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INTRODUCTION

BRAIN PERFUSION IMAGING by means of 99mTc-labeled

hexamethyl propylene amine oxime (HMPAO) single
photon emission computed tomography (SPECT) has
been employed for the diagnosis of Alzheimer’s disease
and has a useful predictive value over the clinical diagnos-
tic criteria in AD.1,2 However, visual inspection alone is
unable to quantify changes of image intensity to differen-
tiate any small change in the regional cerebral blood flow
(rCBF).3 Although quantitative analysis like region of
interest (ROI) has gained some general acceptance, it has
some limitations with its a priori anatomical hypothesis
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leaving large areas of unexplored brain structures.4 The
combination of SPECT and statistical parametric map-
ping (SPM)5 can analyze spatially normalized images by
plotting them against standard stereotactic space thereby
allowing a voxel by voxel statistical test to delineate more
objective and reliable assessment of the pattern of the
rCBF changes that occur in AD. Moreover, SPM de-
creases the limitation in inter-rater variability and in-
creases the accuracy of diagnosis, which may be consid-
ered effective in routine clinical settings.6

99mTc-HMPAO-associated brain distribution behavior
is known to be non-linearly correlated to the rCBF due to
a certain magnitude of flow dependent back diffusion of
lipophilic 99mTc-HMPAO from the brain to the blood that
can occur prior to measurement with SPECT. This causes
a saturation effect, as a result of which the radioactivity
count does not increase proportionally with the increase in
the rCBF. Linearization-correction is an image process-
ing method that applies Lassen’s algorithm7 on each
SPECT voxel to enhance the image contrast in a post-
processing manner. Thus, the method corrects the satura-
tion effect to obtain a more direct proportionality between
the corrected-count (image intensity) and blood flow
without influencing spatial resolution on tomographic
images.7 Therefore, this technique has been widely ac-
cepted for cerebral perfusion studies in stroke and related
diseases. To detect the pattern of rCBF changes in mild
AD, the linearization correction method was adopted by
some study groups8,9 however, not by others.10–14 Since it
has been already reported that image reconstruction meth-
ods might influence the sensitivity of SPM,15 in that
concern it would be important to know whether lineariza-
tion-correction affects SPM analysis or, that to be used for
detecting the earliest perfusion changes occurring in mild
AD. The current study addressed this issue. Moreover, to
date, no one has paid attention to the detectability of the
pattern of abnormal brain perfusion on 99mTc-HMPAO
SPECT with or without linearization correction. Hence,
the aim of the present study was to evaluate the interpre-
tations of SPM analyses on the 99mTc-HMPAO SPECT
with or without linearization correction while detecting
the pattern of rCBF changes in mild AD.

MATERIALS AND METHODS

Subjects
Eleven patients were enrolled in the study (male/female,
5/6; mean ± SD age, 70.6 ± 6.2 years) all of whom had
visited the psychiatric outpatient department in Osaka
University Medical Hospital, Osaka, Japan, with memory
complaints. All patients met the National Institute of
Neurological and Communicative Disorders and Stroke
Alzheimer’s Disease and Related Disorders Association
(NINCDS-ADRDA) criteria for probable AD.16 Patient’s
Mini-Mental State Examination (MMSE) score was mean
± SD, 23.9 ± 3.4 and severity of dementia based on the

Clinical Dementia Rating (CDR) was determined as 1
(mild).17 Eleven normal controls (NC) (male/female, 4/7;
mean ± SD age, 66.8 ± 8.4 years) underwent a thorough
screening. All subjects were thoroughly examined with
general and neurological examinations together with cra-
nial magnetic resonance imaging (MRI) to exclude any
complications related to other neurological, cardiovascu-
lar, and renal impairments and to elucidate evidence of
developmental abnormalities or significant neurological
antecedents. This project was approved by the Review
Committee of Osaka University Hospital, Osaka, Japan.
The study was performed in compliance with the Decla-
ration of Helsinki.

SPECT imaging
The SPECT studies were performed using four-head
rotating gamma cameras (GAMMA VIEW SPECT 2000H;
Hitachi Medical Corporation, Tokyo, Japan). In-plane
and axial resolution of the camera was 10.0 mm full width
at half maximum (FWHM). The scanner was equipped
with a low energy high resolution parallel-hole collima-
tor.18 SPECT was initiated within 10 minutes after injec-
tion of approximately 740 MBq (20 mCi) 99mTc-HMPAO
and the acquisition was done at 8 s per step, with 128
collections over 360°. The final data set consisted of 64 ×
64 matrix (4 × 4 mm per pixel, 4 mm thickness) from the
sum total of data acquired by the four cameras.19 Each
subject was placed in the supine position on the scanning
bed with eyes closed during injection and subsequent
scanning period in a quiet, dimly lit examination room. A
synthetic headband fixed to the headrest was applied to
minimize head movement during scanning. The raw
SPECT data were transferred to a nuclear medicine com-
puter (HARP-3, Hitachi Medical Corporation, Tokyo,
Japan). Projection data were pre-filtered with a Butterworth
low pass filter (Order 10, cutoff frequency 0.20 cycles/
pixel) to minimize noise, and then reconstructed into
transaxial sections of 4.0 mm thick slice in-plane parallel
to the orbitomeatal line using a Filtered Back Projection
algorithm. Chang’s first order post-processing attenua-
tion correction20 was applied to images reconstructed
using 0.08 cm−1  as a routine attenuation coefficient in the
clinical setting.21 Thus, linearization-uncorrected (LU)
images were reconstructed (64 × 64 matrix, 4 mm slice
thickness, transaxial oblique in-plane parallel to or-
bitomeatal line). On the other hand, for linearization-
correction, after completing the identical procedures up to
the attenuation correction, we applied Lassen’s algo-
rithm. Lassen’s algorithm is represented by the equation
Fi/Fr = α (Ci/Cr)/[1 + α − (Ci/Cr)], where Fi/Fr is a ratio
of CBF in each region to that in a reference region and Ci/
Cr is the ratio of count activity in each region to that in a
reference region.7 Alpha (α) is the ratio between the rate
of the back diffusion of the diffusible lipophilic 99mTc-
HMPAO from the brain to the blood and the rate of con-
version of the lipophilic compound to the hydrophilic
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form. We used 1.5 as the value for α which was validated
in other studies.22,23 The cerebellum was defined as a
reference region according to Yonekura et al.23 consider-

Fig. 1 and Fig. 2    SPM99 corrected for multiple comparisons
(p < 0.05). Images show lower regional cerebral blood flow
(rCBF) in the mild AD in comparison with that in the healthy
volunteer when LU (Fig. 1) and LC (Fig. 2) images are used for
the analysis. The difference in the rCBF distribution is shown as
(a) in the three orthogonal projections in the glass brain and (b)
the colored areas superimposed on volume rendering of standard
3-dimension anatomic template of magnetic resonance images
(3D Render). P, A, L and R represent posterior, anterior, left and
right respectively.

Fig. 3   SPM demonstrates the difference in rCBF distribution
between the LU and LC images as indicated by the colored areas
superimposed on volume rendering of standard 3-dimension
anatomic template of magnetic resonance images (3D Render).
The contrast, LC > LU, reflects that (a, b) the pattern of rCBF
distribution is less in LU images or high in LC images, whereas,
the contrast, LU > LC, reflects that (c, d) the pattern of rCBF
distribution is less in LC images or high in LU images.

Fig. 1

Fig. 2

ing that cerebellar blood flow is not impaired severely in
AD.24,25 Final image resolution of LC images was 64 × 64
matrix, 4 mm slice thickness, transaxial oblique in-plane
parallel to orbitomeatal line.

Data analysis
The transverse slice volumes of both the LU and LC
99mTc-HMPAO SPECT images were transformed into the
‘ANALYZE format’ before going to SPM (Wellcome
Department of Cognitive Neurology, London, UK) on
MATLAB (Math Works, Inc., Natic, MA, USA). All
images (LU and LC) were transformed to the standard
anatomic space26 with the SPECT template image of
SPM99 and smoothed by three-dimensional convolution
with an isotropic Gaussian Kernel (FWHM: 12 mm). The
statistical model “Compare population: 1 scan/subject”
was chosen to perform voxel by voxel two sample t-tests
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to compare the images. A gray matter threshold 0.7 was
selected for the SPM analysis.10 The CBF data were set for
global normalization using proportional scaling to 50.
We set the contrast ‘NC > AD’ to examine the areas of
perfusion-deficiency in the AD group to compare the
findings with the control group (effect of disease). The
same analytical setting was applied for both LU and LC
images. Next, a direct SPM comparison between LU and
LC images was done in case of both the control and patient
groups (2 conditions, 1 scan/condition: paired t-test). The
statistical parametric maps of the t statistic, SPM {t}, were
then calculated. The SPM {t} values were compared to the
threshold using an uncorrected p < 0.005 at each voxel.
Then, t values were converted into normally distributed Z
statistics so that the influence of the degree of freedom
(such as the number of images) was normalized. The
resulting foci are characterized in terms of spatial extent
and peak height. The set of voxels (clusters) with cor-
rected p values below 0.05 were retained as significant.
The location of significant differences was evaluated
using Talairach’s brain atlas, taking into consideration
that the shape of Talairach’s brain atlas and SPM’s tem-
plate are different.27

RESULTS

Pattern of hypoperfusion in mild Alzheimer’s disease
demonstrated by SPM
In the mild AD patients, SPM with LU images demon-
strated significant clusters of hypoperfusion in the left
posterior cingulate gyrus, right precuneus, left superior
temporal gyrus, left uncus, and left hippocampus (Table
1, Fig. 1) whereas SPM with LC images showed significant
clusters of hypoperfusion in the bilateral posterior cingu-
late gyrus and left precuneus (Fig. 2).

Pattern of rCBF distribution in the 99mTc-HMPAO SPECT
with or without linearization correction
Table 2 summarizes the results of SPM comparing two
groups of images in AD and NC subjects, respectively.
The contrast, ‘LC > LU’, showed significantly higher
rCBF distribution in the right cerebellum, left inferior
occipital cortex, right basal ganglia, and left cerebellum in
the LC images of AD patients (Fig. 3a). In the LC images
of the control subjects, SPM with the same contrast
revealed significantly greater rCBF distribution in the
right cerebellum, left posterior cingulate gyrus, right
superior temporal gyrus as compared with the corre-
sponding LU images (Fig. 3b). The reverse contrast, ‘LU

Table 1   Locations and peaks observed in SPM showing hypoperfusion in Alzheimer’s disease

SPM Image Set level Cluster level Peak voxels
group p KE Corrected p Locations BA x y z Z-score

NC > AD LU 0.021 3863 0.000 Left posterior cingulate 29 −2 45 28 5.49
Right precuneus 7 2 73 52 3.93

1913 0.002 Left superior temporal gyrus 38 22 18 26 3.91
Left uncus 28 20 5 22 3.51
Left hippocampus 27 18 33 −1 3.41

LC 0.040 1165 0.001 Right posterior cingulate 23 6 41 26 3.62
Left precuneus 7 14 45 31 3.34
Left posterior cingulate 30 −5 38 18 2.98

Abbreviations: NC, normal controls; AD, Alzheimer’s patients; LU, linearization uncorrected images; LC, linearization corrected
images; BA, Brodmann’s area; KE, extent voxels

Table 2   Locations and peaks observed in SPM comparing rCBF distribution between LU and LC images

Subject SPM
Cluster level Peak voxels

KE Corrected p Locations x y z Z-score

AD LC > LU 1725 0.000 Right cerebellar cortex 40 60 −31 4.34
324 0.013 Right basal ganglia 26 8 −2 4.23

1629 0.000 Left cerebellar cortex −36 −57 −22 4.20
392 0.005 Left inferior occipital cortex −22 −90 1 3.94

LU > LC 229 0.04 Left uncus −26 1 −27 4.51
NC LC > LU 7614 0.000 Right cerebellar cortex 12 −73 −15 6.65

4709 0.000 Left posterior cingulate cortex -6 −52 21 5.66
600 0.000 Right superior temporal cortex 57 −53 16 4.42

Abbreviations: NC, normal controls; AD, Alzheimer’s patients; LU, linearization uncorrected images; LC, linearization corrected
images; BA, Brodmann’s area; KE, extent voxels
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> LC’, showed significantly higher rCBF distribution in
the left uncus in the LU images (Fig. 3c) of AD patients.
However, such comparison, ‘LU > LC’ did not reveal any
significant change in CBF distribution in the LU images
of the control subjects (Fig. 3d).

DISCUSSION

In the present study, SPM demonstrated a significant
hypoperfusion at the posterior cingulate and precuneus in
mild AD in the cases of both LU and LC images (Fig. 1a
and Fig. 1b). However, hippocampal hypoperfusion was
detected only on the LU images and could not be ob-
served when LC images were used for the SPM analysis
(Table 1).

Hippocampus is one of the brain areas known to be
affected the earliest in AD. Braak and Braak28 defined six
stages of AD based on the distribution of neurofibrillary
tangles; one of the pathological hallmarks of AD,29,30

which were reported to be found in the medial temporal
cortices and correlated clinically to mild to moderate
stages of the disease process.31–33 Corresponding to
the pathological staging, a number of brain perfusion
SPECT studies indicated that medial temporal hypo-
perfusion could be a target of analysis for early detection
of AD.8–14

Callen11 reported details of limbic system hypoperfusion
occurring in mild AD (MMSE score of 19.5) by means of
99mTc-HMPAO SPECT without linearization-correction.
In a like manner, Nebu12 also showed bilateral hippocam-
pal hypoperfusion in the early stage of AD (mean MMSE
score of 22). On the other hand, Ohnishi8 correlated the
degree of cognitive impairment to the hippocampal
hypoperfusion by using 99mTc-HMPAO SPECT with
linearization correction. Although these studies indicated
that hippocampal hypoperfusion could be detectable in
mild AD, they have used ROI with some a priori hypoth-
esis leaving large areas of brain unexplored. Employing
voxel wise analysis with linearization uncorrected im-
ages, Johnson13 demonstrated that decrease in perfusion
in the hippocampal-amygdaloid complex was associated
with the conversion from questionable (clinical dementia
rating 0.5) to probable AD (CDR > 1). In addition, Kemp10

first applied SPM analysis for 99mTc-HMPAO SPECT
without linearization-correction to differentiate early on-
set from late onset AD, and detected significantly a greater
medial temporal hypoperfusion occurring in late onset
AD. A recent SPM study14 including 99mTc-ethylene
cystine dimer (ECD) SPECT without linearization-
correction, reported hypoperfusion in the bilateral
parahippocampal and medial temporal cortices, precu-
neus, posterior cingulate, and parietal association cortices
occurring in the mild cognitive-impaired patients (mean
MMSE 26.2) who later on, progressed  to AD stage (mean
MMSE 19.1).33 On the other hand, using linearization
corrected 99mTc-ECD SPECT, Kogure9 reported

hypoperfusion at the posterior cingulate and precuneus in
patients with mild cognitive impairment (mean MMSE
score 26.2, CDR 0.5) and that hypoperfusion was
additionally detected at the left hippocampus and
parahippocampal gyrus in the follow-up patients (mean
duration, 15 months) who progressed to the AD stage
(mean MMSE score 22.3, CDR 1.0). Although these two
studies9,14 detected hypoperfusion in the parahippocampal
gyrus in mild AD by means of SPM with 99mTc-ECD
SPECT, it should be mentioned that the brain distribution
patterns of 99mTc-ECD and 99mTc-HMPAO in normal
control as well as AD patients are differently interpreted
by SPM analysis.34,35 Moreover, Kogure 9 did not include
LU images to compare their results with LC images in his
study design. Even if LU images were included in Kogure’s
study, hippocampal hypoperfusion could be reasonably
assumed during the stage of mild cognitive impairment in
their study population.

Why were LC images unable to reveal medial temporal
hypoperfusion in our SPM analysis? Lassen7 had cau-
tioned already in his early paper that the brain-blood
partition coefficient and conversion rate of tracer from
brain to blood, which were assumed to be constant in the
case of linearization correction algorithm, might not be
constant for all parts of the brain and also might vary from
patient to patient or in normal to diseased brain regions or
presumably, in high flow cortical regions to low-flow
cortical regions.36 Therefore, due to the nonlinear char-
acteristics of the algorithm, the linearization correction
method may underestimate rCBF values at the hippocam-
pal cortex, which has a physiologically low blood flow
(low flow cortex) in contrast to the posterior cingulate
(high flow cortex).37 Moreover, the absence of any sig-
nificant hypoperfusion across the hippocampal cortices
in SPM with LC is likely due to the brain areas used as
the reference, such as the cerebellum for linearization
correction and the average whole brain for ‘proportional
scaling’ in SPM. These factors possibly contribute to the
rCBF signals in the low flow cortex in the case of the LC
images within the SPM work-up and probably neutralize
the potential advantage of such an enhanced image con-
trast method. This speculation was further strengthened
when LU and LC images were compared by SPM in our
analysis. A greater distribution of rCBF at the high flow
cortex was observed in LC images (Fig. 3a, 3b) which
indicated that linearization correction improved the
nonlinearity (true CBF vs. Count) in the high flow corti-
ces. However, the trend of tracer distribution across the
medial temporal cortex was relatively higher in LU im-
ages than LC images of the AD patients (SPM significant)
(Fig. 3c) and control subjects (SPM non-significant) (Fig.
3d). Although linearization correction yields a more con-
trasted representation of the distribution of tracer on the
99mTc-HMPAO SPECT images, to detect the earliest
pattern of perfusion abnormalities in mild AD, one should
keep in mind that hippocampal hypoperfusion might be
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missed when applying LC images for SPM analysis.
In the early stage of AD, hippocampal involvement is

long-established, whereas the recent consensus on poste-
rior cingulate connection is increasing, although the mecha-
nisms are yet to be confirmed.38 In our study, we observed
significant hippocampal hypoperfusion in LU images but
not in LC images. Therefore, we checked our data by
applying different gray matter thresholds (0.6, 0.5, and
0.4) during the analysis with the results found to be
consistent at each corresponding threshold. Moreover,
posterior cingulate hypoperfusion, which was detected in
both LU and LC images, revealed higher z-score in LU
images (z = 5.49) than LC images (z = 3.92). Taken
together, the present results suggest that the pattern of
hypoperfusion in mild AD would be detected by SPM
more sensitively in the LU images, in contrast to the LC
images.

The limitations of this study should be referred to as
well. The size of the study population is limited. However,
there is a general agreement that at least ten scans in a
group may reveal a reliable result in SPM.15 Apart from
the linearization correction, image reconstruction meth-
ods might influence the sensitivity of SPM which should
be investigated by future studies.15 Since this study ad-
dressed the effect of linearization correction on SPM, we
carefully followed the standard set of image reconstruc-
tion parameters implemented by the other relevant studies
we discussed.30,31 For instance, Ohnishi8 and Nebu12 ap-
plied the attenuation coefficient factors 0.079 cm−1 (LC
images) and 0.08 cm−1 (LU images), respectively. In our
study, we applied (LC and LU images) 0.08 cm−1 for the
image reconstruction, which was referred to as a routine
clinical setting after conducting a 20 cm phantom (cylin-
drical) study in our hospital (unpublished data).

Nevertheless, the present study draws attention to the
effect of linearization correction on the detectability of
hippocampal hypoperfusion which might be missed when
evaluating perfusion abnormalities in mild AD by means
of SPM. The pattern of hypoperfusion in mild AD could
be detected more sensitively by SPM with LU images
than with LC images. The results of SPM may vary in
HMPAO SPECT with or without linearization correction,
which should be carefully evaluated when interpreting
rCBF abnormalities in mild Alzheimer’s disease.
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