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INTRODUCTION

QUANTITATION of regional cerebral blood flow (CBF) has
been performed using single photon emission computed

tomography (SPECT). However, because the limited spa-
tial resolution of SPECT causes a partial volume effect
(PVE), tracer concentration in brain structures can be
underestimated in regions with a high tracer concentra-
tion relative to surroundings, and overestimation in re-
gions with low tracer concentration.1 In the CBF SPECT
study, the PVE causes a volume averaging effect among
gray matter (GM), white matter (WM) and cerebrospinal
fluid (CSF) in a region of the brain. Quantitative SPECT
underestimates CBF significantly compared with inva-
sive techniques and positron emission tomography (PET),
and one of the major causes of this underestimation has
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been considered the PVE. Recently, several investigators
have applied methods of PVE correction (PVC) using
high-resolution anatomic magnetic resonance imaging
(MRI) to PET2–5 and SPECT,6 and demonstrated that
apparent differences resulting from regional morpho-
logical differences of the brain could be corrected and
functional or pathophysiological differences could be
detected following PVC.

N-isopropyl-p-[123I]iodoamphetamine (123I-IMP) has
been widely used as a CBF tracer for SPECT. A method
of quantitating CBF using 123I-IMP and SPECT, the
autoradiographic (ARG) method, has been developed as
a method employing a two-compartment model, in which
distribution volume (Vd) is assumed to be uniform in the
brain and an arterial input function is obtained by the
calibration of a standard input function by one-point
arterial blood sampling.7 Several studies have validated
that the ARG method provides regional CBF signifi-
cantly correlated to those obtained by H2

15O and positron
emission tomography (PET), 133Xe-SPECT and 123I-IMP
microsphere methods,7,8 although these studies have also
demonstrated the systematic underestimation of regional
CBF in the cortical GM regions that is considered to be
due to the PVE.

In the present study, we aim to determine normal CBF
using 123I-IMP and the ARG method in elderly subjects
with and without PVC using MRI. We also aim to deter-
mine association of regional CBF with the regional tissue
fraction of the brain.

MATERIALS AND METHODS

Subjects
Thirty-three healthy volunteers (18 males, mean age 65.3
± 6.9 yr, range 55–74 yr; 15 females, mean age 64.3 ± 6.2
yr, range 54–71 yr) participated. They were participants in
a research program on brain aging in city dwellers con-
ducted by the Institute of Development, Aging and Can-
cer, Tohoku University. Only those with normal T1- and
T2-weighted MR brain images, or minor hyperintensities
on a T2-weighted image in the deep WM or periventricular
WM, were recruited for this study. The study was ap-
proved by the local ethics committee of the Department of
Medicine, Tohoku University. Written informed consent
was obtained from all the subjects after a proper explana-
tion of the study being conducted, according to the Code
of Ethics of the World Medical Association (Declaration
of Helsinki).

SPECT
SPECT scan was acquired at 30 min of mid-scan-time
after the injection of 111 MBq 123I-IMP. Image acquisi-
tion was performed with a three-head gamma camera
(Multispect3, Siemens Medical Systems, Inc., Germany)
equipped with a fan beam collimator. For each camera,
projection data were acquired in a 128 × 128 format for 30

projections at 50 s with a 120° rotation of the camera.
Image reconstruction was performed by filtered back-
projection using a Butterworth filter (order, 8; cut-off
frequency, 0.3 cycles/pixel) resulting in a spatial resolu-
tion of 10.6 mm. Attenuation correction was performed
numerically, assuming an elliptical object for each slice
and a uniform attenuation coefficient (0.08 cm−1) (Chang’s
method). No correction was performed for scattered pho-
tons. Each subject was in the supine position during the
injection and subsequent SPECT measurement. One-
point arterial blood sampling from the brachial artery was
performed 10 min after the injection. The radioactivity of
the whole blood was measured with a well counter and
used for calibration against the standard input function to
obtain an arterial input function for the ARG method7 to
calculate a quantitative CBF SPECT image (ARG-CBF
image). A cross-calibration scan was acquired using a
cylindrical uniform phantom (20 cm in diameter and
length) for the calibration of the relative sensitivities of
the SPECT scanner and well counter system.

MR
All MR imaging studies were performed using a Signa
0.5-Tesla system (General Electric, Milwaukee, WI, USA).
A three-dimensional volumetric acquisition of a T1-
weighted gradient echo sequence produced a gapless
series of thin transverse sections using an SPGR sequence
(TE/TR, 7/40 ms; flip angle, 30°; 25-cm field of view;
acquisition matrix, 256 × 256; slice thickness, 1.5 mm).

Data Processing and Analysis
We used Matlab 6.5.1 (Mathworks, Natick, MA, USA)
and SPM2 (Wellcome Department of Cognitive Neurol-
ogy, Institute of Neurology, London, UK: http://www.
fil.ion.ucl.ac.uk/spm) for MR and SPECT image pro-
cessing and statistical analysis. As described below in
detail, a CBF SPECT image representing CBF for GM
(GM-CBF image) was generated by subtracting CBF
corresponding to that of WM from the ARG-CBF image.
A CBF SPECT image with PVC (PVC-CBF image) was
generated by dividing the GM-CBF image by a seg-
mented and convolved MR image of GM. These pro-
cesses are based on a method using a three compartment
model developed for PVC for PET,5 summarized in
the following equation: IGM = (IOBS − IWMXWM⊗h −
ICSFXCSF⊗h)/XGM⊗h, where IOBS is the observed values
for each voxel, IGM , IWM and ICSF are SPECT images of
the GM, WM and CSF, respectively, XGM, XWM and XCSF

are the spatial distribution of GM, WM and CSF voxels,
respectively, ⊗ is a convolution operator, and h is the
three-dimensional point spread function of the system. In
practice, each whole brain MR image was segmented into
GM, WM and CSF MR images by a clustering algorithm,
calculating a Bayesian probability of belonging to each
tissue for each voxel using a priori probability images of
GM, WM and CSF with inhomogeneity correction for the
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Fig. 1   Image processing procedures. a. original MR (left) and
ARG-CBF (right) image, b. segmented images of gray (left) and
white (middle) matter, and brain mask image to apply the
original MR image, c. whole brain MR image was used for
parameter estimation for co-registration of MR images to SPECT
image. d. segmented MR images that were coregistered to
SPECT image and smoothed; GM-MR image (left), WM-MR
image (right), e. GM-CBF image created by subtraction of WM-
CBF values using ARG-CBF and WM-MR images, f. GM-mask
image, g. PVC-CBF image created by dividing GM-CBF image
with GM-MR image, and applied GM-mask image.
Fig. 2   Seventeen spherical ROIs superimposed on the mean
ARG-CBF image, which are shown as circles in their maximum
diameters. The coordinates of center for ROIs on the standard
space are: a) cerebellum (±27, −72, −30), b) parahippocampal
gyrus (PHG) (±27, −9, −21), c) inferior temporal gyrus (ITG)
(±57, −33, −21), d) thalamus (±12, −21, 3), e) lentiform (±27, 3,
3), f) superior temporal gyrus (STG) (±57, −27, 3), g) middle
temporal gyrus (MTG) (±51, −63, 3), h) middle frontal gyrus
(MFG) (±36, 51, 3), i) inferior frontal gyrus (IFG) (±42, 30, 3),
j) cuneus (±15, −66, 3), k) anterior cingulate gyrus (AntCing)
(±9, 30, 27), l) posterior cingulate gyrus (PostCing) (±9, −57,
27), m) superior frontal gyrus (SFG) (±15, 54, 27), n) inferior
parietal lobule (IPL) (±57, −42, 27), o) precentral gyrus (PCG)
(±36, −9, 54), p) superior parietal lobule (SPL) (±33, −54, 54),
q) precuneus (±9, −51, 54).
Fig. 3   Mean image after spatial normalization of (a) ARG-CBF
images, (b) PVC-CBF images, and (c) GM-MR images which
were resliced and smoothed to approximate SPECT spatial
resolution. Numbers in the bottom row indicate distance (in mm)
from the AC-PC plane.

Fig. 1

Fig. 2

Fig. 3  ▼▼▼▼▼
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magnetic field (Fig. 1b).9,10 These segmented images had
values for each voxel ranging from 0 to 1, representing the
tissue fraction of each tissue in each voxel. A binary brain
mask for the whole brain obtained from the GM and WM
images was applied to each whole brain MR image to
remove the outer scalp to improve the coregistration of
images (Fig. 1c). The whole and segmented MR images
were co-registered to the SPECT image for each subject,
and resliced to adjust to the voxel size of the SPECT image
(2.9 × 2.9 × 2.9 mm) using the trilinear interpolation.9 The
resliced images were then convolved with a 9.6 mm
FWHM isotropic Gaussian kernel, approximating the
point spread function of the SPECT device to yield the
GM-MR, WM-MR (Fig. 1d) and CSF-MR images.

The regions of interest (ROIs) of WM were automati-
cally extracted from the WM-MR image as areas of more
than 95% in WM concentration and then overlaid on the
ARG-CBF image using MRIcro software11 to acquire the
mean CBF for the ROIs. A GM-CBF image (Fig. 1e) was
obtained by subtracting the WM-CBF values that were
calculated by the multiplication of the WM-MR image by
the mean CBF for the WM-ROI, assuming that CBF is
homogeneous throughout the WM, from the ARG-CBF
image with use of the brain mask image for SPECT under
the assumption that tracer retention in the CSF space is
negligible.

To obtain a CBF image with the PVC (PVC-CBF
image), the GM-CBF image was divided by the GM-MR
image. A GM mask image (Fig. 1f) that consisted of

voxels at which the GM concentration was larger than the
empirically determined value of 0.25 in the GM-MR
image was, then, applied to remove activities outside the
brain and around the edge of GM, yielding the PVC-CBF

Table 1   Quantitative cerebral blood flow (CBF) using the autoradiographic (ARG) method for 123I-IMP
before (ARG-CBF) and after (PVC-CBF) partial volume correction (PVC)

ARG-CBF PVC-CBF

ROI Male Female Total Male Female Total

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

SFG 29.6 4.9 37.9 6.9 33.4 7.2 57.8 10.7 72.1 15.3 64.3 14.7
MFG 33.5 6.4 41.9 6.9 37.4 7.8 60.5 10.9 75.0 12.7 67.1 13.8
IFG 33.3 5.8 41.7 6.6 37.1 7.4 59.0 10.6 74.1 11.4 65.9 13.3
PCG 32.2 5.1 40.9 7.4 36.2 7.6 59.6 10.5 76.2 15.0 67.2 15.1
precuneus 28.6 5.5 37.8 6.2 32.8 7.4 48.2 8.3 63.6 9.9 55.2 11.8
SPL 28.8 5.9 37.9 7.0 32.9 7.8 55.8 9.6 70.5 12.2 62.5 13.0
cuneus 34.6 5.5 44.9 7.0 39.3 8.0 54.1 9.1 74.3 15.8 63.2 16.1
IPL 32.6 6.3 42.7 8.0 37.2 8.7 54.8 9.0 68.3 9.8 60.9 11.5
STG 34.4 6.2 44.9 7.4 39.1 8.6 52.3 8.6 68.1 9.7 59.5 12.0
MTG 33.1 5.4 42.8 6.9 37.5 7.8 51.7 8.2 68.3 12.3 59.2 13.2
ITG 27.1 4.4 35.2 5.6 30.8 6.4 39.9 6.4 53.0 9.1 45.8 10.1
AntCing 25.3 4.3 34.5 5.6 29.5 6.7 36.6 6.4 49.9 9.0 42.7 10.1
PostCing 34.7 6.0 45.8 9.3 39.7 9.4 53.8 10.5 69.5 14.1 60.9 14.5
PHG 25.0 3.5 32.6 5.7 28.5 6.0 30.5 4.2 40.1 7.4 34.9 7.6
lentiform 35.7 5.9 45.1 7.5 40.0 8.1 48.4 7.5 61.3 11.3 54.3 11.4
thalamus 38.0 7.3 47.9 7.8 42.5 9.0 63.7 12.8 82.5 15.7 72.2 17.0
cerebellum 31.9 5.7 42.5 7.3 36.7 8.3 39.0 8.4 51.4 9.4 44.6 10.8

GM Total 31.7 6.6 41.0 8.1 35.9 8.7 50.9 12.8 65.8 16.1 57.7 16.2

WM 18.2 0.7 22.9 0.8 20.3 0.7 − − − − − −

Abbreviations: see legends of Figure 2.

Table 2   Correction factors* for each region of interest (ROI)

Male Female Total
ROI

Mean SD Mean SD Mean SD

SFG 2.0 0.2 1.9 0.1 1.9 0.2
MFG 1.8 0.1 1.8 0.1 1.8 0.1
IFG 1.8 0.1 1.8 0.1 1.8 0.1
PCG 1.9 0.2 1.9 0.1 1.9 0.1
precuneus 1.7 0.2 1.7 0.1 1.7 0.1
SPL 2.0 0.2 1.9 0.2 1.9 0.2
cuneus 1.6 0.1 1.6 0.1 1.6 0.1
IPL 1.7 0.1 1.6 0.1 1.7 0.1
STG 1.5 0.1 1.5 0.1 1.5 0.1
MTG 1.6 0.1 1.6 0.1 1.6 0.1
ITG 1.5 0.1 1.5 0.1 1.5 0.1
AntCing 1.5 0.2 1.4 0.1 1.4 0.1
PostCing 1.5 0.1 1.5 0.1 1.5 0.1
PHG 1.2 0.0 1.2 0.1 1.2 0.1
lentiform 1.4 0.1 1.4 0.1 1.4 0.1
thalamus 1.7 0.1 1.7 0.1 1.7 0.1
cerebellum 1.2 0.1 1.2 0.0 1.2 0.1

    Total 1.6 0.3 1.6 0.2 1.6 0.2

* The correction factor was calculated as (PVC-CBF divided
by ARG-CBF). Abbreviations: see legends of Figure 2.
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image (Fig. 1g).
The ARG-CBF and PVC-CBF images and GM-MR

and WM-MR images were spatially normalized to the
ICBM 152 template (Montreal Neurological Institute),
using linear and nonlinear parameters generated from
spatial normalization of the original whole brain MR
images.12,13 These images were resliced at a final voxel
size of 3 × 3 × 3 mm.

The comparison of SPECT images before and after the
PVC, GM and WM-MR images was performed using the
spatially normalized images. Seventeen spherical ROIs
with 8 mm in diameter for GM (GM-ROI) were placed on
the regions considered to be the GM regions of CBF
SPECT images in each hemisphere referring to the mean
ARG-CBF image (Fig. 2), and averaged for homologous
ROIs in both hemispheres. To assign anatomical struc-
tures for GM-ROIs, WFU-PickAtlas software14 was used.
There should be GM, WM and CSF components with
different fraction among these ROIs, which would relate
to effect of the PVC. For each GM-ROI, therefore, mean
CBF before and after the PVC and GM and WM concen-
trations were measured by averaging total voxel values in
the whole ROI. To compare the regional effects of PVC,
correction factors (CF) were calculated for each ROI as
(PVC-CBF divided by ARG-CBF).

RESULTS

Quantitative CBF before and after PVC are summarized
in Table 1. The mean ARG-CBF image is shown in Figure
3a. The mean CBF measured by the 123I-IMP ARG

method for all GM-ROIs were 31.7 ± 6.6 ml/100 g/min for
males and 41.0 ± 8.1 ml/100 g/min for females, and for
WM-ROI, 18.2 ± 0.7 ml/100 g/min for males and 22.9 ±
0.8 ml/100 g/min for females.

The mean PVC-CBF image is shown in Figure 3b,
which illustrates that the PVC-CBF is higher in the upper
part of the cortical GM but lower in the cerebellum and
medial temporal lobe. The PVC-CBF for all GM-ROIs
was 50.9 ± 12.8 ml/100 g/min for males and 65.8 ± 16.1
ml/100 g/min for females. Females showed significantly
higher CBF than males (p < 0.001) in ARG-CBF and
PVC-CBF.

There was a statistically significant difference in the CF
(Table 2) among ROIs (F(16,560) = 119.7, p < 0.001), but
not between genders (F(1,560) = 0.435, p > 0.5). The CFs
were low in the cerebellum and parahippocampal gyrus
compared with those in other ROIs except the lentiform
nucleus, whereas they were high in the superior frontal
gyrus (SFG), superior parietal lobule (SPL) and precen-
tral gyrus (PCG) compared with those in other ROIs
except the middle and inferior frontal gyri (p < 0.001, post
hoc Sheffe’s correction for multiple comparison).

Tissue fractions for all ROIs are summarized in Table
3. The mean GM fractions (Fig. 3c) for all GM-ROIs were
0.50 ± 0.12 for males and 0.51 ± 0.11 for females. The
mean WM fractions for all GM-ROIs were 0.36 ± 0.10 for
both males and females. Both showed a statistically
significant main effect of ROI (F(16,560) = 176.8, p <
0.001 for GM, F(16,560) = 96.9, p < 0.001 for WM), but
not a significant main effect of gender (F(1,560) = 1.4,
p > 0.2 for GM, F(1,560) = 0.1, p > 0.5 for WM). The

Table 3   Regional tissue fraction for each region of interest (ROI)

Gray White

ROI Male Female Total Male Female Total

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

SFG 0.35 0.05 0.38 0.04 0.37 0.04 0.48 0.06 0.45 0.06 0.46 0.06
MFG 0.43 0.05 0.44 0.05 0.43 0.05 0.41 0.06 0.41 0.06 0.41 0.06
IFG 0.42 0.04 0.42 0.03 0.42 0.04 0.46 0.05 0.46 0.05 0.46 0.05
PCG 0.38 0.06 0.38 0.05 0.38 0.06 0.48 0.07 0.48 0.07 0.48 0.07
precuneus 0.44 0.06 0.45 0.05 0.45 0.06 0.38 0.06 0.38 0.04 0.38 0.05
SPL 0.40 0.05 0.43 0.06 0.41 0.06 0.37 0.06 0.34 0.07 0.35 0.06
cuneus 0.52 0.05 0.49 0.04 0.51 0.05 0.37 0.05 0.41 0.05 0.38 0.06
IPL 0.49 0.05 0.52 0.06 0.50 0.06 0.34 0.05 0.32 0.06 0.33 0.06
STG 0.55 0.06 0.55 0.05 0.55 0.05 0.33 0.04 0.33 0.06 0.33 0.05
MTG 0.53 0.05 0.52 0.06 0.52 0.05 0.35 0.07 0.37 0.06 0.36 0.07
ITG 0.59 0.05 0.58 0.04 0.59 0.05 0.22 0.05 0.23 0.05 0.22 0.05
AntCing 0.41 0.05 0.43 0.04 0.42 0.05 0.42 0.05 0.42 0.04 0.42 0.04
PostCing 0.52 0.04 0.52 0.04 0.52 0.04 0.37 0.05 0.37 0.05 0.37 0.05
PHG 0.73 0.03 0.72 0.03 0.73 0.03 0.16 0.03 0.17 0.02 0.17 0.03
lentiform 0.62 0.06 0.61 0.05 0.62 0.05 0.34 0.06 0.36 0.05 0.35 0.06
thalamus 0.47 0.07 0.47 0.04 0.47 0.06 0.42 0.06 0.43 0.05 0.42 0.06
cerebellum 0.72 0.05 0.74 0.04 0.73 0.05 0.23 0.06 0.21 0.05 0.22 0.06

    Total 0.50 0.12 0.51 0.11 0.51 0.12 0.36 0.10 0.36 0.10 0.36 0.10

Abbreviations: see legends of Figure 2.
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GM fractions were highest in the cerebellum and
parahippocampal gyrus and lowest in the SFG and PCG.
The WM fractions showed an almost inverse relationship
with GM fraction.

DISCUSSION

In this study, we performed PVC on the quantitative CBF
SPECT images obtained using 123I-IMP and the ARG
method. We measured CBF before and after the PVC and
found that CBF recovers significantly after PVC. We also
demonstrated that there is a statistically significant differ-
ence in the effect of PVC between regions in the brain.

It has been widely accepted that the quantitative CBF
averaged for the whole brain is approximately 50 ml/100
g/min.15 The measurements of the rate of clearance of
133Xe from the brain after the injection of the radioisotope
into the internal carotid artery suggested that there were
two components in CBF. One was a fast component with
a flow approximately 80 ml/100 g/min and the other a
slow component with a flow approximately 20 ml/100 g/
min,16–18 which have been considered as CBF for GM and
WM, respectively.

However the quantitative measurement of CBF
using PET yields significantly underestimated CBF for
the GM.19–23 Iida et al. have shown that the primary cause
of the underestimation of CBF in the cortical GM regions
is PVE and the tissue heterogeneity within an ROI, and
that if the GM and WM compartments are modeled for the
calculation of CBF, CBF for GM will be comparable to
those obtained by invasive techniques.24

Regarding SPECT, 123I-IMP has a higher first pass
extraction ratio than frequently used 99mTc-labeled CBF
tracers and provides more precise estimates of the true
CBF.25 Quantitative CBF measured by 123I-IMP and
SPECT, however, have been reported as approximately
35 ml/100 g/min for the cerebral cortex and 25 ml/100 g/
min for the centrum semiovale.26 It has also been indi-
cated that the CBF in the GM regions measured using
ROIs were less than twice compared with those in the
WM.26 The total mean quantitative CBF of the GM-ROIs
was 35.9 ± 8.7 ml/100 g/min, and that of the WM-ROIs
was 20.3 ± 0.7 ml/100 g/min, which are consistent with
those in the previous study.26 The significantly higher
CBF in women in this study was also consistent with
several studies using different techniques.26–28 The differ-
ences in CBF between genders were larger than those
reported in those previous studies, although the causes of
the larger gender differences in ARG-CBF values were
not clear. The underestimation of CBF for the GM and the
overestimation of CBF for the WM have been considered
to be due to PVE of SPECT and the limited first pass
extraction of 123I-IMP.

In the present study, we found that GM concentrations
in ROIs placed in regions in the mean ARG-CBF image,
which were considered to represent CBF for GM, ranged

from ~ 40% to as high as 60% in a large part of the cerebral
cortex. Those ROIs also had a range of WM concentra-
tions from about 30% to less than 50%. The values
measured with ROI are biased by the size, shape, and
location of the ROI, so if we had placed ROIs that differed
in size or shape in different regions, the quantitative
values could somewhat differ from the present results. In
this study, we placed ROIs by referring to several previ-
ous studies that showed quantitative CBF using SPECT or
PET,19,20,26 and we considered that the ROIs we used here
were common in clinical settings. The present result
demonstrates that CBF in the GM regions of the SPECT
images, generally, reflects only about 51% the GM frac-
tion, 36% WM fraction, and the rest, CSF.

By adopting PVC, the corrected CBF increased by
about 1.2–2.0 times that of the ARG-CBF, depending on
the ROI, and the total mean PVC-CBF of GM-ROI
became 57.7 ± 16.2 ml/100 g/min. These values, none-
theless, were still underestimated compared with those
obtained by invasive methods16–18 and in H2

15O PET CBF
studies that used PVC.24,29 One of the reasons for this
would be the low first pass extraction fraction of 123I-IMP,
particularly at high CBF,30 which resulted in the CBF
underestimation. The effects of scattered photons could
be another reason for the CBF underestimation after PVC.
It has been demonstrated that scatter correction improves
CBF underestimation in the GM and CBF overestimation
in the WM.31 As described in the Methods section, we did
not perform scatter correction, due to our instrumental
limitations, and we subtracted WM-CBF from ARG-
CBF. A WM-CBF was measured using ROIs consisting
of voxels that had a WM tissue fraction >95% for each
subject. This value would contain scatter components and
be overestimated. The subtraction of these overestimated
WM-CBF from the ARG-CBF results in the underestima-
tion of GM-CBF, and therefore, in the underestimation of
PVC-CBF.

Another reason for the underestimation of CBF would
be nonlinearity in the parameter estimation apart from
PVE, because the estimated parameter from the mixture
of different tissues will not be equal to the simple average
of the parameters constituting the mixture32; the nonlinear
characteristics of the ARG method of 123I-IMP have been
shown to result in the CBF underestimation due to the
gray-white mixture effect.33 As we have reported previ-
ously, if GM tissue fraction of an ROI is 40–60%, like in
the present study, and if the true CBF in GM is in the range
of 60–100 ml/100 ml/min, the magnitude of underestima-
tion of CBF by the ARG method, then, would be 10–
25%.34

The corrected CBF were higher in the upper part of the
cerebral cortex, and relatively low in the temporal cortex
and cerebellum. This tendency in our results, but not the
quantitative values, is consistent with that obtained in
quantitative CBF studies using invasive techniques that
reported lower CBF in regions that are considered to



Original Article 145Vol. 20, No. 2, 2006

correspond to the temporal lobe.16,18 Few studies showed
regional differences in the effect of PVC, which we
assessed using CF in this study. Matsuda et al. illustrated
in their fourth figure relative increases in regional CBF in
the frontal and parietal cortices and decreases in the
medial temporal lobe and cerebellum, in a comparison of
before and after PVC in a CBF SPECT study.6 Our present
results were consistent with their results.6 These findings
could be due to the fact that GM atrophy has been noted
predominantly in the frontal and parietal cortices,35–37 but
not observed,37 or only mildly observed36 in the medial
temporal cortex in healthy elderly. As a limitation of this
study, as we did not perform scatter correction, and thus
the underestimation of CBF could have been relatively
larger in the cortex than the deep gray matter, and also in
structures in lower and higher slices than in the midlevel
slices, due to the cross-sectional size of the scattering
material.31 The scatter correction, thus, could have af-
fected regional difference in ARG-CBF and PVC-CBF.
Meltzer et al., on the other hand, demonstrated that the
effect of PVC in the medial temporal cortex and cerebel-
lum are similar to those of other cortical regions as well as
the thalamus and basal ganglia in their H2

15O PET CBF
study using the two-compartment model.29 The two-
compartment model was less sensitive than the three-
compartment model to errors in segmentation, white
matter inhomogeneity, and image registration accuracy,
but the effect of white matter inhomogeneity and image
registration accuracy was relatively tolerated even with
use of the three compartment model with poorer reso-
lution data.38 In the present study, we used the three-
compartment model5 due to its high recovery coefficient
of GM radioactivity. The effect of PVC in the present
study should be smaller in the medial temporal lobe and
cerebellum than in other regions, differing from a study
based on the two-compartment model,29 because the
diluting effect of WM should be smaller in these regions
due to their smaller WM tissue fraction. Another limita-
tion could be accuracy of segmentation of brain tissues.
The segmentation procedure used in the present study was
subjective and reproducible by using well-established
software, SPM2. The existence of a certain number of
mixed voxels due to PVE in the MRI images, however,
remains an issue to be addressed. The exceptionally high
GM fraction, and therefore low effect of PVC, in the
medial temporal lobe and cerebellum could be due to, at
least partly, segmentation inaccuracy caused by PVE in
the MRI image. It is possible to improve MR segmenta-
tion between GM and WM in the cerebellum, which
would require larger contrast in signal intensity between
GM and WM as well as finer spatial resolution, by using
MRI equipment with a higher magnetic field. The assess-
ment of regional differences in MR segmentation quality
is, however, a subject for further studies.

In conclusion, we applied PVC for quantitative CBF
SPECT using 123I-IMP in healthy elderly subjects. Our

data demonstrated that quantitative CBF in GM recovers
significantly, although it does not reach values as high as
those obtained by invasive methods or in a H2

15O PET
study that applied PVC. We also found that there is a
significant regional difference in the effect of PVC among
the cerebral cortical areas, which was considered to result
from the regional difference in GM tissue fraction, which
would be more reduced in the frontoparietal regions than
in other regions in the atrophied brain of the elderly.
Further studies are required to overcome several limita-
tions in the present study, such as non-linear underestima-
tion in CBF with use of 123I-IMP-ARG method, effects of
scatter photons, and inaccuracy of MR tissue segmenta-
tion.
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