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Effects of Aging on Regional Cerebral Blood
Flow Assessed By Using Technetium Tc 99m
Hexamethylpropyleneamine Oxime SinglePhoton Emission Tomography with 3D
Stereotactic Surface Projection Analysis
Kazuo Takahashi, Shuhei Yamaguchi, Shotai Kobayashi, and Yasushi Yamamoto

OBJECTIVES: Although many previous reports have described age-related changes in regional cerebral blood flow (rCBF), none has used 3D stereotactic surface projection (3D-SSP)
analysis, which is able to detect subtle and significant changes in rCBF.
METHODS: The subjects were 31 healthy volunteers (16 men and 15 women; 50 –79 years of
age) without abnormal MR imaging and MR angiographic findings, cognitive impairment, or
depression. For each subject, rCBF was evaluated by using technetium Tc 99m-radiolabeled
hexamethylpropyleneamine oxime single-photon emission CT. Maps of rCBF were compared
among different age groups (50 –59, 60 – 69, and 70 –79 years of age) by using 3D-SSP. The mean
z score for each gyrus was calculated for each age group by using a recently developed
stereotactic extraction estimation method.
RESULTS: Significant age-related reductions in rCBF were seen in the bilateral cingulate
gyri, left inferior gyrus, bilateral medial frontal gyri, left subcallosal gyrus, and left superior
temporal gyrus. Extensive and constant reduction in rCBF occurred with increasing age in the
bilateral anterior cingulate gyri, and the mean z score for this region was the highest among all
the regions examined.
CONCLUSION: The 3D-SSP analysis revealed that the greatest reduction in rCBF occurred
within the bilateral anterior cingulate gyri in normal middle-aged and older subjects.
Many previous reports have described age-related
changes in regional cerebral blood flow (rCBF) (1–9).
In the cingulate gyrus, frontal lobe, parietal lobe, and
temporal lobe, rCBF has been reported to diminish
with age in normal subjects, even in relatively young
subjects (20 – 40 years of age). Nevertheless, there is
at least one report that the reduction in rCBF was
negligible in subjects ⬎40 years of age (1). Although
several reports describe the anterior cingulate as the
main site within which rCBF is reduced with normal
aging (2–5), other studies failed to demonstrate any
reduction in rCBF in this area (6, 7). These discrep-

ancies may be attributable to differences in the criteria used to select subjects and the diversity of the
image analysis methods. We strictly selected healthy
middle-aged and older subjects who had undergone
1.5T MR imaging and MR angiography (MRA) and
who had no brain lesion or major vessel stenosis, both
of which are factors that influence rCBF. This is in
contrast to many previous studies in which subjects
were not assessed by using MR imaging (1, 5– 8).
Moreover, in no studies of rCBF has MRA been used
to evaluate major vessels. We also assessed the mental status of all subjects.
Some authors have evaluated the relationship between rCBF and normal aging by using statistic parametric mapping (SPM) (2, 3, 5), but, to our knowledge, no one has used 3D stereotactic surface
projection (3D-SSP) analysis. 3D-SSP analysis is a
fully automated, user-independent method for data
extraction that allows (1) pixel-by-pixel analysis of
cerebral perfusion, (2) anatomic normalization of individual single photon emission CT (SPECT) data to
the standard brain, and (3) comparison of regional
voxel data between 2 different groups. 3D-SSP anal-
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TABLE 1: Mean age, verbal intelligence, and SDS in each age group
Age group (y)
Number (M:F)
Mean age (y)
Okabe’s Scale, total
Information
Mental control
Digit span
Associate learning
SDS

50–59
10 (4:6)
55.2 ⫾ 3.0
48.9 ⫾ 3.0
18.4 ⫾ 1.6
14.5 ⫾ 1.6
9.0 ⫾ 1.6
7.0 ⫾ 3.9
30.8 ⫾ 5.9

60–69
12 (7:5)
63.8 ⫾ 2.9
47.0 ⫾ 5.7
17.5 ⫾ 1.7
12.4 ⫾ 3.3
8.9 ⫾ 1.5
8.2 ⫾ 3.6
28.9 ⫾ 4.3

70–79
9 (5:4)
73.2 ⫾ 2.4
45.4 ⫾ 6.9
16.4 ⫾ 1.9
12.8 ⫾ 2.9
9.2 ⫾ 0.7
7.0 ⫾ 3.6
29.7 ⫾ 5.7

Note.—Okabe Scale indicates Okabe’s Simplified Intelligence Scale
(60-point scale); SDS, Zung Self-Rating Depression Scale (80-point
scale).

ysis provides a reliable and objective evaluation of the
severity, extent, and localization of cortical perfusion
abnormalities in 2 groups (10 –14). The difference
between 3D-SSP analysis and SPM is the intrinsic
performance of the algorithms used by each method,
including image-matching fusion, pixel interpolation,
and axial rotation. The 3D-SSP algorithm uses prior
knowledge of brain anatomy and deforms the shape
of the brain along the direction of cortical projection
fibers (15). This process is thought to be particularly
advantageous for standardizing atrophied brains (15).
Because brain atrophy occurs with aging in healthy
subjects, we believe that 3D-SSP is an excellent
method for evaluating changes in rCBF owing to
normal aging.

Materials and Methods
Subjects
Thirty-one healthy subjects (15 men and 16 women; 10 in
their 50s, 12 in their 60s, and 9 in their 70s) were recruited from
among persons who received screening for brain health (brain
check-up) at Shimane Institute of Health Science for the purpose of making a normal control data base for 3D-SSP analysis
by using the following criteria: (1) 50 –79 years of age; (2)
physically healthy and free of psychiatric disorders; (3) no
history of stroke; (4) no findings of brain atrophy, asymptomatic white matter lesion, or stroke lesion by T1, T2, fluidattenuated inversion recovery, or T2-weighted MR imaging
(1.5-Tesla; Siemens Symphony, Munich, Germany); (5) no
findings of stenosis of major vessels or aneurysm by head MR
angiography; (6) score of ⬎35 points on the Okabe Simplified
Intelligence Scale (Okabe Score) (16); and (7) score of ⬍40
points on the Zung Self-Rating Depression Scale (SDS) (17).
The Okabe test is a modified and simplified version of the
Wechsler Memory Scale and consists of 4 subscales: information, mental control, digit span, and associative learning. The
full scores on these 4 subscales total 60 points. The classification criteria are 20 –29 points, mild dementia (or notable mental aging); 10 –19 points, moderate dementia; ⬍10 points, severe dementia (16). The 20 items of the SDS test are scored on
a standard 4-point scale (1– 4) for each item, with potential
results ranging from 20 to 80. A score of ⬎40 (raw score) is
considered to be depressive state. The results of the Okabe test
and SDS are shown in Table 1.
SPECT Imaging
Regional CBF images were obtained by SPECT by using
technetium Tc 99m-hexamethylpropyleneamine oxime (HMPAO). All subjects were studied in the supine resting position

TABLE 2: Mean z score for each region between each age
generation
Relative Decrease of rCBF, Age (y)

Superior frontal gyrus
L
R
Middle frontal gyrus
L
R
Inferior frontal gyrus
L
R
Medial frontal gyrus
L
R
Subcallosal gyrus
L
R
Superior parietal lobule
L
R
Inferior parietal lobule
L
R
Superior temporal gyrus
L
R
Middle temporal gyrus
L
R
Inferior temporal gyrus
L
R
Cuneus
L
R
Lingual gyrus
L
R
Anterior cingulate gyrus
L
R
Posterior cingulate gyrus
L
R
Parahippocampal gyrus
L
R
Superior occipital gyrus
L
R
Middle occipital gyrus
L
R
Inferior occipital gyrus
L
R

60–69 vs
50–59

70–79 vs
60–69

70–79 vs
50–59

0.80 ⫾ 0.51
0.73 ⫾ 0.59

1.59 ⫾ 0.45
1.49 ⫾ 0.35

0.64 ⫾ 0.46
0.67 ⫾ 0.41

0.60 ⫾ 0.43
0.66 ⫾ 0.53

1.37 ⫾ 0.32
1.49 ⫾ 0.44

0.99 ⫾ 0.58
0.66 ⫾ 0.48

0.71 ⫾ 0.53
0.53 ⫾ 0.37

1.97 ⫾ 0.57
1.39 ⫾ 0.38

1.53 ⫾ 0.72
1.14 ⫾ 0.64

1.38 ⫾ 0.84
1.37 ⫾ 0.94

1.62 ⫾ 0.58
1.30 ⫾ 0.16

1.33 ⫾ 0.99
1.37 ⫾ 0.97

1.30 ⫾ 1.04
1.47 ⫾ 1.11

2.08 ⫾ 0.54
1.22 ⫾ 0.13

1.73 ⫾ 0.59
0.83 ⫾ 0.37

0.24 ⫾ 0.17
0

1.27 ⫾ 0.17
0

0
0

0.12 ⫾ 0.12
0.63 ⫾ 0.55

1.50 ⫾ 0.35
1.12 ⫾ 0.06

0.63 ⫾ 0.48
0.56 ⫾ 0.40

1.19 ⫾ 0.72
1.03 ⫾ 0.69

1.61 ⫾ 0.43
1.37 ⫾ 0.24

1.97 ⫾ 0.82
1.33 ⫾ 0.96

0.95 ⫾ 0.74
0.42 ⫾ 0.28

1.44 ⫾ 0.34
1.47 ⫾ 0.27

1.13 ⫾ 0.72
0.82 ⫾ 0.69

0.76 ⫾ 0.42
0.92 ⫾ 0.66

1.56 ⫾ 0.47
1.27 ⫾ 0.19

0.82 ⫾ 0.45
1.20 ⫾ 0.65

1.29 ⫾ 0.92
0.93 ⫾ 0.74

0
1.08 ⫾ 0.04

0.71 ⫾ 0.63
0.36 ⫾ 0.28

0.70 ⫾ 0.58
0.49 ⫾ 0.47

0
1.39 ⫾ 0.25

0.84 ⫾ 0.55
0.70 ⫾ 0.38

1.55 ⫾ 0.61
1.79 ⫾ 0.73

1.87 ⫾ 0.59
2.02 ⫾ 0.60

2.51 ⫾ 0.81
2.89 ⫾ 0.99

1.31 ⫾ 1.11
1.20 ⫾ 0.81

1.40 ⫾ 0.27
1.56 ⫾ 0.26

1.42 ⫾ 0.70
1.51 ⫾ 0.48

0.44 ⫾ 0.24
1.26 ⫾ 0.65

1.43 ⫾ 0.29
1.73 ⫾ 0.59

0.97 ⫾ 0.52
0.78 ⫾ 0.45

0.06 ⫾ 0
0.76 ⫾ 0.28

0
0

0
0.29 ⫾ 0.15

0.47 ⫾ 0.44
0.68 ⫾ 0.39

0
0

0.45 ⫾ 0.19
0.56 ⫾ 0.45

0
0.05 ⫾ 0

0
0

0
0

with closed eyes in a silent room from approximately 16:00 to
17:00 hours. The SPECT images were acquired on a PRISM
IRIX (Marconi, Cleveland, OH), 3-headed SPECT camera
with ultrahigh-resolution fan-beam collimators. The data acquisition parameters were 128 ⫻ 128 matrices (2.33-mm pixel
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size), 5° per step, 72 views, 30 seconds per view, 2⫻ zoom, and
a 140-keV (⫾ 7.5) energy window. The subjects were injected
with 370 MBq of technetium Tc 99m-HMPAO in the antecubital vein of the right arm, and the dynamic data acquisition for
the Patlak method was performed. Subjects were then injected
with 370 MBq technetium Tc 99m-HMPAO again for SPECT
acquisition. Reconstruction was performed by filtered back
projection by using a Butterworth filter (cut-off frequency, 0.25
cycle/pixel) and ramp filters with attenuation correction by
using the Chang 8-order method ( ⫽ 0.09/cm).
3D-SSP Analysis
Because the size and form of each individual’s head is
different, it is difficult to compare the SPECT findings between
2 different groups reliably and objectively; however, 3D-SSP
analysis enables us to make statistical comparisons easily. Analysis by 3D-SSP anatomically normalizes the individual SPECT
data to the standard brain and compares the regional voxel
data between 2 different groups (10 –14). This procedure was
performed by the interface software iSSP (version 3.5, Nihon
Medi-Physics Corporation, Nishinomiya, Japan).
First, stereotactic anatomic standardization was performed.
Rotational correction and centering in 3 dimensions of the
SPECT dataset were conducted, followed by realignment to the
anterior commissureposterior commissure line. The anterior
commissure–posterior commissure line was estimated by iterative matching between the individual images and the template
from the Talairach and Tournoux atlas (18) by using mutual
information. Differences in size between the individual brain
and standard template were eliminated by linear scaling. Regional anatomic differences between the individual and the
standard atlas brain were thus minimized by automated nonlinear warping.
In the data extraction step, ⬎16,000 surface pixels covering
the lateral and medial surfaces of both hemispheres were predetermined with stereotactic coordinates. The peak cortical
activity perpendicular to these pixels was projected onto the
surface pixels. The pixel values of an individual’s image set
were normalized to the mean global CBF before the analysis.
Therefore, each brain was stereotactically transformed into a
standard surface image format, which enabled us to compare
the resultant cortical projections between the 2 groups. To
demonstrate the differences in the rCBF patterns, 2-sample t
test values were calculated on a pixel-by-pixel basis between 2
groups and then transformed to z values by a probability integral transformation.
Differences in the rCBF Patterns between Age Groups
By using the SPECT data of the subjects, we performed
3D-SSP analysis to compare age groups. To quantify perfusion
deficits, pixel-by-pixel z scores were used. z scores ([mean of
normalized pixel value of one age group] ⫺ [mean normalized
pixel value of other age group])/[SD of one age group]) were
calculated for each surface pixel. A positive z score represents
a reduced rCBF in the one group relative to the other group.
We used a z score of 2 as the cutoff value. To assess the rCBF
reduction quantitatively, the mean z scores for the each lobe
and gyrus level classification was calculated by the recent developed stereotactic extraction estimation (SEE) method (19).
Mean z score for each gyrus was automatically measured (average z value of the coordinates with a z value that exceeds 0 of
the threshold value).
This study was approved by the local ethics committee of
Shimane University Hospital. Written informed consent was
obtained from all subjects.

Results
Statistical maps (Fig 1) showed relative reduction
of rCBF between each age group (z score ⬉2). The
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extensive and constant reduction of the rCBF was
significantly observed in the bilateral anterior cingulate gyri between each age group. The age-related
reduction of rCBF in the left superior temporal gyrus
and left subcallosal gyrus was also constantly observed between each age group (Fig 1A–C). In addition, there were decreases in the rCBF of the bilateral
medial frontal gyri and bilateral posterior cingulate
gyri in the 60 – 69-year-old group and the 70 –79-yearold group compared with those in the 50 –59-year-old
group (Fig 1A, -C). The rCBF of the left inferior
frontal gyrus in the 70 –79-year-old group was significantly lower than that of the 50 –59-year-old group or
the 60 – 69-year-old group (Fig 1B, -C). There were
also decreases in the rCBF of right superior and
inferior temporal gyrus in the 70 –79-year-old group
compared with those in the 50 –59-year-old group
(Fig 1C).
Table 2 shows mean z scores for the each lobe and
gyrus level classification between each age group.
Mean z score of bilateral anterior cingulate gyri was
relatively higher than other lobe and gyrus. The z
scores for all the significant reductions of rCBF
shown above were within 4.5.

Discussion
Although this study revealed age-related reductions in rCBF at several sites, the most marked reduction in rCBF was in the anterior cingulate gyrus,
particularly between subjects in their 50s and those in
their 70s. Several authors have identified an association between aging and reduced rCBF in the anterior
cingulate gyrus. Waldermar et al (8) evaluated rCBF
in 53 healthy subjects (21– 83 years of age) by using
technetium Tc 99m-radiolabeled-HMPAO SPECT
and found that rCBF in the upper frontal cortex,
superior frontal gyrus, cingulate gyrus, and upper
parietal cortex decreased with increasing age. Some
studies of age-related changes of rCBF used ethyl
cysteinate dimer SPECT. Nakano et al (2) performed
rCBF measurements by using the Patlak Plot method
in 53 normal volunteers (18 – 87 years of age). Their
results, analyzed by SPM, revealed significant agerelated decreases in rCBF in the limbic area and in
the associative cortices, such as the prefrontal cortices, anterior cingulate gyri, and insular cortices or
bilateral temporal poles. Van Laere et al (3) measured rCBF in 89 healthy volunteers (20 – 81 years of
age) and reported that rCBF declined with age in the
anterior cingulate gyrus, the bilateral basal ganglia,
and the left prefrontal, left lateral frontal, left superior temporal, and insular cortices. Tanaka et al (4)
also reported significant age-related decreases in
rCBF in the anterior and posterior cingulate cortex,
superior prefrontal and parietal cortex, striatum, and
hippocampus in 48 normal subjects (22–95 years of
age). Martin et al (5) used positron-emission tomography to demonstrate age-related decreases in rCBF
in the cingulate, parahippocampal, superior temporal,
medial frontal, and posterior cortices bilaterally and
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FIG 1. Statistical maps analyzed by 3D SSP. The color of the outer counter corresponds to a Z score of 7.
A, Relative decreases of rCBF (z score ⬉2) in subjects 60 – 69 years of age compared with rCBF in subjects 50 –59 years of age. The
most extensive reduction in rCBF was observed in the right anterior cingulate gyrus. There were also decreases in rCBF in the left
anterior cingulate gyrus, bilateral posterior cingulate gyri, bilateral medial frontal gyri, bilateral subcallosal gyri, left superior temporal
gyrus, and left cuneus.
B, Relative decreases of rCBF (z score ⬉2) in subjects 70 –79 years of age compared with rCBF in subjects 60 – 69 years of age. The
most extensive reduction in rCBF was observed in the bilateral anterior cingulate gyri. There were also decreases in rCBF in the left
inferior frontal gyrus, left subcallosal gyrus, left supramarginal gyrus, and left superior temporal gyrus.
C, Relative decreases of rCBFs (z score ⬉2) in subjects 70 –79 years of age compared with rCBF in subjects 50 –59 years of age. The
most extensive reduction in rCBF was observed in the bilateral anterior cingulate gyri. There were also decreases in rCBF in the left
inferior frontal gyrus, left subcallosal gyrus, left supramarginal gyrus, and left superior temporal gyrus.

in the left insular and left posterior prefrontal cortices
in 30 normal subjects (30 – 85 years of age).
There have been some contradictory results related
to the association between aging and a reduction in
rCBF in the anterior cingulate gyrus. Pagani et al (6)
assessed rCBF in 50 healthy subjects (31–78 years of
age) by using HMPAO-SPECT, and found a significant decrease in rCBF with increasing age in the
temporocingulate cortex, but not in the anterior cingulate gyrus. Mozley et al (1) evaluated rCBF in 44
healthy subjects (19 –73 years of age) by using HMPAO-SPECT and found age-related decreases in
rCBF in many parts of the gray matter, including the
anterior cingulate gyrus; however, most of the agerelated changes were observed in young adults, and
the reduction in rCBF was negligible after middle
age. Krausz et al (7) compared rCBF in younger
healthy subjects (26 – 47 years of age) and older
healthy subjects (47–71 years of age) by using
HMPAO-SPECT. Their analysis was performed by

applying 3 preformed templates, each of which contained delineated regions of interest, to 3 transaxial
brain sections at approximately 4, 6, and 7 cm above
the orbitomeatal line. They found no age-related
change in rCBF after normalizing the data to rCBF in
the cerebellum, whereas significantly increased uptake ratios were observed in the cingulate cortex on
the basis of the data normalized to the whole section.
Jones et al (9) compared rCBF in healthy subjects
50 –72 years of age with those 72–92 years of age and
found no significant age-related differences in wholebrain HMPAO uptake, except in the lateral ventricular regions. The results of the study by Krausz et al
(7) are exceptional among the studies discussed here:
these authors found that rCBF in the anterior cingulate gyrus was reduced with aging in normal subjects,
including subjects between 20 and 40 years of age, but
that the reduction in rCBF was unremarkable among
subjects ⬎50 years of age. In the present study, the
age-related reduction in rCBF was extensive in the
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anterior cingulate in normal subjects 50 –79 years of
age. All z scores for reductions in rCBF were within
4.5 in the present study, which suggested that the
degree of reduction in rCBF was not severe, but
significant. To our knowledge, there have been no
reports of the relationship between normal aging and
rCBF based on the use of 3D-SSP HMPAO SPECT.
In light of the fact that 3D-SSP analysis allows pixelby-pixel analysis of cerebral perfusion and provides a
reliable and objective evaluation of the severity and
localization of differences in cortical perfusion, this
method makes it possible to detect subtle changes in
rCBF with aging that might not be detectable by using
other methods. Another advantage of 3D-SSP
HMPAO SPECT over other methods is the superior
mean of standardization of atrophied brains (15).
Some authors reported that patients with pain or
psychiatric disorders following anterior cingulotomy
exhibited little cognitive impairment (20, 21). The
anterior cingulate gyrus is part of the largest formation of the limbic system and is thought to be associated with emotion, attention (22), memory, initiation,
motivation, goal-directed behaviors (23), and working
memory (24). We believe that reduced rCBF in the
anterior cingulate gyrus may not affect general cognition but might cause subtle cognitive impairment
with aging.
In conclusion, we observed an age-related reduction in rCBF mainly in the bilateral cingulate gyri, left
inferior gyrus, bilateral medial frontal gyri, left subcallosal gyrus, and left superior temporal gyrus in
healthy subjects. The greatest reduction in rCBF occurred within the bilateral anterior cingulate gyri.
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