 mmol/l in the
supra-LT running group (n=5). Running-induced increase in
plasma ACTH concentrations in the control (n=4), below-LT
(n=5), and supra-LT running groups (n=35) were 108+ 17,
177+ 52and 473 £ 77 pg/ml, respectively. Values are expressed
as mean = S.E. These absolute values were consistent with our
previous resuits [21]. Blood lactate and plasma ACTH con-
centrations significantly increased in supra-LT running groups
compared to controls and below-LT running groups (one-way
ANOVA followed by Scheffé’s post hoc test, p<0.01 versus
control and below-LT running groups). The photomicrographs
in Fig. 1 show TH- and/or Fos-ir cell labeling in the A1/A2
(Fig. 1A-F), and Fos-ir cell labeling in the pPVN (Fig. 1G-1)
in supra/below-LT running and contro! animals. In the Al/A2,
as revealed in the quantitative data, labeling is minimal in the
controls (Fig. 1A and D). Increased running speed increased
the number of TH/Fos-ir cells in both nuclei. Supra-LT run-
ning markedly increased the cell number of TH/Fos-ir cells
in both the Al cell group (Fig. 1C) and the A2 cell group
(Fig. 1F) as expected. It is of interest that below-LT running
also increased the cell number of TH/Fos-ir cells in both the
Al cell group (Fig. 1B) and the A2 cell group (Fig. 1E),
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Fig. 1. Photomicrographs show double immunostaining with TH/Fos-ir and Fos-ir cells in the Al (A-C), A2 (D-F) and the pPVN (G-1) of rats subjected to treadmill
running at 0 m/min (controls: A, D and G), 15 m/min (below-LT running: B, E and H), and 25 m/min (supra-LT running: C, F and 1). TH/Fos-ir cells were gradually
labeled in response to the exercise intensity, whereas Fos-ir cells were remarkably labeled only Supra-LT running in the pPVN. TH-ir cells and Fos-ir cells were

stained brown and black, respectively. Scale bars = 50 p.m.

although the extent of accumulation was smaller than that for
supra-LT running. Supporting our previous study [21], supra-
LT (Fig. 1I) running markedly increased the number of Fos-ir
cells in the pPVN, whereas control (Fig. 1G) and below-LT
(Fig. 1H) running increased them to a lesser extent. The per-
centage of c-Fos expression in the TH-ir cells of the A1 and
the A2 cell groups significantly increased according to running
speed. The increased percentages of TH/Fos-ir cells were sta-
tistically different among the control, below-LT, and supra-LT
running groups (one-way ANOVA followed by Scheffé’s post
hoc test, p<0.01) (Fig. 2A). The number of Fos-ir cells in the
pPVN was significantly higher than those in the below-LT and
the control groups (one-way ANOVA followed by Scheffé’s post
hoc test, p<0.01 versus control and below-LT running groups)
(Fig. 2B).

The running protocol in this study consisted of both below-
and supra-LT running, which are typical exercise intensities that
induce different metabolic and cardiovascular responses to run-
ning, as conclusively established in humans [1] and rats [2,24].
In our running model used in this study, rats subjected to run-
ning at supra-LT showed a significant increase in plasma ACTH
levels and osmolality together with blood lactate levels, while
rats in the below-LT running group did not [20,25]. Indeed, the
fact that blood lactate and plasma ACTH concentrations and
the number of Fos-ir cells in the pPVN were significantly ele-
vated in the supra-LT running group demonstrates the validity
and reproducibility of our running model as used in the present
study. Our running model consists of two different runs with or
without stress response.

TH/Fos-ir cells markedly increased in the A1/A2 at supra-LT
running as shown in Figs. 1 and 2. The A1/A2 noradrenergic
neurons showed the most prominent activation in supra-LT run-
ning, suggesting that these NA neurons play a crucial role in
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Fig. 2. Percentage of c-Fos expression in TH-ir cells in the Al/A2 (A) and
number of Fos-ir cells in the pPVN (B) for the control (open bars), the below-
LT (stripe bars) and the supra-LT (filled bars) groups. The supra-LT running
markedly increased the number of Fos/TH-ir cells in the A1/A2, and the percent-
age of c-Fos expression in the TH-ir cells of the A1/A2 significantly increased
according to running speed (A). Fos-ir cells in the pPVN significantly increased
in supra-LT running (B). Values are mean % S.E. *»<0.05 vs. control. #p<0.01
vs. below-LT (Scheffé’s post hoc tests) (n=13-4).
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some physiological events induced by running stress, for exam-
ple, the pPVN receives dense projections from the A1/A2 [21],
and it has been reported that both nuclei involve several stress
responses [3,4,16,23], including swimming stress [22]. Further-
more, we delineated anatomical activation of the pPVN where it
receives NA innervation during supra-LT running [20], suggest-
ing that the A1/A2 play a provocative role in regulating ACTH
release in running stress.

We also have demonstrated that running stress causes plasma
hyper-osmolality, resulting in the activation of hypothalamic
arginine—vasopressin (AVP) neurons in the pPVN and the SON
[20]. Because NA neurons in the Al enhance responsiveness
to plasma hyper-osmolality in the PVN neurosecretory cells
[27], activation of hypothalamic AVP neurons during running
stress that induces plasma hyper-osmolality might be amplified
by these NA neurons.

Unexpectedly, TH/Fos-ir cells in the A1/A2 also showed
a significant increase in below-LT running (running without
ACTH release), unlike the pPVN. The reason why below-LT
running increased TH/Fos-ir cells in the A1/A2 is unclear at
present. However, one possible involvement appears to exist.
In contrast, only in the stress response induced above the LT
did the cardiovascular response increase linearly with run-
ning speed {1,24]. Since these areas are generally accepted as
being the circulation center in the brain stem [19] and A1/A2
neurons are responsive to different cardiovascular conditions
[14], it is possible that A1/A2 are activated in response to
the cardiovascular response during below-LT running. It is
not known why below-LT running increased TH/Fos-ir cells
in the A1/A2 without activation of the pPVN; however, the
pPVN may receive GABAergic inhibitory inputs from other
brain areas, such as the bed nucleus of the stria terminalis
[5,9] or hippocampal formation [8], suggesting involvement of
another inhibitory factors that regulate running-induced ACTH
release.

The physiological role of activated NA neurons in the A1/A2
could not be determined in this study; however, we first demon-
strated anatomical evidence that these neurons are responsive
not only to supra-LT running, but also to below-LT running.
This is to be expected in regulatory systems that respond to
running. Neuroendocrine systems in the hypothamalo-pituitary-
adrenal axis and sympathetic nervous system including cardio-
vascular regulation, act cooperatively to support the increased
metabolic demands made by contracting muscies when running
speed increases [7]. The A1/A2 noradrenergic neurons may be
involved in the regulation of both systems. Further studies are
needed, using adrenoreceptor antagonists and agonists or by
means of lesion studies, to estimate the physiological contri-
butions of these neurons during running.

In summary, TH-containing neurons in the A1/A2 are lin-
early activated with exercise intensity. We thus suggest that
these neurons are activated in response not only to running
stress and other types of stress, but also to other physiological
responses enhanced by non-stressful running (running without
ACTH release). These findings will be helpful in studies of spe-
cific neurocircuits and in identifying their functions in response
to running at different intensities.
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Background Previous reports have vielded controversial
results concerning gender differences in regional cerebral
blood flow (rCBF). To elucidate this issue, we compared
99m1e ethyl cysteinate dimer single photon emission
computed tomography (SPECT) images for brain perfusion
between aged-matched healthy men and women after
correction for partial volume effects (PVEs).

Methods Brain perfusion SPECT in the resting state was
performed on 40 healthy, right-handed subjects, 20 men
and 20 women, with an age range of 58-86 years, who did
not differ sociodemographically. PVE correction was
performed using grey matter volume measured by mag-
netic resonance imaging. Statistical parametric mapping
was used for the analysis of the adjusted rCBF images of
relative flow distribution.

Results The PVE correction revealed that women had
higher rCBF in left inferior frontal gyrus, bilateral middle
temporal gyri, and left superior temporal gyrus. Men had
higher rCBF in left superior frontal gyrus, right medial
frontal gyrus, right superior parietal lobule, right postcen-
tral gyrus, right cerebellum, right middle frontal gyrus, right
fusiform gyrus, and right precuneus.

Introduction

Gender differences in behaviours such as cognitive and
emotional processing are increasingly recognized. Such
differences are considered to have biological substrates.
Neuropsychological measures have demonstrated gender
differences [1-3]. Functional neuroimaging techniques
such as positron emission tomography (PET) and single
photon emussion computed tomography (SPECT) have
also been used to observe the gender differences in
regional cerebral blood flow (rCBF) or regional cerebral
metabolic rate for glucose (rCMRgle) quantitatively or
semiquantitatively [3-13], but at present the findings arc
controversial. Although some studies indicated that
gender differences exist in both rCBF and rCMRgle,
the regions focused on in the various studies were not
entirely consistent. Nevertheless, others reported no
gender based differences [5,6]. Many factors are likely to
have contributed to these discrepancies, including
differences in the normal subjects selected, tracers and
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Conclusion Significant gender differences in rCBF existed
in these healthy volunteers. The PVE correction of SPECT
images revealed gender differences that were consistent
with the universal findings of better performance on verbal
tasks in women and on visuospatial tasks in men. Nuc/
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scanners, and methods of analysis. One possible explana-
tion is an interaction between a subject’s age and gender,
because studies reported that differences berween the
sexes occur in younger cohorts only and become less
prominent in later years [14-16]. Further, even when
gender differences are observed, it is still unclear whether
the differences in PET or SPECT imaging berween
women and men reflect true gender differences of rCBF
or *CMRgle. Due to the limited spatial resolution of PET
or SPECT, the accurate measurement of tracer concen-
rration in brain structures depends on several physical
limitations, particularly the relation between object size
and scanner spatial resolution. This relation, known as
the partial volume effect (PVE), biases the measured
concentration in small structures by diminishing the true
concentration. The PVE causes a volume averaging effect
between the tssue elements of grey matter, white
matter, and cerebrospinal fluid in a region of the brain.
Since the results of magnetic resonance imaging (MRI)
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studies have demonstrated gender related differences in
brain morphology [17,18], PVE may exert an influence on
PET and SPECT results. Van Laere and Dierckx [13]
considered the regional structure of the brain tissue when
they studied gender differences, but used an indirect
method, comparing the grey matter volume and brain
perfusion. No voxel based PVE correction was done in the
gender difference study with PET or SPECT. Recently,
the high-resolution anatomical detail available with MRI
techniques has led to the development of magnetic
resonance based methods to correct PET or SPECT data
for PVE [19-24]. In the present research our aim was to
investigate the gender difference in aged healthy
volunteers using brain perfusion SPECT imaging and to
determine which brain structures show a greater influ-
ence of PVE correction.

Methods

Study population

A sample of 40 right handed healthy adults, 20 women
and 20 men, with an age range of 58-86 vyears was
recruited from spouses of patients with Alzheimer’s
disease who were referred to the memory clinic of our
hospital. These healthy aged subjects were known not to
have cognitive changes during the follow-up period of
more than 2 vears since these spouses were attendant for
the patients. They had no neurological or psychiatric
disorders, including alcoholism, substance abuse, atypical
headache, head trauma with loss of consciousness, or
asymptomatic cercbral infarction detected by T2
weighted MRI. Women and men did not differ socio-
demographically; age (mean = SD), women 68.4 = 7.4,
men 72.4+7.5; education, women 13.0# 2.2, men
13.8 = 2.0; verbal 1Q [25], women 117.9 £9.1, men
121.2 +£ 6.9; performance 1Q, women 114.3 £9.3, men
110.7 £9.3; total IQ, women 117.4 £ 8.1, men 117.6 =
6.8; two-sample z-test, all two-tailed P > 0.3. There were
no significant differences between men and women in
the Mini-Mental State Examination [26]: women
29.3 0.9, men 28.6+ 1.4, and scores of Wechsler
memory scales (revised) [27], either. The ethics com-
mittee of our centre approved this study for healthy
volunteers, all of whom gave their informed consent to
participate.

SPECT study and PVE correction

Before SPECT was performed, an intravenous line was
established in all subjects. They were injected while lying
down in the supine position with eyes closed in a dimly
lit, quict room. Each received a 600 MBq intravenous
injection of “™T¢ ethyl cysteinate dimer (7™ Te-ECD).
Ten minutes after the injection of *"™Te-ECD, brain
SPECT was performed using a triple-head SPECT system
(Multispect 3; Siemens Medical Systems Inc., Hoffman
Estates, 1) equipped with high-resolution fanbeam
collimators. For ecach camera, projection data were
obrained in a 128 x 128 formart for 24 angles of 1207 at

50s per angle. A Shepp and Logan Hanning filter was
used as a filtered back-projection method for SPECT
image reconstruction at 0.7 cycle/cm. Attenuation correc-
ton was performed using Chang’s method with an
optimized effective attenuation coefficient of 0.09 cm™".

Correction for PVE was performed for atrophy correction
in SPECT images using three dimensional volumetric T'1
weighted magnetic resonance (MR) images (a 1.0T
system; Magnetom Impact Expert, Siemens, Erlagen,
Germany) as described in previous studies [23,24]. A
three-dimensional  volumetric acquisition of a Tl
weighted gradient-echo sequence produced a gapless
seriecs of thin sagittal sections using a magnetization
preparation rapid acquisition gradient-echo sequence
(TE/TR, 4.4/11.4 ms; flip angle, 15%; acquisition matrix,
256 x 256; slice thickness, 1.23mm). The MR images
acquired were reformatted to gapless 2mm thick
transaxial images. Then MR images were converted to
the same isometric matrix size as that for SPECT images.
Then Statistical Parametric Mapping 99 (SPM99,
www.fil.ion.bpmf.ac.uk/spm/) segmented these isometric
MR images into grey matter, white matter, cerebrospinal
fluid, and other compartments. The segmentation
procedure involves calculating, for each voxel, a Bayesian
probability of belonging to each ussue class based on
a priori MRI information with inhomogeneity correction
for the magnetic field. The Automated Image Registra-
tion (AIR) software (www.loni.ucla.edu/NCRR/Software/
AIR.htm) was used to align the SPECT to the MRI scans
of each subject using a six-parameter rigid-body transfor-
mation. Prior to co-registration of SPECT and MRI, the
outer scalp was removed from MRI by applying a binary
mask for the whole brain mentioned later to the MRI. A
three-dimensional convolution with the point spread
function of the SPECT device (assumed to be a simple
three dimensional Gaussian with full widch at half
maximum (FWHM) of 9.0 x 9.0 x 9.0 mm), was per-
formed to obtain cocefficients of dispersion for each voxel.
This procedure of identification of spatial resolution
between grey matter SPECT and MR images makes it
possible to correct PVE by division of these two images in
the final procedure. These convoluted grey matter and
white matter images were normalized to have a maximum
count of 1.0 as 32 bit real values. A binary volume image
was created from this convoluted grey matter image with
the threshold set to 35% of the maximum value as a mask
image for grey matter. A mask image for the whole brain
was created from this mask image for grey matter by
filling the interior holes in the brain. Then white matter
SPECT images were simulated from these normalized
white matter MR images with convolution as follows. The
maximum count of 1.0 for the normalized white matter
MR image was replaced by the maximum SPECT count
in the white matter. To get the maximum count for the
white matter of SPECT, a region of interest (ROI) was
automatically determined by sctting the threshold to



above 95% of the maximum count density of the white
matter MR images. The grey matter SPECT images were
obtained by subtraction of these white matter SPECT
images from the original SPECT images co-registered to
MRI. Last, the grey matter SPECT image was divided by
the normalized grey matter MR image with equivalent
spatial resolution to SPECT on a voxel-by-voxel basis.
The mask image for grey matter was applied to this
divided image. In the present study, a fully automated
program for the PVE correction was developed using
C+ + language.

Image formatting and analysis

All subsequent image manipulation and data analysis
were performed on a personal computer with an operating
system of Windows XP. Grey matter SPECT images
before and after atrophy correction and convoluted grey
matter images segmented from MRI were spaually
normalized in SPM99 to a standardized stereotactic
space based on the Talairach and Tournoux atlas [28],
using 1Z-parameter linear affine normalization and
further 12 non-linear iteration algorithms with an original
template for *™Tc-ECD [29] and with a template for
a priori grev matter of SPM99 respectively. Then, images
were smoothed using a 12 mm FWHM isotropic Gaussian
kernel. The initial parameters of the image matrix were
128 x 128 x n, where # is the number of slices covering
the whole brain. The final image format is 16-bit, with a
matrix size of 79 x 95 x 68 and a voxel size 2 x 2 X Z mm.

Data sets were handled with SPM99. Women and men
were compared using the ‘compare population one scan/
subject’ routine, which carries out a fixed effects simple
r-test for each voxel. The ‘proportional scaling’ routine
was used to control for individual variation in global
PMTe.ECD uptake; these dara will be referred to as
‘adjusted rCBI The grey matter threshold was set at
80% of whole brain mean. Gender differences in grey
matter concentration were also examined using voxel
based morphometry as described in a previous study [30].
The resulting set of values for each contrast constituted a
statistical parametric map of the ¢ statistic SPM{s}. The
SPM{s} maps were then transformed to the units of normal
distribution (SPM{Z}), and height threshold was set to
P < 0.005 with cluster extent K > 100 voxels. Anatomical
localization was according to Talairach coordinates, ob-
tained from Brett’s transformations (www.mrc-cbu.cam.
ac.uk/Imaging/mnispace.html).

Resulis

Spatially normalized SPECT images for average in 20
healthy men and 20 healthy women were shown before
and after PVE correction in Fig. 1. The PVE correction
made the rCBF distribution more homogenous than the
original distribution.

Gender difference in brain perfusion SPECT Li etal 1001

Before PVE correction, women showed higher perfusion
in left superior temporal gyrus and left supramarginal
gyrus than men. On the other hand, men showed higher
perfusion in right medial frontal gyrus, bilateral middle
frontal gyri, right fusiform gyrus, and right cerebellum
than women (Fig. 2, Table 1).

After PVE correction, women showed higher perfusion in
left inferior frontal gyrus, bilateral middle temporal gyri,
and left superior temporal gyrus than men. Meanwhile,
men showed higher perfusion in left superior frontal
gyrus, right medial frontal gyrus, right superior parictal
lobule, right postcentral gyrus, right cerebellum, right
middle frontal gyrus, right fusiform gyrus, and right
precuneus than women (Fig. 2, Table 1).

Women showed larger grey matter volume in left superior
temporal gyrus than men (Fig. 3, Table 2). Meanwhile
men showed larger grey martter volume in bilataral
superior frontal gyri, bilateral medial frontal gyri, and left
precentral gyrus than women (Fig. 3, Table 2).

Discussion

Although several investigators have examined gender
differences in healthy volunteers using PET or SPECT,
the findings of these studies have been inconsistent and
controversial. In the present SPECT study we investi-
gated gender differences in the relative distribution of
brain perfusion and moreover examined the modifications
that occur after correction for PVE. Totally significant
gender differences in rCBF were noted in the present
study, with PVE correction found to mostly influence
frontal and parietal lobes.

A consistent finding in gender differences in behaviours is
that women perform better than men on some verbal
tasks [2]. Women tend to perform better on verbal
learning and recall tasks [3]. The present correction for
PVE compensated for the lower spatial resolution of
SPECT compared with PET and possibly increased
sensitivity in detecting rCBF differences between women
and men. Although there is no reason why a region that
performs differently under activation should have differ-
ent perfusion at rest, the present results after PVE
correction were more in line with a verbal fluency test
which involved frontal areas than were results before PVE
correction. Audenaert 7 /. [31] found that the activation
paradigm of verbal fluency using SPECT caused a rCBF
increase in left inferior frontal gyrus.

Moreover, PVE correction of SPECT images led to
greater similarity of the present results to previously
reported results using PET in which women showed
higher resting rCBF in bilateral mid-temporal regions [7].
The finding of higher rCBF in women than in men
disappeared after PVE correction in a supero-posterior
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Fig. 1

Spatially normalized SPECT images, as an average, in 20 healthy men and 20 healthy women before and after correction for partial volume effects
(PVEs). Note the more homogenous distribution of regional cerebral blood flow (rCBF) after PVE correction.

Fig. 2

7 ¢ ?V{E,i  Yellow;Overlap
SPMB9 height threshold = 0,005, Uncorrected for multiple ¢ -

SPM9Q results for differences of adjusted rCBF between healthy men and women before and after PVE correction. Dual colour display on surface
rendered images of the standard MRI scans of significant gender differences (height threshold P<0.005, uncorrected for multiple comparisons) of
adjusted rCBF before correction of PVEs as green and those of adjusted rCBF after PVE correction as red in aged healthy volunteers by SPM99,
Overlapping areas are shown as yellow. (Abbreviations as in the legend to Fig. 1)

part of the left superior temporal gyrus and left  Another consistent finding in gender differences in
supramarginal gyrus. This may result from increased grey behaviours is that men excel in certain visuospatial tasks
matter volume in the left superior temporal gyrus in [1]. In the present study, PVE correction revealed that
women as shown in Fig. 3. men had higher adjusted rCBF in right parietal lobes and
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Table 1 Gender differences in brain perfusion SPECT before and after PVE correction
SPECT Region Brodmann area Talairach coordinate Z score
X y z

SPECT uncorrected for PVE

Women>men Left superior temporal gyrus 22 - 44 -55 18 4.08
Left superior temporal gyrus 21 -B7 -10 -1 3.16
Left supramarginal gyurs 39 —44 -55 32 3.08

Men>women Right medial frontal gyrus 6 14 5 57 4
Left middle frontai gyrus 6 -28 -7 54 3.81
Right fusiform gyrus 19 24 - 82 -13 3.67
Right middle frontal gyrus 6 28 -1 52 3.566
Right cerebellum (posterior lobe) 26 ~57 -11 3.1

SPECT corrected for PVE

Women > men Right middle temporal gyrus 21 51 -1 ~-20 35
Left inferior frontal gyrus 46 ~50 33 9 3.29
Left superior temporal gyrus 22 -53 2 -3 3.16
Left middle temporal gyrus 21 -59 -8 -13 3.02

Men >women Left superior frontal gyrus 6 - 28 -8 63 3.97
Right medial frontal gyrus 6 14 5 57 3.54
Right superior parietal lobule Vi 14 ~61 58 3.63
Right postcentral gyrus 3 30 -32 57 3.43
Right cerebellum (posterior lobe) 8 -59 -1 3.37
Right middle frontal gyrus 6 28 1 53 3.23
Right fusiform gyrus 19 24 -74 ~-13 3.1
Right precuneus 7 26 ~73 53 3.03

right fusiform gyrus than women. Although, again, we
have to be careful about linking rCBF differences at rest
to those under activation, the present resting results after
PVE correction more closely resembled the activation
results in a visuospatial perception test [32] which
involved the right parietal cortex and occipitotemporal
junction than did results before PVE correction. Jones e
al. [111 and Van Laere ¢ o/ [12] reported similar gender
differences in adjusted rCBF of parietal lobes excepr that
in their SPECT studies the direction of the differences
was reversed, with women having higher resting rCBI" in
bilateral parietal lobes than men. Premortor and prefrontal
cortices into which long association fibres project from
the parietal cortex were also activated in a paradigm of
visuospatial perception in a PET study [33]. In spite of
larger grey matter volume in premotor and prefrontal
cortices in men than in women as shown in Fig. 3, tCBF in
these areas still remained higher in men than in women
after PVE correction.

By using SPECT, Van Laere and Dierckx [13] found that
men had relatively higher resting rCBF in the cerebellum
than women. When they compared the perfusion with the
grey matter volume measured by MRI, such a gender
difference in perfusion was considered to be due to a
gender difference in cerebellar volume. In contrast, the
present study showed a consistent gender difference in
the right cerebellum before and after PVE correction. Gur
et al. [8] similarly found that men had relatively higher
resting tCMRglc in bilateral cerebellar hemispheres
compared with women. Volkow ez @/ [10] also reported
similar significant differences in cerebellar metabolism
between women and men, except that in their study the

direction of the differences was reversed, with women
having higher metabolism in bilateral cerebellar hemi-
spheres, but none of the reports that mentioned gender
differences in cerebellum clarified the detailed location
in the cerebellum. In the present study, it is clear that
only the right posterior cerebellum showed a gender
difference before and after PVE correction. Convention-
ally, cerebellum is considered to be involved in motor
function, but non-traditional roles for it in the regulation
of autonomic function, behaviour and cognition are also
recognized. As for the posterior lobe corresponding to
neocerebellum, besides its role in coordinating extremity
movement, non-motor functions, including modulation of
thought, planning, strategy formation, spatial and tem-
poral parameters, learning, memory and language have
been proposed as well [34].

The discordant findings in gender differences in previous
studies on PET or SPECT may be partly attributable to
the substantial age differences in the groups studied.
This may be particularly relevant for our group, since it
included only post-menopausal women, and oestrogen
has been considered to affect brain function [4,35].
Moreover, various degrees of brain atrophy among aged
subjects would obscure true gender difference especially
in a SPECT study with poorer resolution compared with
PET. We believe that PVE correction is essential for
detecting marginal gender differences in SPECT studies.

Finally, we must refer to the study limitations. First, we
examined only the resting state and did not incorporate
activation procedures. Thus, our conclusions concern
topography of the human brain while it is idling, which
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Fig. 3

SPMO9 results for differences of grey matter volume between healthy men and women. Grey scale display on surface rendered images of the
standard MRI scans of significant gender differences (height threshold P<0.005, uncorrected for multiple comparisons) of grey matter volume in

aged healthy volunteers by SPM99.

Table 2 Gender differences in grey matter volume

Region Brodmann area Talairach coordinate Z score
X y z
Women>men Left superior temporal gyrus 22 - 486 -56 16 3.92
Men >women Right superior frontal gyrus 8 16 47 38 4.30
Right medial frontal gyrus 10 14 48 -6 3.57
Left superior frontal gyrus 6 -18 5 55 3.52
Left medial frontal gyrus <] -16 - 17 56 3.12
Left precentral gyrus 44 - 44 12 12 2.77

may itself influence regional brain activity. Further gender
differences may become evident when activity is
measured during the performance of behavioural tasks.
Nonetheless, measures of resting rCBF support a
neurobiological explanation of some gender related
differences in behaviour. Second, although the previous
phantom study validated the present method for PVE
correction, this correction is sensitive to errors, particu-
larly image segmentation and image registration. There-
fore we do not totally deny that the differences seen only
after PVE correction can be artifacts induced by the
correction méthod than true perfusion differences which
were hidden by morphometric variations.

Conclusion

Gender effects on rCBF have not been consistent.
Discrepancies among studies probably reflect multiple
factors, including study conditions, subjects’ character-

istics, analysis strategies, and measurement variability. To
investigate gender differences in resting rCBE, we
focused our attention on correction for PVE in SPECT
images of aged healthy women and men. The PVE
correction disclosed significant gender differences in
rCBF that agreed well with the consistent gender
differences in behaviours of berter performance noted
on verbal tasks in women and on visuosparial tasks in
men. Gender differences in grey matter volume agreed
less with these gender differences in behaviours than
rCBF after PVE correction. This PVE correction may be
very helpful in SPECT studies on atrophied brain.
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Superiority of 3-Dimensional Stereotactic Surface
Projection Analysis over Visual Inspection in
Discrimination of Patients with Very Early
Alzheimer’s Disease from Controls Using

Brain Perfusion SPECT

Etsuko Imabayashi, MD'?; Hiroshi Matsuda, MD!; Takashi Asada, MD?; Takashi Ohnishi, MD!;
Shigeki Sakamoto, MD'; Seigo Nakano, MD*; and Tomio Inoue, MD?

IDepartment of Radiology, National Center Hospital for Mental, Nervous, and Muscular Disorders, National Center of Neurology
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SDepartment of Neuropsychiatry, Institute of Clinical Medicine, University of Tsukuba, Ibaraki, Japan; and *Department of
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Psychiatry, Tokyo, Japan

In Alzheimer’s disease (AD), regional cerebral blood flow (rCBF)
in the posterior cingulate gyri and precunei has been reported to
decrease even at a very early stage. It may be helpful to use
statistical image analysis to distinguish slight decreases in rCBF
in this area. We compared a 3-dimensional stereotactic surface
projection (3D-8SP) technique with visual inspection in the dis-
crimination of patients with very early AD from age-matched
controls using brain perfusion SPECT. Methods: SPECT was
obtained in 38 patients with probable AD at a very early stage
and after a mean interval of 15 mo and in 76 age-matched
healthy volunteers. We randomly divided these subjects into 2
groups. The first group was used to identify the areas with
significant decreases of rCBF in patients compared with healthy
control subjects based on the voxel-based analysis using 3D-
SSP. The second group was used to compare the discrimina-
tion ability between patients and control subjects by 3D-SSP
with that by visual inspection. In the second group, a Z-score
map for a SPECT image of a subject was obtained by compar-
ison with mean and SD SPECT images of control subjects for
each voxel after anatomic standardization and voxel normaliza-
tion to reference regions. Receiver operating characteristic
(ROC) curves for a Z-score discriminating patients with AD from
control subjects were analyzed in areas with significant de-
creases of rCBF identified in the first group. For visual inspec-
tion, 6 physicians graded the rCBF decrease on SPECT images
for ROC curves. They inspected the images twice at an interval
of >2 wk, and intra- and interobserver reliabilities were deter-
mined. Resulis: Visual inspection showed fair-to-excellent in-
tra- and interobserver reliabilities. The 3D-SSP demonstrated an
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accuracy of 86.2% for discriminating patients with AD from
control subjects when analyzing the posterior cingulate gyri and
precunei with global mean normalization. In contrast, visual
inspection did not show an accuracy of >74.0% for this dis-
crimination. Conclusion: The ability of 3D-SSP to discriminate
patients with very early AD from control subjects is superior to
that of visual inspection. It is clinically useful and reliable to
adopt the use of 3D-SSP as an adjunct to visual interpretation.

Key Words: Alzheimer's disease; SPECT; regional cerebral
blood flow; 3-dimensional stereotactic surface projection

J Nucl Med 2004; 45:1450-1457

En a very early stage of Alzheimer’s disease (AD), even
before a clinical diagnosis of probable AD is possible,
decreases in regional cerebral blood flow (rCBF) and glu-
cose metabolism in the posterior cingulate gyri and precunei
have been reported using PET (7,2) or SPECT (3,4). Patho-
logic degeneration of neurons in this area had already been
reported in subjects with early AD before these neuroimag-
ing findings became apparent (5). However, it is virtually
impossible to distinguish a slight decrease of flow or met-
abolic activity in this area in subjects with early AD by
visual inspection, since metabolic activity in the posterior
cingulate cortex is as high as in the primary visual cortex in
healthy individuals at rest (2). The fact that recent medica-
tions such as cholinesterase inhibitors delay the progression
of AD (6) has increased the importance of diagnosis of AD
at an earlier stage. Although recent advances in computer-
assisted analysis of PET or SPECT images using 3-dimen-
sional stereotactic surface projection (3D-SSP) (1,2,7) or
statistical parametric mapping (SPM) (4,8,9) have made it
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easier to detect these regional metabolic or perfusion
changes, there have been few studies on the ability to
discriminate early AD subjects from healthy volunteers
using these stereotactic methods in the clinical setting. The
purpose of our study was to compare a 3D-SSP analysis
technique with visual inspection in the ability to discrimi-
nate very early AD subjects from healthy volunteers using
brain perfusion SPECT.

MATERIALS AND METHODS

Subjects

We retrospectively chose 38 patients (16 men, 22 women) with
a clinical diagnosis of probable AD according to the National
Institute of Neurologic and Communicative Disorders and Stroke
and the Alzheimer’s Disease and Related Disorders Association
criteria (NINCDS-ADRDA) (10). The patients ranged in age from
48 to 81 y, with a mean age * SD of 71.1 * 8.4 y. At the initial
visit, they underwent thorough neuropsychologic testing (/7) and
showed selective impairment of delayed recall with no apparent
loss in general cognitive, behavioral, or functional status (Table 1).
They corresponded to the criteria of mild cognitive impairment
(MCYU) proposed by Petersen et al. (/2) or 0.5 in Clinical Dementia
Rating (/3). Each patient underwent baseline brain perfusion
SPECT at the time of the initial visit and was clinically fol-
lowed-up with a second SPECT study at intervals ranging from
11.2 to 254 mo (mean, 15.0 mo). At the time of the baseline
SPECT study, the Mini-Mental State Examination (MMSE) score
(14) was 26.1 = 1.6 (mean * SD). The score significantly (P <
0.05; repeated measurement ANOV A with Dunnet test) decreased
to 22.0 = 3.7 at the time of the follow-up SPECT study. At the
third neuropsychologic assessment without a SPECT study, except
for forward and backward recall of digit span, all of the other
assessments described in Table 1 were significantly (P < 0.05)
decreased from the baseline study.

Seventy-six healthy volunteers (37 men, 39 women; age range,
67-87 y; mean age, 71.0 £ 7.1) were also studied. They had no
neurologic or psychiatric disorders, including alcoholism, sub-
stance abuse, atypical headache, head trauma with loss of con-
sciousness, or asymptomatic cerebral infarction detected by T2-
weighted MRI. They did not significantly differ in age, sex, or
education from the AD patients (Table 1). Spouses of the patients
comprised the control subjects. They were not only spouses of the
present patients but also spouses of other patients with advanced
AD. These control subjects were known not to have manifested
cognitive changes during the follow-up period of >2 y, since these
spouses were attendant for the AD patients. We were also cogni-
zant of their mental health. The Ethics Committee of the National
Center of Neurology and Psychiatry approved this study, and all
subjects gave informed consent to participate.

We randomly divided these subjects into 2 groups. The first
group was used to identify the brain area with significant decreases
of rCBF in patients compared with that of healthy control subjects.
The second group was used then to compare the discrimination
ability between patients and control subjects by 3D-SSP with that
of visual inspection in regions identified in the first group.

SPECT image data in the present study have previously been
reported in 12 of the 38 patients and 25 of the 76 healthy volun-
teers (4).

TABLE 1
Mean Performance Levels in Neuropsychologic Assessment
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-up study differ from baseline study, P < 0.05 {repeated measurement ANOVA with Dunnet test as posthoc muttiple comparison).

Data are mean = SD in healthy volunteers {n

SScores of 1st or 2nd follow
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SPECT

Before the SPECT scan was performed, all subjects had an
intravenous line established. They were injected while lying down
in the supine position with eyes closed in a dimly lit, quiet room.
Each subject received an intravenous injection of 600 MBq % Tc-
ethylcysteinate dimer (**"Tc-ECD). Ten minutes after the injection
of 9"Tc-ECD, brain SPECT was performed using triple-head
rotating y-cameras (Multispect3; Siemens Medical Systems, Inc.)
equipped with high-resolution fanbeam collimators. For each cam-
era, projection data were obtained in a 128 X 128 format for 24
angles at 50 s per angle. A Shepp and Logan Hanning filter was
used for SPECT image reconstruction at 0.7 cycle/cm. Attenuation
correction was performed using Chang’s method.

Determination of Regions with Significant Decline
of rCBF in AD

We randomly selected 19 patients and 38 healthy volunteers as
the first group to establish regions with significant decline of rCBF
in patients using group analysis by 3D-SSP. Each SPECT image
was anatomically standardized to match a standard atlas brain (/5)
while preserving regional perfusion quantity. Maximum cortical
activity was extracted to adjacent predefined surface pixels on a
pixel-by-pixel basis using a 3D-SSP technique (/6). The extracted
cortical perfusion for patients was compared with that of healthy
volunteers using a 2-sample Student ¢ test on a pixel-by-pixel basis
for approximately 16,000 predefined surface pixels covering the
entire cortex. Calculated 7 values were converted to Z values using
a probability integral transformation for comparison. A statistical
significance threshold for P = 0.05 was calculated on the 3D-SSP
Z map using a unified formula that controls multiple pixel com-
parison and a shape of the stochastic process on the 3D-SSP format

(7).

Automated Analysis Using 3D-SSP

In the second half group, each SPECT image of the patients on
both the baseline and the follow-up studies was compared with the
mean and SD of SPECT images of the 38 healthy volunteers using
voxel-by-voxel Z-score analysis after pixel normalization to values
of 5 reference regions: global mean, pontine, cerebellar, sensori-
motor, and thalamus; Z score = ([control mean] — [individual
value])/(control SD) as previously reported by Minoshima et al.
(16).

Each SPECT image of 1 of the 38 healthy volunteers was also
compared with the averaged SPECT image of the remaining 37
healthy volunteers in the same manner as in the patients. Using the
averaged value of positive Z scores in regions with significant
decline of rCBF identified in the first group as the threshold,
receiver operating characteristic (ROC) curves were determined
using the ROCKIT 0.98 program developed by Metz et al. (http://
xray.bsd.uchicago.edu/kr]) (/8). The program calculates the area
under the ROC curves (Az), accuracy, sensitivity, and specificity.
Accuracy was determined as the value at the point where the
sensitivity is the same as the specificity on the ROC curve. The
program also tests differences in Az between 3D-SSP and visual
inspection. The Games-Howell test was used as the multiple
comparison method of Az for specific areas and reference regions.
Then, using the PIotROC program (http://xray.bsd.uchicago.edu/
krl), interpolated values were also statistically calculated for draw-
ing ROC curves.
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Analysis with Visual Inspection

The observers comprised 6 medical doctors with experience
in nuclear medicine for at least a year: 4 diagnostic radiologists
with careers extending to 20, 16, 6, and 3 y, and 2 physicians
working in nuclear medicine for 4 y and 1 y. Before the
observers worked independently, a 10-min explanation was
provided with regions identified in the first group, which were
shown to teach where rCBF typically decreases in AD patients
in the early stage. After this teaching session, transaxial, coro-
nal, and sagittal sections of the original SPECT images in the
second group were randomly presented to the observers. All of
the observers were informed that these SPECT images origi-
nated from early AD patients and healthy volunteers. Images of
heatthy volunteers were intermingled with images of patients.
The observers scaled the rCBF decrease into 5 levels in all of
the specific areas. Five categories (definite decrease, possible
decrease, equivocal decrease, possibly no decrease, and defi-
nitely no decrease) were used to describe these 5 levels of brain
perfusion decrease. Finally, the observers also judged whether
the presented SPECT images were those of the AD patients with
5 categories of certainty: definitely, possibly, equivocally, pos-
sibly no, and definitely no. To take the intraobserver variance
into account, the observers judged the images twice in the same
manner at intervals of >2 wk.

For the intra- and interobserver reliability trials, Spearman
p-scores and 2-way random-effect intraclass correlation coeffi-
cients (ICCs) were calculated using SPSS statistical software
(SPSS Inc.). These scores and coefficients for all images of AD
patients and healthy volunteers were calculated separately in each
specific area. I[CC values of <<0.4 were deemed as representing
poor reliability, 0.4-0.75 as fair to good reliability, and >0.75 as
excellent reliability.

RESULTS

Determination of Regions with Significant Decline
of rCBF in AD

In the first group, the group comparison at the baseline
study showed a significant (P < 0.05) rCBF reduction in 2
specific areas—namely, the posterior cingulate gyri and
precunei and parietal association cortex. The follow-up
SPECT study revealed 3 additional specific areas with rCBF
reduction: lower and medial temporal areas, temporal asso-
ciation cortex, and anterior cingulate gyri (Fig. 1). Regions
of interest (ROIs) were drawn over 5 specific areas (Fig. 2)
using OSIRIS (University Hospital of Geneva, Geneva,
Switzerland) with the consent of 2 operators: (1) 2 ROIs in
bilateral medial views for the posterior cingulate gyri and
precunei; (2) 6 ROIs in bilateral lateral, medial, and inferior
views for lower and medial temporal areas; (3) 6 ROIs in
bilateral lateral, superior, and posterior views for parietal
association cortex; (4) 4 ROIs in bilateral lateral and pos-
terior views for temporal association cortex; and (3) 2 ROIs
in bilateral medial views for anterior cingulate gyri. ROI
sizes ranged from 54 to 543 pixels. These ROIs were
confirmed to be at a quite similar location wherever the
reference area for pixel normalization was chosen.
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Comparative Analysis of ROC Curves Between 3D-SSP
and Visual Inspection

Table 2 shows Az by 3D-SSP with SEs for 5 specific
areas with different reference regions. We averaged positive
Z-score values across the pixels within each ROI and then
chose the highest value among these averaged Z scores in
ROIs belonging to each specific area. There were no sig-
nificant differences in Az among the reference regions used
for pixel normalization after pooling specific areas at both
the baseline and follow-up studies. At the baseline study,
although there were no significant differences in Az among
the specific areas after pooling reference regions, posterior
cingulate gyri and precunei showed greater Az than any
other specific area with any reference region. At the fol-
low-up study, posterior cingulate gyri and precunei still
showed greater Az than other specific areas except for lower
and medial temporal areas. From these results, Az for dis-
crimination of AD patients and control subjects by 3D-SSP
was defined as the same value as Az for posterior cingulate
gyri and precunei with global mean normalization.

In visual inspection, significant p-scores between the first
and second trials (P < 0.01) indicate good intraobserver
reliabilities (Fig. 3). Excellent interobserver reliabilities
ranging from 0.762 to 0.890 were observed in every specific
area and in discrimination of AD patients and control sub-
jects (Table 3).

The ROC curves for discrimination of AD patients and
control subjects were compared between 3D-SSP and visual
inspection (Fig. 4). Az values for 3D-SSP in the posterior
cingulate gyri were greater than those for visual inspection.

In Figure 35, Az values of the first trial of visual inspection
were compared with Az values of 3D-SSP with global mean
normalization. At the baseline study, 3D-SSP results in the

Rt medial

Lt. medial

FIGURE 1. Decrease of rCBF adjusted to
global mean cerebral biood flow, shown by
group analysis of 3D-8SP in patients with
early AD at baseline study (top row) and
follow-up study (bottom row) compared
with healthy volunteers (P < 0.05, with
multiple comparisons). Rt. = right; Lt. =
left.

posterior cingulate gyri and precunei showed significantly
higher Az (P < 0.05) than results by visual inspection for
the discrimination of AD patients and control subjects in all
observers. At the follow-up study, all observers showed
lower Az values for the discrimination than 3D-SSP. In all
specific areas, Az values of all observers were lower than
those of 3D-SSP at both the baseline and the follow-up
studies.

Table 4 shows the accuracy when sensitivity is equal to
specificity. In 3D-SSP, the maximum accuracy of 86.2%
was obtained in the posterior cingulate gyri and precunei
with reference to the global mean. This accuracy was higher
than the maximum accuracy of 74.0% in visual inspection
for the discrimination of AD patients and control subjects at
the baseline study. At the follow-up study, an accuracy of
74.0% was observed in the posterior cingulate gyri and
precunei with reference to the global mean in 3D-SSP,
which is still higher than the maximum accuracy of 65.9%
in visual inspection.

DISCUSSION

Burdette et al. (7) corroborated improvement of diagnos-
tic performance using 3D-SSP in an '8FDG PET study on
probable AD patients. In the present study, we confirmed
this improvement in AD patients limited to the very early
stage using *"Tc-ECD SPECT, which is more widely per-
formed than PET worldwide. 3D-SSP has been reported to
be less affected by the presence of atrophy than SPM (/9).
This method yielded a higher accuracy, even in parietal
association cortical areas, than visual inspection, in which
metabolic reduction is reported to be the best discriminator
of patients with probable AD from healthy volunteers (/6).

Rt. iateral Lt. lateral Superior Inferior Anterior Posterior Rt. medial Lt medial FIGURE 2. ROls drawn over areas with
ater: | I Tl . ¥ . . . .
i L o significant decrease of rCBF in early AD.
1 g . g

% 2 2 Pg?&PCI ) 5 ROls were classified into 5 specific areas
PA" PA" BMTr 2 BMTI PApI SPAPrY) o SPCGEPCT ACGHT | a5 follows (numbers with open parenthe-
0 )] ses denote numbers of pixels included in

J; & D o .
\ / TA I & ROIls): (1) posterior cingulate gyri and pre-
AR BT"2’ eTi o, g ’ 3 -/ Tpgih TP MTe D ~Mm2 cunei: PCG&PC (r = 321 pixels, | = 280

TAIl PAsr |

PAs! * pixels); (2) lower and medial temporal ar-

eas: MT {medial temporal areas) (r = 82

pixels, | = 79 pixels), BMT (basal medial temporal area) (r = 60 pixels, | = 112 pixels), and BTl (lateral basal temporal area) (r = 54
pixels, | = 74 pixels); (3) parietal association cortex: PA! (lateral parietal association cortex) r = 279 pixels, | = 174 pixels), PAp
(posterior parietal association cortex) (r = 320 pixels, | = 439 pixels), and Pas (superior parietal association cortex) (r = 543 pixels,

| = 496 pixels); (4) temporal association cortex: TAI (lateral temporal association cortex) (r = 172 pixels, | =

367 pixels), TAp

(posterior temporal association cortex) (r = 223 pixels, | = 241 pixels); (5) anterior cingulate gyri: ACG (r = 188 pixels, | = 256 pixels).
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TABLE 2
Areas Under ROC Curves (Az) for Specific Areas with Different Reference Regions Obtained from 3D-SSP Analysis

Baseline study

Az of specific area

reference region PCG&PC PA MT TA ACG
Global mean 0.937 (0.035) 0.786 (0.080) 0.801 (0.064) 0.766 (0.074) 0.782 (0.065)
Pons 0.814 (0.067) 0.717 (0.076) 0.670 (0.078) 0.605 (0.084) 0.756 (0.066)
Cerebellum 0.897 (0.046) 0.825 (0.063) 0.830 (0.058) 0.768 (0.066) 0.791 (0.066)
Sensorimotor 0.794 (0.059) 0.661 (0.072) 0.605 (0.086) 0.462 (0.087) 0.704 (0.072)
Thalamus 0.819 (0.060) 0.743 (0.070) 0.690 (0.080) 0.662 (0.071) 0.698 (0.082)
Follow-up study Az of specific area

reference region PC PA MT TA ACG
Global mean 0.839 (0.060) 0.807 (0.063) 0.844 (0.057) 0.801 (0.066) 0.781 (0.069)
Pons 0.833 (0.058) 0.760 (0.068) 0.817 (0.063) 0.753 (0.073) 0.823 (0.060)
Cerebellum 0.836 (0.061) 0.797 (0.067) 0.848 (0.051) 0.833 (0.060) 0.817 (0.063)
Sensorimotor 0.846 (0.056) 0.700 (0.069) 0.794 (0.065) 0.717 (0.080) 0.809 (0.061)
Thalamus 0.868 (0.049) 0.748 (0.067) 0.816 (0.058) 0.758 (0.069) 0.799 (0.064)

PCG&PC = posterior cingulate gyri and precunei; PA = parietal association cortex; MT = lower and medial temporal areas; TA =

temporal association cortex; ACG = anterior cingulate gyri.

Data are areas under ROG curves (Az) obtained from 3D-SSP. Numbers in parentheses are of Az. No significant results were observed
among reference regions after pooling specific areas using Games—Howell test.

The flow or metabolic reduction in the posterior cingulate
gyri and precunei has been established to characterize early-
to-moderate AD even after correction of partial-volume
effects using segmented MR images (20). The present study
using 3D-SSP demonstrated that rCBF reduction in this
specific area is the most reliable finding for diagnosing very
early AD, with a high accuracy of 86.2%. 3D-SSP showed
a significantly higher performance than the experienced

1.0
08 @ &
< & 2 &
Q P9 b4 § &
(2]
S 06 g
© . L3
£ ® ¢
2 8 b 4
w & %
04 L
®
02 |
0
Discrimination PCG&PC  PA MT TA ACG
of AD Specific areas
and controis
FIGURE 3. Intraobserver reliability between 1st and 2nd trials.

€, Spearman p for individual observer. PCG&PC = posterior
cingulate gyri and precunei; PA = parietal association cortex;
MT = lower and medial temporal areas; TA = temporal asso-
ciation cottex; ACG = anterior cingulate gyri.
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observers at the baseline study. This specific area is known
to be important in memory (2/). A PET study revealed
activation of the retrosplenial area of the cingulate cortex
during the episodic memory-encoding tasks (22). Clinical
evidence of the existence of a brain tumor (23) or arterio-
venous malformation (24) in the retrosplenial cingulate
cortex supports the importance of this area in memory
function.

Most previous pathologic and morphologic studies sug-
gested that structures within the medial temporal struc-
tures—amygdala, hippocampal formation, entorhinal cor-
tex, and parahippocampal and fusiform gyri—are the first to
be affected in AD with histologic changes, including amy-

TABLE 3
Interobserver Reliability of Observers

interobserver reliability

Parameter ICC 95% ClI

Discrimination of AD patients and

control subjects 0.826 (0.777, 0.867)
Specific area

PCG&PC 0.805 (0.748, 0.852)

PA 0.890 (0.857, 0.917)

MT 0.819 (0.760, 0.866)

TA 0.864 (0.810, 0.903)

ACG 0.762 (0.649, 0.836)

PCG&PC = posterior cingulate gyri and precunei; PA = parietal
association cortex; MT = lower and medial temporal areas; TA =
temporal association cortex; ACG = anterior cingulate gyri.

Data in parentheses are 95% confidence intervals (Cls).
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FIGURE 4. ROC curves obtained from
3D-SSP with global mean normalization
when thresholding at highest value among
averaged positive Z scores for ROIs be-
longing to posterior cingulate gyri and pre-
cunei and ROC curves for discrimination of
AD patients and control subjects obtained

3D-SsP
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loid deposits and neurofibrillary changes (5,25-27). The
reduced rCBF in the medial temporal structures demon-
strated by PET (27) or by a recent high-resolution SPECT
system is consistent with these pathologic findings (28,29).
In the present study, 3D-SSP revealed rCBF reduction in the
lower and medial temporal areas more accurately in the
follow-up study than in the baseline study. This finding is
consistent with our longitudinal results using SPM, in which
a significant reduction of hippocampal blood flow did not
appear until the mean score of MMSE decreased from 26.2
to 22.3 (4). Even in the follow-up study, visual inspection
showed significantly lower performance in this specific area
than 3D-SSP. This may be because of inherent low accu-
mulation of "Tc-ECD in the medial temporal lobes (30).

In the present study, rCBF decrease was observed in the
anterior cingulate gyri, as well as the posterior cingulate
gyri, more prominently in the follow-up study. After in-
volvement of the medial temporal structures, neuropatho-
logic findings such as amyloid deposits and neurofibrillary
changes have been observed to spread to the basal forebrain

and anterior cingulate gyri, even in the clinically incipient
stage of AD, becoming more conspicuous as the disease
progresses (3/). Decreased rCBF in the anterior cingulate
gyrus has been reported in subjects with questionable AD at
baseline SPECT who converted to AD on follow-up (3).
Attention must be paid to the possibility of pseudo rCBF
reduction produced in structures near the dilated ventricles
by mismatches at the edges of the ventricles (/9). However,
for the clinical purpose of diagnosing AD, partial-volume
effects may increase the sensitivity of detection of rCBF
reduction. Current evidence suggests that after an initial
amnesic stage in AD, attention is the first nonmemory
domain to be affected before deficits in language and visuo-
spatial function (32). In AD it appears that divided attention
is particularly vulnerable, while sustained attention is rela-
tively well preserved in the early stages (32,33). It has been
reported that divided attention activates the anterior cingu-
late gyri, though sustained attention does not (34,35).
Concerning the reference regions for pixel normalization
in 3D-SSP, Minoshima et al. reported that the pons is a

A B
10 O 3D-SSP 0 O 3D-$SP
O O < Visual inspection 4 Visual inspection
. o O o
o ® ® e © Q 08 o R o o
? ¢ ¢ FIGURE 5. Comparison of Az between
B U AR L4 By § ° ® §§ : @ observers’ first visual inspection and 3D-
$ g e & . :: * g; SSP with global mean normalization. €, Az
il o e: o+ & 061 4« L § . A for individual observer; O, Az for 3D-SSP.
o Y Ot e ot M s (A) Baseline study. (B) Follow-up study.
@ : ‘ PCG&PC = posterior cingulate gyri and
o on A precunei; PA = parietal association cortex;
04 o o4 MT = lower and medial temporal areas;
TA = temporal association cortex; ACG =
anterior cingulate gyri. *Az of visual inspec-
02 02 tion is lower than Az by 3D-SSP analysis
Discrimination PCG PA MT TA ACG Discrimination PCG PA MT TA ACG

of AD &PC of AD &PC

(P < 0.05). Statistical significance between

and controls Specific areas and controts

Az values was calculated using ROCKIT
program (718).

Specific areas
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TABLE 4
Accuracies of Observers’ Visual Inspection and 3D-SSP Analysis

Accuracies of discrimination

of AD patients and

Accuracies of specific areas

Baseline study control subjects PCG&PC PA MT TA ACG
Visual inspection 0.493-0.740 0.495-0.735 0.487-0.687 0.387-0.618 0.417-0.660 0.437-0.672
3D-SSP reference region

Global mean 0.862 0.862 0.718 0.712 0.679 0.689
Pons 0.722 0.639 0.602 0.556 0.668
Cerebeilum 0.795 0.729 0.730 0.678 0.698
Sensorimotor 0.702 0.599 0.556 0.453 0.573
Thalamus 0.720 0.658 0.618 0.600 0.628
Accuracies of discrimination Accuracies of specific areas
of AD patients and

Follow-up study control subjects PCG&PC PA MT TA ACG
Visual inspection 0.530-0.659 0.541-0.654 0.538-0.616 0.585-0.676 0.547-0.661 0.479-0.622
3D-SSP reference region

Global mean 0.740 0.740 0.710 0.744 0.706 0.690
Pons 0.733 0.671 0.72 0.667 0.742
Cerebellum 0.738 0.703 0.766 0.734 0.720
Sensorimotor 0.745 0.631 0.7 0.641 0.711
Thalamus 0.765 0.662 0.719 0.669 0.704

PCG&PC = posterior cingulate gyri and precunei; PA = parietal association cortex; MT = lower and medial temporal areas; TA =

temporal association cortex; ACG = anterior cingulate gyri.

Data are accuracies when sensitivity is equal to specificity in ROC analysis. Accuracies of visual inspection are described as a range from

minimum to maximum at the first trial.

reliable reference for data normalization on quantitative
BE-FDG PET measurement (36). In our study, Az did not
show significant differences among reference regions. In the
case of SPECT, the pons may be at the margin of spatial
resolution for adequate and stable counts. Although rCBF in
the cerebellum has been reported to decrease in advanced
AD patients (37), the choice of cerebellum for pixel nor-
malization would be acceptable in mild or very early AD.
Subsequently, Minoshima et al. used the thalamus as a
reference region (/6) based on their prior observation that
the thalamus or primary sensorimotor cortex is more suit-
able than the global mean or cerebellum. They also reported
that the thalamus has a distinct shape and is located just
above the intercommissural line, the standard line defining
the stereotactic coordinate system, thereby ensuring reliable
and accurate localization. Bartenstein et al. (38) used tha-
lamic normalization even though they showed that global
normalization resulted in the least mean cortical coefficients
of variation in *"Tc-ECD SPECT. They considered global
normalization to be inappropriate for a disease such as AD
with widespread metabolic or flow reduction and concluded
that the thalamus is the most robust reference region for
SPECT images. However, the thalamus is pathologically
known to be involved from an early stage (25). Moreover,
Johnson et al. (3) revealed a rCBF decrease in the anterior
thalamus in subjects with questionable AD at baseline
SPECT who converted to AD on follow-up. We considered
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that global normalization is sufficient for routine clinical
discrimination of early AD patients and control subjects.
The present results confirmed the highest accuracy using
global normalization at the baseline study.

Finally, we must refer to limitations of this kind of study
even when conducted in the best situation (a specialized
clinic for memory disorders). It has been reported that the
clinical diagnosis of probable AD is 80%-90% accurate
when compared with final pathologic verification (39), al-
though prolonged follow-up with serial evaluation was per-
formed to diagnose AD clinically in the present study.

CONCLUSION

A 3D-SSP technique using a normal database of brain
perfusion SPECT images can detect a slight rCBF decrease
in the posterior cingulate gyri and precunei with higher
ability to discriminate very early AD patients from healthy
control subjects than visual inspection. This technique af-
forded the maximum discrimination of 86.2% in accuracy at
the very early stage corresponding to MCIL. On the other
hand, the maximum accuracy of visual interpretation was
>10% lower as compared with 3D-SSP. The present results
suggest that it is clinically useful and reliable to adopt the
use of artificial computer intelligence as an adjunct to visual
image interpretation for dementia evaluation.
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Abstract. We assessed the accuracy of brain perfusion
single-photon emission computed tomography (SPECT)
in discriminating between patients with probable Alzhei-
mer’s disease (AD) at the very early stage and age-
matched controls before and after partial volume correc-
tion (PVC). Three-dimensional MRI was used for PVC.
We randomly divided the subjects into two groups. The
first group, comprising 30 patients and 30 healthy volun-
teers, was used to identify the brain area with the most
significant decrease in regional cerebral blood flow
(rCBF) in patients compared with normal controls based
on the voxel-based analysis of a group comparison. The
second group, comprising 31 patients and 31 healthy
volunteers, was used to study the improvement in diag-
nostic accuracy provided by PVC. A Z score map for a
SPECT image of a subject was obtained by comparison
with mean and standard deviation SPECT images of the
healthy volunteers for each voxel after anatomical stan-
dardization and voxel normalization to global mean or
cerebellar values using the following equation: Z score =
([control mean]—[individual value] )/(control SD). Anal-
ysis of receiver operating characteristics curves for a Z
score discriminating AD and controls in the posterior
cingulate gyrus, where a significant decrease in rCBF
was identified in the first group, showed that the PVC
significantly enhanced the accuracy of the SPECT diag-
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nosis of very early AD from 73.9% to 83.7% with global
mean normalization. The PVC mildly enhanced the ac-
curacy from 73.1% to 76.3% with cerebellar normaliza-
tion. This result suggests that early diagnosis of AD re-
quires PVC in a SPECT study.

Keywords: SPECT - Alzheimer’s disease — Regional
cerebral blood flow — 9mTc-ECD - Partial volume cor-
rection
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Introduction

The fact that recently available medications such as
cholinesterase inhibitors delay the progression of Alz-
heimer’s disease (AD) has increased the urgency of
diagnosing AD at an earlier stage. Although recent
advances in the computer-assisted statistical analysis of
positron emission tomography (PET) or single-photon
emission computed tomography (SPECT) after anatomi-
cal image standardization have made it easier to detect
regional metabolic or perfusion changes in the early
stage of AD [1, 2, 3, 4], there have been few studies on
the diagnostic performance of SPECT in very early AD.
The more limited spatial resolution of SPECT scan-
ners as compared with that of PET does not allow an ex-
act measurement of the local radiotracer concentration in
brain tissue since partial volume effects cause underesti-
mation of activity in small structures of the brain. Since
brain atrophy accentuates the partial volume effects on
SPECT measurements, actual regional cerebral blood
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