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Objectives: Three accumulative tracers, iodine- 123-labeled N-isopropyl-p-iodoamphetamine 
(I- 123-IMP), technetium-99m-labeled hexamethylpropyleneamineoxime (Tc-99m-HMPAO), and 
technetium-99m-labeled ethyl cysteinate dimer (Tc-99m-ECD) are widely used to measure 
cerebral blood flow (CBF) in single-photon emission computed tomography (SPECT). In the 
present study, normal regional distribution of CBF measured with three different SPECT tracers 
was entered into a database and compared with regional distribution of CBF measured by positron 
emission tomography (PET) with H2150. The regional distribution of tissue fractions of gray matter 
determined by voxel-based morphometry was also compared with SPECT and PET CBF distribu- 
tions. Methods: SPECT studies with 1-123-IMP, Tc-99m-HMPAO, and Tc-99m-ECD were 
performed on 11, 20, and 17 healthy subjects, respectively. PET studies were performed on 11 
healthy subjects. Magnetic resonance (MR) imaging studies for voxel-based morphometry were 
performed on 43 of the 48 subjects who underwent SPECT study. All SPECT, PET, and MR images 
were transformed into the standard brain format with the SPM2 system. The voxel values of each 
SPECT and PET image were globally normalized to 50 ml/lO0 ml/min. Gray matter, white matter, 
and cerebrospinal fluid images were segmented and extracted from all transformed MR images by 
applying voxel-based morphometry methods with the SPM2 system. Results: Regional distribution 
of all three SPECT tracers differed from that of H2150 in the pons, midbrain, thalamus, putamen, 
parahippocampal gyrus, posterior cingulate gyrus, temporal cortex, and occipital cortex. No 
significant correlations were observed between the tissue fraction of gray matter and CBF with any 
tracer. Conclusion: Differences in regional distribution of SPECT tracers were considered to be 
caused mainly by differences in the mechanism of retention of tracers in the brain. Regional 
distribution of CBF was independent of regional distribution of gray matter fractions, and 
consequently the blood flow per gray matter volume differed for each brain region. 
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INTRODUCTION 

DIFFUSIBLE TRACERS, such as H2150 or 133Xe, can be used 
to measure regional cerebral blood flow (CBF) with 
positron emission tomography (PET) and single-photon 
emission computed tomography (SPECT) due to their 
large first-pass extraction fraction in the brain tissue. ~-3 
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Three accumulative radioligands, iodine-123-labeled N- 
isopropyl-p-iodoamphetamine (IMP), 4,5 technetium-99m- 
labeled hexamethylpropyleneamineoxime (PAO), 6,7 and 
technetium-99m-labeled ethyl cysteinate dimer (ECD), 8,9 
have been developed for use as CBF tracers for SPECT 
and have been used to investigate the pathophysiology of  
several neurological diseases. These three radioligands 
all have a large first-pass extraction fraction in brain 
tissue; however, the mechanism of retention in the brain 
is different for each radioligand. IMP binds to amine- 
binding sites in brain tissue. 4 PAO is retained by interac- 
tion of  the lipophilic complex with glutathione in brain 
tissue, l~ ECD is retained due to metabolic transformation 
into its acid products by the enzymatic system in brain 
tissue.I l These differences in the mechanism of retention 
must  cause differences in regional distribution in the 
brain, although all three radioligands are used as CBF 
tracers. Differences in regional distribution of  PAO and 
ECD have been reported. 12,13 However, there has been no 
investigation comparing regional distribution of  IMP, 
PAO, and ECD in SPECT assessments of  CBF to the 
distribution of  H2150 in PET assessments of  CBF. 

It has been reported that blood flow in gray matter is 
four to five times greater than that in white matter. ~4-18 

Table 1 Number of subjects per study and their average age 

Number of subjects 
Study Age (y, mean + SD) 

Male Female 

PET 11 0 58.1 + 4.5 
SPECT 

IMP 5 6 61.6+6.7 
PAO 10 10 57.0 + 5.4 
ECD 10 7 57.1 +4.0 

MRI 23 20 58.4 + 5.6 

Therefore, the regional difference in tissue fractions of  
gray and white matter in a region-of-interest must relate to 
the regional difference in CBF. A voxel-based morpho- 
metry technique, in which gray matter, white matter, and 
cerebrospinal fluid images are segmented and extracted 
from magnetic resonance (MR) images, m has recently 
been developed. This technique has been used to investi- 
gate regional cerebral volume and tissue concentration in 
terms of  age, sex, and other patient characteristics. 2~ 

In the present study, regional distribution of IMP, PAO, 
and ECD in SPECT studies of  CBF was compared to 
regional distribution of  H2150 in PET studies of  CBF. 
Regional differences in tissue fractions of gray and white 
matter obtained by voxel-based morphometry were also 
compared. 

MATERIALS AND METHODS 

Subjects 
A total of  59 healthy subjects were recruited and gave 
written informed consent to participate in the study (Table 
1). The subjects were judged healthy on the basis of their 
medical history, a physical examination, and MR imaging 
or X-ray computed tomography of  the brain. The study 
was approved by the Ethics Committees of  the Institute of  
Development, Aging and Cancer, Tohoku University, 
and the Akita Research Institute of  Brain and Blood 
Vessels. Each subject underwent only one study of SPECT 
or PET. 

SPECT procedures 
The SPECT study was performed in 48 subjects: with 
IMP in 11, PAO in 20, and ECD in 17 subjects. A SPECT 
scanner (SPECT-2000H, Hitachi Medico Corp., Tokyo, 
Japan) 22 with a four-head rotating gamma camera was 
used for all SPECT studies. For the IMP study, fitted 

Table 2 Average CBF values for each ROI (ml/100 ml/min) 

Region PET 
SPECT 

IMP PAO ECD 

Cerebellum 64.9 + 7.0 64.1 + 2.4 65.0 + 1.9 
Pons 55.7 + 8.0 50.5 + 2.5 50.6 + 1.8 t 
Midbrain 54.3 + 3.5 47.6 + 3.6* 50.0 + 1.6" 
Thalamus 66.7 + 6.2 53.9 + 2.9* 58.5 + 1.8" 
Putamen 67.8 + 4.1 59.2 + 2.0* 62.1 + 1.7' 
Parahippocampal gyms 53.4 + 3.4 50.1 + 2.6* 54.1 + 1.2 
Anterior cingulate 51.6 + 3.7 50.9 + 2.3 53.0 + 2.0 
Posterior cingulate 62.4 + 4.2 53.5 + 2.4* 55.6 + 1.6" 
Frontal cortex 51.9 + 2.7 53.6 + 2.7 53.2 + 1.6 
Temporal cortex 63.5 + 3.5 58.2 + 1.7" 56.3 + 2.1" 
Occipital cortex 66.1 + 4.0 60.7 + 2.0* 58.9 + 2.2* 
Parietal cortex 54.3 + 2.5 53.8 + 2.9 53.5 + 1.3 
Centrum semiovale 32.9 _+ 1.3 37.8 + 1.9" 38.0 + 1.4" 

64.3 
47.8 
44.8 
52.5 
59.6 
46.8 
50.6 
53.6 
51.4 
55.9 
64.2 
52.9 
33.6 

+ 2.2 
+2.1" 
+ 2.0* 
+ 1.9" 
+ 2.0* 
+ 1.2" 
+1.1 
+ 1.9" 
+ 1.2 
+ 1.1" 
+ 1.2 
+ 1.2 
+ 1.4 

Values are shown as mean + SD 
Significant differences from PET values (two sample t-test): *p < 0.001, tp < 0.01, *p < 0.05 
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Fig. 1 Regions of interest drawn on all anatomically standardized images (1: pons, 2: cerebellum, 3: 
parahippocampal gyms, 4: midbrain, 5: putamen, 6: temporal cortex, 7" frontal cortex, 8: anterior part 
of the cingulate gyms, 9" thalamus, 10" occipital cortex, 1 l: centrum semiovale, 12: posterior part of the 
cingulate gyrus, 13: parietal cortex). All images are transaxial sections parallel to the anterior-posterior 
commissure (AC-PC) line. The slice positions are -36, -18, 0, 6, and 36 mm from the AC-PC line. 

Fig. 2 Anatomically standardized averaged CBF images obtained with PET and SPECT (IMP, PAO, 
and ECD). All images are transaxial sections parallel to the AC-PC line. The slice positions are -36, 
-18, 0, 6, 22, 36, and 50 mm from the AC-PC line. Scale maximum and minimum values for all images 
are 70 and 7 m//100 m//min, respectively. 

Fig. 3 Anatomically standardized averaged T 1-weighted MR images and averaged images of gray and 
white matter fractions. All images are transaxial sections parallel to the AC-PC line. The slice positions 
are -36, -18, 0, 6, 22, 36, and 50 mm from the AC-PC line. Scale maximum and minimum values for 
gray and white matter images are 0.9 and 0 ml/ml, respectively. T1WI, Tl-weighted image. 
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Fig. 4 Relations between average tissue fraction of gray matter and average CBF values obtained with 
PET or SPECT for all ROIs. (A) Relation between average tissue fraction of gray matter and average 
CBF values on PET. (B) Relation between average tissue fraction of gray matter and average CBF values 
on SPECT with IMP. (C) Relation between average tissue fraction of gray matter and average CBF 
values on SPECT with PAO. (D) Relation between average tissue fraction of gray matter and average 
CBF values on SPECT with ECD. 

coll imator  was low-energy,  medium-resolution,  and in- 
plane and axial resolutions of  10 mm full width at half  
maximum (FWHM).  For  PAO and ECD studies, fitted 
collimator was low-energy, high-resolution, and in-plane 
and axial resolutions of  8 mm FWHM. Image reconstruc- 

t ion was per formed by fil tered backprojec t ion  with a 
Butterworth filter, and attenuation correction was made 

numerically by assuming the object shape to be an ellipse 
for each slice and the attenuation coefficient to be uniform 
(0.08 cm -1 for IMP; 0.1 cm -1 for PAO and ECD). 23,24 

Correct ion for scat tered photons was not performed.  

Image slices were set up parallel to the orbito-meatal line 

and were obtained through the whole brain. 
For the IMP study, the SPECT scanning was performed 

at 40 min of mid-scan time after intravenous infusion of  
111 MBq IMP for 1 min. The SPECT scan protocol  
acquired 64 projections at 25 sec (25 sec • 4 camera heads 
-- 100 sec total)  per  pro jec t ion  with 360 ~ cont inuous 

rotation of  the camera. For  PAO and ECD studies, the 
S PECT scanning was performed 5-10  min after intrave- 
nous bolus injection of 740 MBq PAO or 740 MBq ECD. 
The SPECT protocol comprised 64 projections at 20 sec 
(20 sec • 4 camera heads = 80 sec total) per projection with 
360 ~ rotation of  the camera. No quantitative analyses for 

determination of CBF were performed on all SPECT data. 

PET procedures 
PET was performed in 11 subjects. The Headtome-V PET 

system (Shimadzu Corp., Kyoto, Japan) used for all PET 

studies provides 47 slices with center-to-center distances 

of  3.125 m m Y  The intrinsic spatial resolution is 4.0 mm 
in plane and 4.3 mm F W H M  axially. Reconstruction with 
a Butterworth filter resulted in a final in-plane resolution 
of  approximately 8 mm FWHM.  Data were acquired in 
the two-dimensional mode. 

The H2150 PET study was performed after transmis- 
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sion scanning. The protocol consisted of 180-sec static 
scanning following continuous intravenous infusion of 
H2150 for 2 min. The arterial input function was deter- 
mined with a beta probe for continuous measurement of 
arterial whole blood radioactivity. Dispersion and delay 
occurring in the beta detector system and in the internal 
arterial line were corrected according to previously re- 
ported methods. 26'27 The CBF images were calculated by 
an autoradiographic method. 3'28 

MR imaging procedures 
All MR imaging studies were performed with a 0.5-Tesla 
MR scanner (GE, Milwaukee, WI). Three-dimensional 
volumetric acquisition of a Tl-weighted gradient echo 
sequence produced a gapless series of thin transverse 
sections under SPGR sequencing (TE: 7 msec; TR: 40 
msec; flip angle: 30~ field of view: 25 cm; acquisition 
matrix: 256 • 256; slice thickness: 1.5 mm). MR imaging 
study was performed in six of the 11 subjects who under- 
went SPECT study with IMP and in all subjects who 
underwent SPECT study with PAO or ECD. 

Data analysis 
All SPECT, PET, and MR images were transformed into 
the standard brain size and shape by linear and nonlinear 
parameters with the statistical parametric mapping (SPM2) 
system for anatomic standardization} 9 Used brain tem- 
plates in SPM2 for anatomic standardization were PET 
template for all SPECT and PET images and TI template 
for MR images. Thus, brain images of all subjects had the 
same anatomic format. The radioactivities of each SPECT 
image were globally normalized to 50 ml/100 ml/min 
with the use of whole brain radioactivities. The CBF 
values of PET images were also globally normalized to 50 
mil l00 ml/min using whole brain CBF. Gray matter, 
white matter, and cerebrospinal fluid images were seg- 
mented and extracted from all anatomically standardized 
MR images by applying voxel-based morphometry meth- 
ods with the SPM2 systemJ 9 These segmented MR im- 
ages indicate the tissue fraction of gray or white matter per 
voxel (ml/ml). All anatomically standardized SPECT, 
PET, gray matter, and white matter images were smoothed 
with a 10-ram FWHM isotropic Gaussian kernel. 

Regions of interest (ROIs) were drawn on all anatomi- 
cally standardized SPECT, PET, gray matter, and white 
matter images with reference to the Tl-weighted MR 
image (Fig. 1). Circular ROIs were defined for the pons, 
midbrain, thalamus, putamen, parahippocampal gyrus, 
and anterior and posterior parts of the cingulate gyms (16 
mm in diameter), and elliptical ROIs were defined for the 
cerebellar cortex, centrum semiovale, and four neocorti- 
cal regions representing the frontal, temporal, occipital, 
and parietal lobes (16 mm • 32 mm). 

Table 3 Average tissue fractions of gray and white matter per 
voxel (ml/ml) 

Region 
Tissue fraction 

Gray matter White matter 

Cerebellum 0.657 + 0.080 0.284 + 0.088 
Pons 0.344+0.142 0.587+0.144 
Midbrain 0.375 +0.060 0.521 +0.068 
Thalamus 0.441 + 0.051 0.482 + 0.052 
Putamen 0.540 + 0.063 0.451 + 0.063 
Parahippocampal gyrus 0.751 + 0.030 0.1 44 + 0.027 
Anterior cingulate 0.484 + 0.030 0.409 + 0.030 
Posterior cingulate 0.491 + 0.038 0.440 + 0.049 
Frontal cortex 0.424 + 0.037 0.426 + 0.050 
Temporal cortex 0.601 + 0.042 0.272 + 0.041 
Occipital cortex 0.474 + 0.037 0.423 + 0.049 
Parietal cortex 0.473 + 0.042 0.414 +_ 0.040 
Centrum semiovale 0.051 + 0.013 0.937 +_ 0.016 

Values are shown as mean + SD 

RESULTS 

Average CBF values for PET and SPECT (IMP, PAO, 
and ECD) for each ROI are given in Table 2. In the 
midbrain, thalamus, putamen, posterior cingulate gyms, 
and temporal cortex, CBF values were significantly lower 
in SPECT (IMP, PAO, and ECD) than in PET. In the pons, 
CBF values were significantly lower with PAO and ECD 
than with PET. In the parahippocampal gyrus, CBF values 
were significantly lower with IMP and ECD than with 
PET. In the occipital cortex, CBF values were significantly 
lower with IMP and PAO than with PET. Averaged PET 
and SPECT (IMP, PAO, and ECD) images of CBF that 
were anatomically standardized are shown in Figure 2. 

Average tissue fractions of gray and white matter for 
each ROI are given in Table 3. Among the neocortical 
regions, the tissue fraction of gray matter in an ROI ranged 
from 0.424 to 0.601 ml/ml, whereas the tissue fraction of 
white matter ranged from 0.272 to 0.426 ml/ml. Tissue 
fractions of gray and white matter for the cerebellar cortex 
were 0.657 and 0.284 ml/ml, respectively. Averaged T1- 
weighted MR images and averaged images of gray and 
white matter fractions that were anatomically standard- 
ized are shown in Figure 3. 

The relations between average tissue fraction of gray 
matter and average CBF values obtained with PET or 
SPECT (IMP, PAO, and ECD) for all ROIs except the 
centrum semiovale are shown in Figure 4. No significant 
correlations were observed. 

DISCUSSION 

While diffusible tracer H2150 has been used as a gold 
standard to measure CBF, accumulative tracers, such as 
IMP, PAO, and ECD, are currently used to trace CBF in 
SPECT studies of the pathophysiology of neurological 
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diseases. Although these accumulative tracers are all 
characterized by a large first-pass extraction fraction in 
the brain tissue, the tracers are retained in the brain by 
different mechanisms. 4,10,11 The differences in the mecha- 
nism of retention must cause differences in regional 
distribution in the brain. In the present study, differences 
in regional distribution were observed between these 
accumulative tracers and between the accumulative trac- 
ers and H2150 in the pons, midbrain, thalamus, putamen, 
parahippocampai gyrus, posterior cingulate gyrus, tem- 
poral cortex, and occipital cortex. In the brain stem, 
thalamus, and putamen, CBF values measured bY SPECT 
tracers were lower than values measured by H2150, indi- 
cating weak retention of SPECT tracers in these brain 
regions. In addition, in the thalamus and putamen, CBF 
values measured by SPECT tracers might be underesti- 
mated due to a limited first-pass extraction fraction in 
brain and a backdiffusion from brain to blood because 
CBF values in these regions were largest through the 
brain. 3~ In the parahippocampal gyrus, CBF values 
measured by IMP and ECD, but not by PAO, were lower 
than values measured by H2150, indicating weak retention 
of IMP and ECD in this region. In the posterior cingulate 
and temporal cortex, CBF values measured by SPECT 
tracers were lower than values measured by H2150. The 
arterial blood volume in an ROI is relatively large in these 
regions, 33 and this can cause overestimation of CBF as 
measured by H2150. 34 In the occipital cortex, CBF values 
measured by IMP and PAO, but not by ECD, were lower 
than those measured by H2~50, indicating weak retention 
of IMP and PAO in this region. Koyama et al. also 
reported that CBF measured by PAO was less than CBF 
measured by ECD in the occipital cortex.12 In the centrum 
semiovale, CBF values measured by IMP and PAO were 
higher than CBF measured by H2150 due to scatter effect 
in the SPECT system. 35,36 However, CBF values meas- 
ured by ECD were almost the same as CBF measured by 
H2150 in the centrum semiovale. This suggests that reten- 
tion of ECD in the white matter is relatively weak. In 
addition, effects of attenuation and scatter in SPECT must 
be different between 123I and 99mTc due to a difference in 
energy of ~'-ray. 

In the present study, no significant correlations were 
observed between average tissue fraction of gray matter 
and average CBF values measured by H2150, IMP, PAO, 
or ECD, indicating that regional distribution of CBF is 
independent of the regional gray matter fraction. How- 
ever, the CBF value is affected by the regional gray matter 
fraction due to a limited spatial resolution of PET and 
SPECT scanner. The CBF value in an ROI can be ex- 
pressed as followslT: 

CBF = fgray .TFgray + fwhite'TFwhite Eq. 1 

where fgray and fwhite are blood flow in gray and white 
matter (m//100 m//min), respectively, and TFgray and 
TFwhite are the tissue fraction of gray and matter (ml/ml), 

Table 4 Blood flow in gray matter calculated for each ROI 
according to Eq. 1 

Region PET 
SPECT 

IMP PAO ECD 

Cerebellum 84.6 81.2 82.6 83.3 
Pons 105.8 82.4 82.3 81.6 
Midbrain 99.1 74.4 80.4 72.2 
Thalamus 115.3 80.8 91.1 82.4 
Putamen 98.1 78.0 83.3 82.2 
Parahippocampal gyms 64.8 59.4 64.7 55.8 
Anterior cingulate 78.8 73.1 77.3 76.1 
Posterior cingulate 97.7 75.2 79.2 79.1 
Frontal cortex 89.4 88.4 87.3 87.6 
Temporal cortex 90.9 79.7 76.5 77.9 
Occipital cortex 110.2 94.5 90.6 105.7 
Parietal cortex 85.9 80.6 79.7 82.4 

Values are ml/100 ml/min 

respectively. According to this equation, if fwnite is given, 
fgray can be calculated for a given TFgray and TFwhile, which 
are determined by voxel-based morphometry with MR 
imaging. The fgray values calculated from average CBF 
for each ROI by assuming fwhite to be equal tO CBF value 
in the centrum semiovale are given in Table 4. In this 
calculation, TFgray and TFwnite were derived from average 
images of gray and white matter fractions for each ROI. 
Among the neocortical regions, fgray ranged from 86 to 
110 for H2150, from 80 to 95 for IMP, from 77 to 91 for 
PAO, and from 78 to 106 m//100 m//min for ECD. This 
indicates that the blood flow per gray matter volume is 
different for each brain region, even in neocortical re- 
gions. For all tracers, the lowest and highest fgray values 
are observed in the parahippocampal gyrus and occipital 
cortex, respectively. 

The hippocampal region is of central interest in the 
complex pathophysiology of Alzheimer ' s  disease. 
Hypoperfusion of the parahippocampal gyrus has been 
reported in the presence of mild Alzheimer's disease. 37-39 
The voxel-based morphometry technique revealed gray 
matter loss in the hippocampal region in the presence of 
mild Alzheimer's disease 4~ and mild cognitive impair- 
merit. 42 However, there is reportedly no change in perfu- 
sion of the parahippocampal gyrus in mild Alzheimer's 
disease, 43,44 although a decrease in gray matter volume in 
the parahippocampal gyrus has been observed. 44 In the 
present study, the greatest tissue fraction of gray matter 
was observed in the parahippocampal gyrus. However, 
CBF was not greater in this region than in the other regions 
for any tracer; thus this region had the lowest gray-matter 
blood flow values of any region (Table 4), especially in the 
ECD study. Such discrepancy between the gray matter 
fraction and CBF might affect the detectability of abnor- 
mal perfusion in the parahippocampal gyrus in cases of 
Alzheimer's disease. 

In conclusion, a database of CBF values measured in 
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healthy subjects by three accumulative SPECT tracers, 

IMP, PAO, and ECD, was built. Differences in regional 

distribution of  CBF were observed between tracers. Re- 
gional  distr ibution of  CBF was independent  of  the re- 
gional  gray matter  fraction measured by voxe l -based  
morphometry with MR imaging for all tracers, and conse- 

quently, blood flow per gray matter volume was different 

for each brain region. In particular, the least blood flow in 

gray matter was observed in the parahippocampal gyrus. 
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