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Abstract. Prior studies with anthropomorphic phantoms
and single, static in vivo brain images have demonstrated
that scatter correction significantly improves the accura-
cy of regional quantitation of single-photon emission
tomography (SPET) brain images. Since the regional dis-
tribution of activity changes following a bolus injection
of a typical neuroreceptor ligand, we examined the effect
of scatter correction on the compartmental modeling of
serial dynamic images of striatal and extrastriatal dopa-
mine D2 receptors using [123I]epidepride. Eight healthy
human subjects [age 30±8 (range 22–46) years] partici-
pated in a study with a bolus injection of 373±12
(354–389) MBq [123I]epidepride and data acquisition
over a period of 14 h. A transmission scan was obtained
in each study for attenuation and scatter correction. Dis-
tribution volumes were calculated by means of compart-
mental nonlinear least-squares analysis using metabolite-
corrected arterial input function and brain data processed
with scatter correction using narrow-beam geometry µ
(SC) and without scatter correction using broad-beam µ
(NoSC). Effects of SC were markedly different among
brain regions. SC increased activities in the putamen and
thalamus after 1–1.5 h while it decreased activity during
the entire experiment in the temporal cortex and cerebel-
lum. Compared with NoSC, SC significantly increased
specific distribution volume in the putamen (58%,
P=0.0001) and thalamus (23%, P=0.0297). Compared
with NoSC, SC made regional distribution of the specific

distribution volume closer to that of [18F]fallypride. It is
concluded that SC is required for accurate quantification
of distribution volumes of receptor ligands in SPET
studies.
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Introduction

Analogous to comparable positron emission tomography
(PET) studies, single-photon emission tomography
(SPET) has been used to image neuroreceptors, trans-
porters, and regional cerebral blood flow. In general, the
data provided by SPET are not as accurate as those pro-
vided by PET owing to lower spatial resolution, lower
sensitivity, depth dependency of attenuation, and a
greater influence from scattered radiation. However, re-
cent studies have shown that the accuracy of SPET quan-
tification can be significantly improved by minimizing
errors caused by these limitations. Attenuation correction
in SPET is usually performed by determining the path
length on an image after filtered back-projection instead
of performing correction during iterative reconstruction.
The latter more accurate and more computer-intensive
method decreased errors compared with the former ap-
proximated method by 10–20% in the quantification of a
brain phantom [1]. Differences in attenuation coeffi-
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cients caused by heterogeneous distribution of tissues
have been corrected by using a measured attenuation
map (transmission scan). Although some image slices
contain tissues with significantly different attenuation
coefficients, in most areas in the head, attenuation is fair-
ly uniform. Therefore, errors corrected by using a mea-
sured attenuation map were relatively small and on the
order of 5% [2, 3, 4, 5].

Scatter correction provided greater improvement in
accuracy, shown with anthropomorphic brain phantoms
to be on the order of 30–70% [4, 6, 7]. In addition to
phantom data, scatter correction in single, static in vivo
SPET images of brain have shown comparable signifi-
cant improvements in quantitation. In cerebral blood
flow studies using [123I]iodoamphetamine, scatter correc-
tion improved image contrast by increasing and decreas-
ing activities in gray and white matter, respectively [2,
8]. Scatter correction showed similar changes in dopa-
mine D2 receptor and transporter imaging studies, where
the correction increased and decreased activities in the
high-density (striatum) and background regions (cerebel-
lum and occipital cortex), respectively [5, 6, 9].

[123I]Epidepride has high affinity for dopamine D2 re-
ceptors and low nonspecific binding, which enables mea-
surements in low-density receptor regions such as the
thalamus and the temporal cortex [10]. This radioligand
has been used to measure receptor occupancy of neu-
roleptics in schizophrenic patients [11] and receptor den-
sities in extrastriatal areas in alcoholic patients [12]. The
effect of scatter correction on this radioligand in single
static images has been studied by comparing SPET and
PET data obtained with 123I- and 11C-labeled epidepride,
respectively [9]. SPET and PET activities were com-
pared from a single target (striatum) and a single back-
ground (cerebellum) region at a few time points without
calculating distribution volume or equilibrium ratios of
specific-to-nondisplaceable binding. In fact, the half-life
of 11C is too short to calculate the distribution volumes
for this slowly equilibrating ligand. Fractions of scat-
tered radiation in each region are affected by the distri-
bution of activity in surrounding areas. Dynamic brain
images acquired after bolus injection of a radioligand
show varying relative distributions of brain activity as
the ligand is delivered to and later washed from the
brain.

The purpose of the current study was to examine the
effect of a scatter correction method previously validated
and shown to improve image accuracy [2, 6] on compart-
mental quantitation of dynamic SPET neuroreceptor im-
aging data in a background and three regions with vari-
able receptor densities and locations (putamen, thalamus
and temporal cortex). The study complied with the cur-
rent laws of the USA, where it was performed, inclusive
of ethics approval.

Materials and methods

Subjects. Data of eight [three males and five females; 30.1±8.3
(22–46) years of age; with these and subsequent values expressed
as mean±SD (range)] among 11 subjects reported previously [13]
were reanalyzed in this study. Two studies were excluded because
a few data points of arterial input function were missing, and one
study was excluded because the magnetic resonance imaging
(MRI) scans were missing.

Data acquisition. Details of data acquisition have been described
previously [13]. In brief, [123I]epidepride [373±12 (354–389)
MBq, specific activity greater than 185 MBq/nmol in all synthe-
ses] prepared locally was injected intravenously as a bolus and
SPET data were acquired with a triple-headed camera with low-
energy high-resolution fanbeam collimators (PRISM 3000XP,
Philips Medical System, The Netherlands) for a duration of
13.9±0.6 (12.6–14.5) h after the injection. One transmission scan
using a 57Co line source opposing head 3 of the camera was also
acquired at approximately 2 h as previously described [3]. In this
scan, both 57Co and 123I data were acquired simultaneously by
opening two windows (simultaneous transmission emission proto-
col, STEP) to use the latter data to coregister the transmission to
each emission data as described below. Arterial samples were ob-
tained to measure metabolite-corrected input function. To identify
brain regions, T1-weighted MRI scans of 3-mm contiguous slices
were obtained with a 1.5-Tesla GE Signa device [13].

Attenuation map generation. The procedures of attenuation map
generation have been described previously [6]. In brief, transmis-
sion projection data of head 3 were corrected for contamination of
123I emission photons and normalized by a blank projection. After
smoothing with the Gaussian filter (kernel size = 3 pixels) to re-
duce noise, transmission data were reconstructed using the ordered
subsets expectation maximization (OSEM) algorithm [14] to gen-
erate the attenuation map of narrow-beam geometry µ for 57Co.
The attenuation map for 57Co was converted to that of narrow-
beam µ for 123I by applying scaling factors [3].

Narrow-beam µ can be applied to compensate attenuation of
photons for narrow-beam geometry, which allows, in theory, the
detection of only primary photons [15]. In practice, however, a
general SPET system has broad-beam geometry, because the colli-
mator has an acceptance angle that allows the acquisition of not
only the primary photons but also Compton-scattered photons.
Therefore, the use of narrow-beam µ without scatter correction
overcompensates photon absorption with a buildup factor caused
by the broad-beam condition. To prevent this overcompensation,
an attenuation map of broad-beam µ for reconstruction without
scatter correction was obtained by applying a scaling factor to the
attenuation map of narrow-beam µ [16]. Based on a study using an
anthropomorphic calibration phantom (Radiology Support Device
Inc., Long Beach, CA, USA) (Fig. 1), we set the scaling factor as
0.65 to produce an even horizontal profile across the transverse
plane reconstructed without scatter correction [NoSC (broad) in
Fig. 1]. If this factor of 0.65 was not applied for the data process-
ing without scatter correction, an even horizontal profile was not
obtained [NoSC (narrow) in Fig. 1]. An even horizontal profile
was also obtained with scatter correction using narrow-beam µ at-
tenuation maps (SC in Fig. 1). [123I]epidepride SPET data were
analyzed with scatter correction using narrow-beam µ (SC) and
without scatter correction using broad-beam µ attenuation maps
(subsequently the latter data processing is simply referred to as
NoSC).
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Cross-calibration. SPET images of the brain phantom with uni-
form activity in the entire intracranial cavity were used to calcu-
late a cross-calibration factor (CCF) for the relative sensitivity of
the SPET scanner and the well-counter. Three acquisitions were
performed on different days with a well-mixed 123I solution of uni-
form activity [12.6±0.1 (12.5–12.6) kBq/ml]. CCF was 5.56 and
5.79 kBq/cps for SC and NoSC, respectively.

Scatter correction. Scatter correction was performed as described
previously using the transmission-dependent convolution subtrac-
tion with the following formulae [2, 6]:

t(x,y) is the attenuation factor for pixel (x,y) derived from the
transmission projection. A, B, β and k 0 are constants determined
from a previous experiment [17]; A=2.3069, B=A−1, β=0.2926,
and k0=0.2203. The values g(x,y) and gobs(x,y) are scatter-correct-
ed and observed emission projection data, respectively. s is the
scatter function given as the sum of Gaussian and exponential
functions [18], and ⊗ denotes the convolution integral.

Image reconstruction. Calibration phantom and human data were
reconstructed as described previously [6] using the OSEM algo-
rithm with and without SC. In both cases, attenuation correction
was performed using an attenuation map. The number of iterations
and subsets for reconstruction without scatter correction was set to
3 and 12, respectively. The number of 3 for iterations was the min-
imum condition for reconstruction with 12 subsets to provide uni-
form ratios between the striatum and background of five striatum
phantom datasets using an anthropomorphic phantom (Radiology
Support Device Inc., Long Beach, CA, USA). In the reconstruc-
tion with SC, because SC induces a change in spatial resolution
[5], we tried to find the parameter that would minimize the spatial
resolution difference and set the number to 2 for iterations and 6
for subsets, respectively.

Coregistration of a transmission to each emission scan is de-
scribed in detail below because this procedure was not required in
the previous study [6] with one emission and one transmission
scan. In human studies using [123I]epidepride, emission images

Fig. 1. Anthropomorphic phantom images reconstructed with scat-
ter correction using narrow-beam geometry µ (upper left, SC),
without scatter correction using broad-beam µ [upper middle,
NoSC (broad)], and without scatter correction using narrow-beam
µ [upper right, NoSC (narrow)]. Broad-beam µ values were 65%
of narrow-beam µ (see text) so that the line profile is even (cf. the
image in the lower row and the graph). Note that SC gave an even
line profile but NoSC (narrow) did not. Numbers on the color bars
are counts/pixel
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with and without SC were reconstructed in the following way.
First, each emission image, including the one acquired at the same
time as the transmission (STEP acquisition), was reconstructed
without either scatter or attenuation correction. The emission scan
acquired with the transmission was coregistered to each emission
image using the coregister function of Statistical Parametric Map-
ping version ‘99 (SPM 99) [19]. Each coregistration was visually
confirmed by coincidence of fiducial markers between two emis-
sion images. Using the parameters obtained in these coregistra-
tions, the transmission image was coregistered to each emission
data and then emission data were reconstructed with attenuation
correction and with or without SC using the coregistered transmis-
sion data. The software package Dr. View 4.0 (Asahi Kasei Info-
mation Systems Co. Ltd, Tokyo, Japan) was used to display the
projection data.

Data analysis. Each emission image, reconstructed with attenua-
tion correction and with or without SC, was transformed back to
the coordinate of the STEP acquisition by inversely applying the
parameters obtained in the coregistration procedure described
above. Images acquired during the first 40 min were summed to
create an image with good visualization of cerebral cortices. MR
images of each subject were coregistered to this summed image
using the coregister function of SPM 99. Both the coregistered
MR and reconstructed emission images created with and without
SC were transformed to the Montreal Neurological Institute
brain space using SPM 99 by using the T1 MRI template and ob-
taining transformation parameters from the coregistered MR im-
ages.

Volumes of interest (VOIs) were placed on the average image
from spatially normalized MR images of all subjects. VOIs were
placed on the putamen, thalamus, temporal cortex, and cerebel-
lum. The volume of these VOIs was 2.9, 5.5, 26.4, and 33.2 cm3,
respectively.

Total [VT′=K1/k2(1+k3/k4)] and specific (V3′= K1 k3/k2 k4) distri-
bution volumes of [123I]epidepride were calculated as reported
previously [13] using parent ligand levels in arterial plasma as the
input function by applying three- (two-tissue) and two- (one-tis-
sue) compartment models in receptor regions and the cerebellum,
respectively. K1, k2, k3, and k4 are rate constants describing ligand
transport from arterial plasma to the nondisplaceable compartment
in the brain, from the nondisplaceable compartment to the vascu-
lature, from the nondisplaceable compartment to the specific bind-
ing compartment, and from the specific binding compartment to
the nondisplaceable compartment, respectively. In this analysis,
K1/k2 was first determined in the cerebellum and then nonlinear
least squares fitting was performed in each receptor region by fix-
ing the K1/k2 value to that obtained in the cerebellum. V3′ and VT′
are ratios of [specific binding]/[total (free + protein bound) parent
in arterial plasma] and [total binding]/[total parent in arterial plas-
ma] under equilibrium, respectively. In other words, V3′ is equal to
f1×Bmax/Kd, where f1 is the free fraction of the parent ligand and
VT′ is a summation of distribution volume in all tissue compart-
ments. Quantification of [123I]epidepride is influenced by the ac-
tivity of lipophilic metabolites, and the correct equilibrium ratio of
specific-to-nondisplaceable binding (V3″) cannot be calculated us-
ing the activity in the cerebellum [13, 20, 21]. However, to study
effects of SC on quantification of neuroreceptor/transporter imag-
ing in general, V3″ was calculated by a reference tissue model us-
ing the cerebellum as a receptor-poor region [22]. Without the in-
fluence of lipophilic metabolites, V3″ is an equilibrium ratio of
[specific binding]/[free + nonspecific binding] in the brain. PMOD
2.50 [23] was used to calculate V3′, VT′, and V3″.

Statistical analysis. The standard errors of nonlinear least-squares
estimation for rate constants were given by the diagonal of the co-
variance matrix [24] and expressed as a percentage of the rate con-
stants (coefficient of variation, %COV). In addition, %COV of
K1/k2, V3′, and VT′ was calculated from the covariance matrix us-
ing the generalized form of the error propagation equation [25],
where correlations among rate constants were taken into account.
Results obtained by SC and NoSC were compared by two-tailed
paired t test in each region using SAS 8.2 (Cary, NC, USA), and P
values of <0.05 were considered significant.

Results

SC and NoSC methods showed different spatial distribu-
tions of activities that changed over time after bolus ad-
ministration of [123I]epidepride (Figs. 2, 3). SC generally
showed greater changes from NoSC at later time points,
when distribution of activities was more heterogeneous,
than at early time points. During early periods (Fig. 2a,
0–36 min), cerebral cortex gray matter was clearly visi-
ble owing to the radioligand delivery by blood flow, al-
though the receptor density in these regions was low
(lower row in Fig. 2a). Gray matter was more clearly vis-
ible by SC because of the lower activity in white matter.
As shown by line profiles, on each slice in Fig. 2a, the
difference between SC and NoSC was small in high-ac-
tivity areas while SC showed slightly lower activities in
low-activity areas, indicating that SC slightly increased
image contrast. At a later time point (Fig. 2b, 3 h), SC
showed a greater increase in image contrast than at earli-
er time points, as indicated by the greater difference be-
tween high- and low-activity areas in line profiles. How-
ever, the effect of SC was different between high- (stria-
tum) and low- (temporal cortex) density regions. Com-
pared with NoSC, SC increased activity in the striatum.
SC and NoSC showed similar activity in the temporal
cortex while the former showed lower activity in the cer-
ebellum (upper row in Fig. 2b).

In addition to two time points shown in Fig. 2, Fig. 3
displays changes in activities over time. As described be-
low, each region showed different effects of SC, with the
most prominent effects in the highest (putamen) and
lowest (cerebellum) activity regions. SC changed the
shape of the time-activity curve in the putamen by in-
creasing activity significantly after 1 h and causing the
peak uptake time to be later (Fig. 3a). In this region, SC
and NoSC showed similar activities initially, when distri-
bution of activity was more uniform, than during later
periods. NoSC caused lower activity than SC during lat-
er periods, when the distribution of activities deviated
more from uniformity. As a result, peak uptake time of
SC determined by a single time point with the highest
activity [256±103 (84–370) min] tended to be later than
that of NoSC [158±124 (21–382) min, P=0.11]. SC also
showed different effects between early (within 1–1.5 h)
and later periods in the thalamus (Fig. 3b). However, the
effect of SC was not so prominent as in the putamen.
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During early periods, activity of NoSC was higher than
that of SC. In contrast, SC showed higher activity during
later periods. As a result, peak uptake time of SC [32±19
(8–62) min] tended to be later than that of NoSC [20±12
(8–42) min, P=0.05]. In the cerebellum (Fig. 3d), SC de-
creased activity during almost the entire experiment,
though to a greater extent at later time points. Results in
the temporal cortex were similar to those in the cerebel-
lum, with smaller effects of SC (Fig. 3c).

Ratios of activity in receptor regions to that in the cer-
ebellum more clearly showed the different effects of SC
among brain regions (Fig. 4). Data of all subjects are
shown in this figure. Because SC decreased cerebellar
activity significantly during the entire experiment, this
method increased ratios in all three receptor regions.
However, the magnitude and the time course of the in-
crease differed among brain regions. The magnitude of
the increase was in the order of receptor density, with the
greatest increase in the putamen followed by the thala-
mus and the temporal cortex. The time course of the ef-
fect of SC also differed among brain regions. During late
hours, in the putamen and the thalamus, the ratios ob-
tained with SC increased more prominently than those
obtained with NoSC, as shown by steeper slopes in the

Fig. 3a–d. Arterial input function (a) and changes in activity over
time in the putamen (a), thalamus (b), temporal cortex (c), and
cerebellum (d) obtained with scatter correction (SC) and no scatter
correction (NoSC). Nonlinear least-squares fitting is also shown.
See text for details

Fig. 2a, b. Representative images reconstructed with scatter cor-
rection (SC, left-hand column) and without scatter correction using
broad-beam µ (NoSC, middle column), and corresponding line
profiles (right-hand column). Images on panels a and b were ob-
tained at 0–36 and 172–192 min, respectively. The same slices
normalized to the Montreal Neurological Institute brain space are
shown in panels a and b. Activities of images, color bars and
graphs are shown as percentages of injected dose per cm3 brain
normalized to body weight in grams. If activity is evenly distribut-
ed throughout the body and is not excreted, the activity expressed
in %I.D. × g body wt./cm3 is 100. The same intensity scale was
applied to all images on panel a, and each of the upper and lower
rows in panel b. See text for explanation of the effects of scatter
correction. In the upper rows, radioactive fiducial markers at-
tached to the skin were within the field of spatially normalized im-
ages. Because of the brightness of these markers relative to brain
activity, they have been eliminated by placing black ellipses

▲
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graphs, while such a difference between SC and NoSC
was not apparent in the temporal cortex. This difference
was caused because SC changed the shape of the time-
activity curves and caused peak uptake times to be later
in the putamen and thalamus but not in the temporal cor-
tex and cerebellum.

Results of compartmental analysis are shown in Ta-
ble 1 and Fig. 5. Because SC showed later peak and
higher activity after 1–1.5 h in the putamen and the thal-
amus, it showed a trend toward smaller K 1 values, re-
flecting reduced delivery of the radioligand. On the other
hand, these changes increased k 3/k 4 ratios (ratios of as-
sociation to/dissociation from receptors) significantly.
These changes induced by SC created greater VT′ values
in these regions (Fig. 5a). Smaller activities with SC dur-
ing almost the entire experiment provided smaller VT′

values in the temporal cortex and cerebellum. VT′ by SC
was 134.7±28.0 (101.7–181.3), 23.4±4.9 (19.9–34.3),
9.8±1.0 (7.8–11.1), and 3.6±1.0 (2.7–5.6) ml/cm3 in the
putamen, thalamus, temporal cortex, and cerebellum, re-
spectively. Compared with NoSC, SC significantly in-
creased VT′ in the putamen by 54.7% (P=0.0002). In
contrast, SC decreased VT′ in the temporal cortex and
cerebellum by 13.0% (P=0.0187) and 21.7% (P=0.0011),
respectively. The increase in VT′ was not significant in
the thalamus. V 3′ with SC was 131.0±27.9 (98.7–177.1),
19.8±4.5 (16.5–30.1), and 6.2±0.9 (4.7–7.4) ml/cm3 in
the putamen, thalamus, and temporal cortex, respective-
ly. SC increased V3′ in the putamen and thalamus by
58.4% (P=0.0001) and 23.0% (P=0.0297), respectively
(Fig. 5a). In the temporal cortex, the decrease in V3′
(7.5%) with SC was smaller than that in VT′ because in

Fig. 4a, b. Activity ratios of putamen (a) and thalamus (Thal.) and
temporal cortex (Temp.) (b) to the cerebellum at each time point
obtained with (SC) and without scatter correction (NoSC). Mean
and SD (error bars) from all subjects are shown. Compared with
NoSC, SC showed prominent increases in the ratios at late time
points in the putamen and thalamus but not in the temporal cortex

Fig. 5a, b. Mean±SD values of the total (VT′) and specific (V3′)
distribution volumes (a), and equilibrium ratios of specific-to-
nondisplaceable binding (V3″, b) obtained by scatter correction
(SC) and no scatter correction (NoSC). *P<0.005; **P<0.05. Put.,
Putamen; Thal., thalamus; Temp., temporal cortex; Cbl., cerebel-
lum
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this region and the cerebellum, SC showed changes in
the same direction with greater magnitude in the latter.
That is, the changes partially canceled out. Figure 5b
shows V3″ with and without SC. As expected from the
increases in the ratios to the cerebellum at each time
point (Fig. 4), SC increased V3″ in all regions, with
greater magnitude in higher density regions (Fig. 5b).
The increase was 2.3, 2.0, and 1.7 times in the putamen,
thalamus, and temporal cortex (P<0.0001 in all regions).

Discussion

A few groups have shown large effects of SC on SPET
quantification, on the order of 30–70% [2, 4, 5, 6, 9].
However, these studies examined the effects of SC on
static images or on only two regions. Thus, knowledge
has been lacking on the effects of SC on quantification
of distribution volumes with compartmental modeling
for dynamic data, during which the regional distribution
of activity changes in various brain regions with various
densities. In this study, we examined the effects of SC on
quantification of a dopamine D2 receptor ligand,
[123I]epidepride, which visualizes low-density regions
such as the thalamus and the temporal cortex as well as a
high-density region in the striatum. Our results showed
markedly different effects of SC among these three re-
gions and a receptor-poor region, the cerebellum. As
shown previously [2, 6, 9], SC increased image contrast
by increasing and decreasing activities in high- and low-

activity areas, respectively. However, the magnitude and
time course of such changes varied significantly among
brain regions.

Similar to the current work, another study using
[123I]epidepride showed that SC caused increased and
decreased striatal and cerebellar activities, respectively
[9]. However, the magnitude of the changes cannot be
compared to that in the current study because distribu-
tion volumes or equilibrium ratios of specific-to-nondis-
placeable binding was not measured in that study. In
fact, the authors of that paper suggested that the effect of
SC on modeling analysis of the dynamic data should be
examined in the future, which is the topic of the current
paper. In the current study, in the putamen and thalamus,
SC changed the shape of time-activity curves by increas-
ing activities after 1–1.5 h and delaying the peak. Such
changes decreased K1, which reflects initial delivery of
radioligand to brain regions, and increased k3/k4, which
is a ratio of radioligand association to and dissociation
from the receptor. In other words, SC provided kinetic
rate constants indicating less initial delivery, faster asso-
ciation to, and slower dissociation from the receptor.
These changes caused increases in V3′ (=K1 k3/k2 k4) in
the putamen and thalamus (Fig. 5a). Although SC also
increased k3/k4 in the temporal cortex, combined with the
decreased K1/k2, SC did not change V3′ in this region. SC
induced similar changes to V3″ determined without arte-
rial data (Fig. 5b) and k3/k4 determined by the compart-
mental analysis (Table 1). Both of these results reflected
changes in the ratios of association to/dissociation from

Table 1. Rate constants and distribution volumes with scatter correction (narrow-beam µ) and no scatter correction (broad-beam µ)

K1 (ml cm−3 min−1) K1/k2 (ml cm−3) k3 (min−1) k4 (min−1) V3′ (ml cm−3) VT′ (ml cm−3)

Scatter correction

Putamen 0.44±0.20 0.087±0.038 0.0023±0.0006 131.0±27.9 134.7±28.0
(7.7±2.8) (8.7±4.8) (11.2±5.5) (4.8±1.9) (4.7±1.8)

Thalamus 0.31±0.13 0.030±0.010 0.0054±0.0017 19.8±4.5 23.4±4.9
(8.3±3.8) (7.7±2.0) (8.1±2.5) (4.4±1.6) (3.8±1.5)

Temp. cx. 0.31±0.11 0.017±0.006 0.0096±0.0014 6.2±0.9 9.8±1.0
(6.0±2.0) (9.2±1.5) (9.7±1.3) (4.9±1.2) (3.1±0.8)

Cerebellum 0.31±0.13 3.6±1.0
(13.6±9.4) (4.3±2.7)

No scatter correction (broad-beam µ)

Putamen 0.54±0.27 0.045±0.010 0.0025±0.0005 82.7±16.1 87.4±16.3
(9.5±5.7) (6.8±4.0) (8.7±5.4) (5.2±1.5) (4.9±1.4)

Thalamus 0.38±0.17 0.021±0.002 0.0060±0.0009 16.1±2.2 20.7±2.5
(7.5±3.5) (8.1±2.0) (8.8±2.1) (4.7±1.1) (3.7±0.9)

Temp. cx. 0.34±0.14 0.011±0.002 0.0077±0.0011 6.7±0.7 11.4±1.0
(6.3±2.7) (10.4±2.4) (10.7±2.3) (5.9±1.6) (3.5±1.0)

Cerebellum 0.30±0.13 4.6±0.7
(18.8±12.0) (6.2±3.9)

Numbers in parentheses indicate identifiability of rate constants expressed as %COV
Temp. cx., Temporal cortex
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appropriate magnitude of attenuation correction and un-
derestimates true activities (Fig. 3a). Such underestima-
tion caused by the small µ values will be significant if
the measured region is located centrally and there is a
small influence from scattered radiation. On the other
hand, SC applying measured µ values for attenuation
correction and removing scattered radiation should pro-
vide activities closer to the true values. Therefore, com-
pared with NoSC, SC should increase activities in a
high-activity area surrounded by low activities, as seen
in the putamen during late periods.

Striatal and extrastriatal dopamine D2 receptors have
been studied using a PET ligand, [18F]fallypride, which is
a close analog of [123I]epidepride [27]. [18F]Fallypride
showed Bmax/Kd ratios of 9.1 for putamen/thalamus and
32.3 for putamen/temporal cortex [27]. Note that ratios of
DVR−1 by their nomenclature are equal to ratios of
Bmax/Kd. In contrast, NoSC in the current study gave low-
er ratios of 5.1 for putamen/thalamus and 12.3 for puta-
men/temporal cortex (Table 1, Fig. 5a). SC analysis in the
current study increased the ratios to 6.6 for putamen/thal-
amus and 21.2 for putamen/temporal cortex. These
changes with SC and the results of our previous phantom
study [6] indicate that SC significantly reduced errors in
SPET measurement by reducing scattered radiation and
that NoSC contained significant errors. However, other
sources of errors in SPET measurement in the current
study should be noted, e.g., lower spatial resolution,
which would affect measurement in relatively small
structures such as the putamen and thalamus, and lower
sensitivity, which would affect measurement in low-count
regions such as the temporal cortex and cerebellum.

For simplicity, in this study we applied the same con-
strained compartmental model that we applied previous-
ly and that was validated by comparison with equilibri-
um studies [13]. As described previously, goodness-of-fit
was not good, particularly in the cerebellum. Another
simple way to estimate V3′ without using a second input
function is to subtract VT′ in the cerebellum from that in
receptor-rich regions by assuming that the distribution
volume of metabolites is uniform throughout the brain
[28]. To confirm that the poor fitting did not cause biases
in the difference between SC and NoSC, V3′ was calcu-
lated by applying an unconstrained two-tissue compart-
ment model in all regions including the cerebellum
(Fig. 6) and subtracting VT′ in the cerebellum from those
in receptor-rich regions. The unconstrained model
showed better fitting than the constrained model (Figs. 3
and 6). Compared with NoSC, SC showed similar chang-
es in V3′ in the constrained (described above) and uncon-
strained models (see below). In the latter model, SC in-
creased V3′ by 59% (P=0.0002) and 21% (P=0.0057) in
the putamen and thalamus, respectively, and decreased
V3′ by 13% in the temporal cortex (P=0.056). Therefore,
the poor fitting did not cause biases in the differences in
V3′ with SC and NoSC.

receptors. The differences between V3″ and k3/k4 were
presumably caused by different sensitivity of the kinetic
models to the noise of the data [26]. SC decreased activi-
ty in the cerebellum during almost the entire experiment,
indicating that the influence of scattered radiation from
other regions was prominent in this low-activity recep-
tor-poor region (Fig. 3d). Such changes decreased the
nondisplaceable distribution volume (K1/k2) in this re-
gion.

Our previous phantom and human studies also
showed an increase and a decrease in activities in high-
and low-activity regions, respectively [6]. It may be intu-
itively difficult to understand why SC increased activi-
ties in the putamen and thalamus compared with NoSC
(Fig. 2a, b) although SC removed scattered radiation.
The increase caused by SC occurred because narrow-
and broad-beam geometry µ values were applied to SC
and NoSC, respectively (see Materials and methods). A
broad-beam µ map has values smaller than narrow-beam
µ (in this study, narrow-beam µ was multiplied by 0.65)
so as to create an even profile of a phantom image with-
out applying SC (Fig. 1). Such an approximate method
of compensating scattered radiation provides correct ac-
tivities only for a uniformly distributed phantom, and er-
rors become bigger as the distribution of activities devi-
ates more from uniformity, as shown in our previous
phantom study [6]. The current study showed greater ef-
fects of SC during late (Fig. 2b) than during early peri-
ods (Fig. 2a). These results are compatible with those in
the phantom study because distribution of activities was
more heterogeneous during late periods. If a region lo-
cated centrally shows high activity and is surrounded by
low-activity areas, such as the putamen, during late peri-
ods (Fig. 2b) there is a small influence of scattered radia-
tion from the surrounding areas. However, NoSC, apply-
ing smaller than measured µ values, does not perform an

Fig. 6. Nonlinear least-squares fitting with an unconstrained two-
compartment model for the scatter corrected data shown in Fig. 3.
Note the significantly better fitting with the unconstrained two-
compartment model. Temp. cx., Temporal cortex. See text for de-
tails



In summary, NoSC showed marked and variable er-
rors of activities in brain regions. The magnitude and the
direction of the errors were significantly different among
putamen, thalamus, temporal cortex, and cerebellum.
These differences were caused by the distribution of sur-
rounding activity and the region’s location (central vs
peripheral). Broad-beam µ applied in NoSC decreased
activity more in centrally located regions. Because of
changing activity distributions in surrounding regions,
the shape and peak time of the activity curve were al-
tered, thereby changing the compartmental modeling re-
sults. Quantification of other imaging ligands will show
varying errors in magnitude and direction, depending
upon distribution, kinetics, and specific-to-nondisplace-
able binding ratios. These errors will be particularly sig-
nificant when studying both high- and low-density re-
gions that are located in both central and peripheral re-
gions of the brain, such as cortices, basal ganglia, thala-
mus and the hypothalamus, because such studies carry
two layers of error source: (1) time course of the activity
determined by receptor density and affinity of the ligand
and (2) location. SC appears to be a prerequisite for ac-
curate receptor quantification with SPET.
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