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Correction of scatter and attenuation is essential for quantitative
SPECT. In this work, we evaluated the accuracy gained from a
method of transmission-dependent convolution subtraction
(TDCS) in the quantitation of activity that is highly concentrated
in the striatum (STR). Methods: SPECT data were acquired
from an 123I-containing phantom with a constant activity in the
STR but differing background (BKG) activities, so as to simulate
various STR/BKG ratios (19.7:1, 9.7:1, 4.8:1, 1.9:1, and 1:1). In
a study of healthy humans (n � 6), a transmission scan followed
by an emission scan was performed 24 h after injection of
123I-2�-carbomethoxy-3�-(4-iodophenyl)-tropane (123I-�-CIT).
All SPECT data was reconstructed with ordered-subset expec-
tation maximization. TDCS was applied for scatter correction.
Values of activity in the STR and occipital lobe (for BKG) were
used to calculate binding potential V3� (� [STR – BKG]/BKG).
The effect of SPECT collimator dependency on scatter correc-
tion was also evaluated for 6 collimators from 3 different SPECT
cameras in the phantom experiment. Results: Scatter correc-
tion in the phantom experiment increased the measured values
of STR activity (36.2%), resulting in a substantial increase in V3�
(66.1%). Scatter and attenuation corrections with recovery cor-
rection showed an overall bias of �7.3% for the STR, �4.0% for
BKG activity, and �7.8% for V3�. TDCS corrections of phantom
activities were relatively uniform for the 6 different collimators,
with variabilities of �5.5% for the STR and �3.0% for BKG
activities. TDCS correction of human 123I-�-CIT images was of a
similar, although slightly larger, magnitude than for the phantom
data, with increased V3� values of 9.4 � 2.3 and 4.9 � 0.6, with
and without scatter correction, respectively. Conclusion: The
TDSC method significantly improved the accuracy of SPECT
images with a nonuniform distribution of activity highly concen-
trated in central regions. The value of V3� was significantly
increased in phantom and human data, with most of the im-
provement derived from an increase in STR activity. This scatter
correction method was approximately equally useful with data
from the 6 different collimators and is recommended for more
accurate quantitation of nonuniformly distributed brain activi-
ties.
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A useful tool for the in vivo noninvasive evaluation of
physiologic functions and pathophysiologic activity in neu-
ropsychiatric disorders is SPECT. For example, SPECT
imaging of the dopamine transporter has been shown to
provide diagnostic information in Parkinson’s disease, is a
useful biomarker of disease progression, and has been ap-
proved for clinical use (1–10).

123I-2�-Carbomethoxy-3�-(4-iodophenyl)-tropane (123I-
�-CIT) is a potent cocaine analog for the dopamine trans-
porter in striatum (STR) and for the serotonin transporter in
hypothalamus and brain stem (2–4). Owing to its property
of high uptake in STR regions, 123I-�-CIT has been used in
many studies for the qualitative and quantitative evaluation
of neuropsychiatric diseases (5–10).

Quantitation of such SPECT dopamine transporter im-
ages is typically calculated as (STR – BKG)/BKG (where
BKG is background), which is identical to the image con-
trast between the STR and BKG regions. This measure of
binding potential (V3�) is simple and noninvasive and has
been used with SPECT tracers such as 123I-�-CIT (5,9).
Thus, quantitation of V3� requires accurate measurement of
activities in both STR and BKG regions of the brain.

The accurate compensation of scatter and attenuation in
SPECT is a prerequisite for quantitative image analysis. To
date, many studies on quantitative brain SPECT using cor-
rections for both scatter and attenuation have been presented
(11–20).

Among these, some have shown the importance of scatter
and attenuation compensation in brain SPECT using 123I for
the quantitation and visualization of functional parameters
(17–20). Rajeevan et al. (17) have shown that a nonuniform
attenuation correction can improve the accuracy of the
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measurement of activity in the STR and BKG and provides
a better quantitation of V3� in a 123I-�-CIT SPECT study. In
a study on patients and phantoms using 123I-�-CIT SPECT,
Hashimoto et al. (18) demonstrated that scatter correction
can increase the value of V3�. Although they have shown the
necessity of a correction of attenuation and scatter in the
evaluation of V3� with 123I-�-CIT SPECT, the contribution
of the scatter component in each of the target (STR) and
BKG regions has not been studied so far.

Recently, Ito et al. (19) and Iida et al. (20) showed that
scatter correction by the transmission-dependent convolu-
tion subtraction (TDCS) method improved the quantitative
accuracy of the measurement of regional cerebral blood
flow (rCBF) in an 123I-iodoamphetamine (123I-IMP) SPECT
study, which was compared with the true value of rCBF
obtained by H2

15O PET. Although TDCS provided enough
accuracy for 123I-IMP SPECT images showing a relatively
homogeneous distribution over the entire brain region, the
accuracy obtained by TDCS in a nonhomogeneous tracer
distribution, with a stronger activity in a local region and a
lower activity in the BKG, has not been well examined yet.

Using an image with activity highly concentrated in the
central STR region, we evaluated the accuracy resulting
from TDCS in a SPECT study and investigated the contri-
bution of scatter and attenuation to quantitative brain
SPECT studies using dopaminergic radioligands.

MATERIALS AND METHODS

STR Brain Phantom and Human Subjects
We used a STR brain phantom (RS-900T; Radiology Support

Devices Inc., Long Beach, CA), which included the left and the
right striata, the brain shell, and the skull bone. Several emission
datasets of the phantom were acquired to simulate various STR/
BKG activity ratios.

Six healthy human control subjects (5 males, 1 female; mean
age, 40.0 � 6.2 y [these and subsequent data expressed as mean �
SD]) participated in the SPECT acquisition with the injection of
123I-�-CIT. All subjects gave written informed consent after they
received a complete explanation of the risks of the study. The
subjects received 0.6 g of potassium iodide (saturated solution of
KI) before administration of 123I-�-CIT.

SPECT Study
SPECT scans were performed using a 3-head gamma camera

(Prism 3000XP; Philips Medical Systems, Cleveland, OH) with a
fanbeam low-energy, high-resolution collimator and the acquisi-
tion parameters of 120 projection angles over 360° and a radius of
rotation of 160 mm. The symmetric primary energy window of 123I
was set to 159 keV � 10% for emission acquisition.

For phantom data acquisition, we obtained several emission
data with different BKG activities but the same activity in both
STR structures. The STR structures were filled with an 123I solu-
tion (168 kBq/mL), and 30-min emission data were acquired
sequentially with increasing activity in the BKG cavity to achieve
several STR/BKG ratios (zero BKG, 19.7:1, 9.7:1, 4.8:1, 1.9:1,
and 1:1). A blank scan (5 min) and the transmission scan (15 min)
using a 57Co line source (peak energy, 122 keV) were acquired
before the emission scans. The emission data for a single structure

and both structures of the STR in air were also acquired before
measuring STR emission with zero BKG to obtain the resolution
recovery coefficient. In all data acquisitions, the activities of the
123I solutions in STR and BKG structures were measured with a
well counter (model 1282 Compugamma CS; Wallac Oy, Turku,
Finland).

In the human study, the transmission (15 min) and emission (24
min) data were acquired at 24 h after injection of 123I-�-CIT
(224 � 3.4 MBq).

Attenuation Map Generation
The transmission scan was performed using the same equipment

as described (17). Because of the acquisition protocol, the emis-
sion source was present in all human subjects and the phantom
before the transmission scans. The transmission acquisitions per-
formed with the 57Co primary window (122 keV � 7.5%) caused
a small contamination of 123I emission photons in the transmission
data of head 3 by photons emitted from 123I. To remove this
contamination in the transmission, the 123I emission photons de-
tected in the 57Co window for head 1 and head 2 were averaged
and smoothed using a gaussian filter (kernel size, 9 pixels) to
reduce noise that may cause an additional error in the central
region of the brain in transmission reconstruction and then were
subtracted from the transmission projection of head 3.

The contamination-corrected transmission projection of head 3
was normalized by blank projection, smoothed again with the
gaussian filter (kernel size, 3 pixels) to obtain less noisy transmis-
sion data, and reconstructed using the ordered-subset expectation
maximization (OSEM) algorithm (21) to generate the attenuation
map of narrow � for 57Co. The attenuation map for 57Co was
converted to that of narrow � for 99mTc by multiplying it with a
scaling factor of 0.962 (� 0.155/0.161) and then scaled again by
a factor of 0.960 (20) to provide values appropriate for the 123I
photon energy from a 99mTc transmission source. Narrow � can be
applied to compensate attenuation of photon for narrow-beam
geometry, which allows, in theory, the detection of only primary
photons (22). In practice, however, a general SPECT system has
broad-beam geometry, because the collimator has an acceptance
angle that allows the acquisition of not only the primary photons
but also Compton-scattered photons. Therefore, the use of narrow
� without scatter correction overcompensates for photon absorp-
tion with a buildup factor caused by the broad-beam condition. To
prevent this overcompensation, the attenuation map of broad � for
reconstruction without the scatter correction was obtained by mul-
tiplying a scaling factor to the attenuation map of narrow � for
99mTc (23). The scaling factor for converting a narrow attenuation
map to a broad attenuation map was set to a value (65% of narrow
�) that yields an even horizontal profile across the transverse plane
of the calibration phantom and minimizes the difference between
the mean values in the central area of the emission images recon-
structed with or without scatter correction. The attenuation maps of
narrow and broad � for 99mTc were used in the reconstruction
procedures with or without scatter correction because neither the
scatter-uncorrected reconstruction using narrow � nor the image
without attenuation correction could provide a uniform transverse
plane.

Cross-Calibration
SPECT images of the brain phantom with uniform activity in

the entire intracranial cavity were used to calculate a cross-cali-
bration factor for the relative sensitivity of the SPECT scanner and
the well counter. Three acquisitions were performed on different
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days with a well-mixed 123I solution of uniform activity (12.6 �
0.1 kBq/mL). The cross-calibration factor values were determined
for reconstruction with or without scatter correction, but using
broad �, respectively.

Scatter Correction
For the scatter correction in both the phantom and the human

studies, we used a TDCS method that is fundamentally analogous
to that described in previous studies (20,24–27). TDCS is a tech-
nique for estimating the scatter component using the value of the
pixel-by-pixel scatter fraction k(x,y) calculated from the transmis-
sion data. The formula to calculate the scatter fraction in TDCS
was modified to include septal penetration. Scatter in the collima-
tor due to high-energy photons (�500 keV) emitted from 123I (22)
was calculated as follows:

k�x,y	 � 1 �
1

A � B.t�x,y	 �/2
� ko, Eq. 1

where A � 2.3069, B � A � 1, � � 0.2926, and ko � 0.2203 are
parameters determined from the previous experiment (26). The
parameter t(x,y) is an attenuation factor for pixel (x,y) derived
from the transmission data. In Equation 1, ko corresponds to the
septal penetration fraction and is included to account for both
septal penetration and scatter in the collimator due to 123I.

Using Equation 1, the scatter-corrected projection g(x,y) can be
estimated by:

g�x,y	 � gobs�x,y	 � k�x,y	.�gobs�x,y	 � s	, Eq. 2

where gobs(x) is the observed emission projection and R is the
convolution operator. The scatter distribution function s is given as
a monoexponential function. The set of TDCS parameters was the
mean values determined in the previous experiment (26) with 6
commonly used collimators: LEHR (low-energy, high-resolution)
and LEGP (low-energy, general-purpose) collimators of GCA 901
(Toshiba, Tokyo, Japan); LEGAP (low-energy, general all-pur-
pose) and LEUHR (low-energy, ultra-high-resolution) collimators
of Prism 3000 (Philips Medical Systems); and LEHR and VXGP
(Vertex general-purpose) collimators of Vertex (ADAC Laborato-
ries, Milpitas, CA).

Image Reconstruction
All projections from the phantom and the human subjects were

rebinned into parallel projections before any further processing
(20) and reduced to the matrix size of 64 
 64 pixels (pixel size �
4.14 mm) from 128 
 128 pixels (pixel size � 2.07 mm) to
increase the count statistics per pixel. All emission projections
were reconstructed by the OSEM algorithm with or without scatter
correction. 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 minimum condition for recon-
struction with 12 subsets to provide uniform ratios between the
STR and BKG of 5 STR phantom datasets. In the reconstruction
with scatter correction, because scatter correction induces the
change of spatial resolution (18), we tried to find the parameter to
minimize the spatial resolution difference and set the number to 2
for iterations and 6 for subsets, respectively. The reconstructed
resolutions were 12.1 and 12.3 mm with and without scatter
correction, respectively.

Data Analysis
In the phantom study, the identical regions of interest (ROIs)

were positioned over the STR (50 pixels) and BKG (188 pixels)

for all reconstructed images of the brain phantom (Fig. 1). The
resolution recovery coefficient (RC) to compensate the partial-
volume effect (PVE) was determined from the ratio of the true to
observed activities of a single STR structure in air. Using the
resolution recovery coefficient, the activity of the STR and BKG
were estimated as follows (28):

ASTR � �ASTR�obs � �1 � RC	.ABKG�obs	/RC,

ABKG � ABKG�obs, Eq. 3

where ASTR and ABKG are the PVE-corrected and ASTR-obs and
ABKG-obs are the observed activities of the STR and BKG, respec-
tively.

The value of V3� was calculated from the equation:

V3� �
ASTR � ABKG

ABKG
. Eq. 4

The activities in the STR and BKG, as well as the V3� with
scatter correction using the 6 TDCS parameter sets, were com-
pared with each other to evaluate the dependency of scatter com-
pensation on the collimator design in SPECT imaging with dopa-
minergic radioligands.

In the human images, ROIs were placed over the STR (111
pixels) and the occipital (OCC) lobe, which served as the BKG
(594 pixels), from the 3 slices with the highest STR activity in each
dataset (Fig. 1). The mean ROI value was used in the analysis. In
the V3� calculation, Equation 4 was used with ASTR-obs and
ABKG-obs, which are the activities without PVE correction, rather
than ASTR and ABKG, which are the activities with PVE correction,
respectively.

RESULTS

The mean value of narrow � values for 99mTc obtained
from the brain phantom were 0.155 � 0.001 cm�1 and
0.196 � 0.002 cm�1 in areas of water and bone, respec-
tively. These values were realistic because the mean value
of narrow � values in the human subjects were 0.155 �
0.002 cm�1 in cerebral tissue and 0.197 � 0.010 cm�1 in
bone.

The activity in a single STR in air after the correction of
both attenuation and scatter was not significantly changed
(� � 0.9%) even after filling the other STR structure with
an 123I solution. The resolution recovery coefficient was set
to 0.577 from the activity ratio of a single STR structure in
air and its true value (� 96.9/168.0 kBq/mL). This resolu-
tion recovery coefficient was applied to the entire phantom
image reconstructed with or without scatter correction.

The effect of scatter compensation is displayed in Figure
2. Scatter correction improved the image quality with a
more clearly defined STR shape and suppressed BKG
counts in both the phantom and the human images. The
profiles in the lower panels of Figure 2 demonstrate that the
improved contrast between STR and BKG regions achieved
with scatter correction was caused by an increase in STR
counts and the decrease in BKG counts.

Activities in the STR and BKG estimated from the re-
constructed images after the resolution recovery correction
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are summarized in Table 1. Activities in the STR and BKG
with scatter correction were in good agreement with the true
activities (mean bias of 7.3% � 4.5% for the STR and
3.2% � 2.1% for the BKG over the whole STR/BKG
ratios), although the activity was slightly underestimated
with the increase in total activity by the addition of BKG
activity. The value of STR activity was increased signifi-

cantly with the scatter correction (36.2%), whereas the
value of BKG activity showed a small change after scatter
correction (0.1%). The higher the STR/BKG ratio, the
higher was the value of STR activity restored by scatter
correction. In BKG regions, the activities measured on the
images with higher STR/BKG ratios (from 5:1 to 20:1) were
slightly reduced after scatter correction. However, the im-

FIGURE 1. ROIs drawn for STR and BKG in phantom (A and C) and human subject (B and D) studies. (A) Emission image. (C)
Attenuation maps of phantom. (B) Slices of emission image with highest STR activity. (D) Corresponding attenuation maps for
human subjects.

FIGURE 2. Typical reconstructed images (top panels) with scatter correction (SC) and without scatter correction (No SC) and
corresponding transverse profiles (bottom panels) in phantom (with STR:BKG � 5:1) and human subject. In both phantom (A) and
human subject (B), image contrast was improved with SC (A and B, AC & SC [AC � attenuation correction]) compared with that
without SC (A and B, AC & No SC).
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ages with lower ratios (2:1 and 1:1) showed no actual
changes in the activities before and after scatter correction.

Figure 3 illustrates the changes in V3�, with or without
scatter correction and without attenuation correction, in the
phantom experiment. Scatter correction resulted in an over-
all bias of the order of �7.8% � 1.9% (y � 0.95x � 0.20).
Without scatter correction, V3� was underestimated by
�45.2% � 23.4% (y � 0.57x � 0.06) with attenuation
correction using broad � and by �47.5% � 22.3% (y �
0.55x � 0.004) without attenuation correction. The higher
the STR/BKG ratio, the greater was the increased level in
V3� achieved with scatter corrections.

In the phantom study without scatter correction, V3�
values calculated using a broad and a narrow � were almost
identical (y � 1.04x – 0.03) over the entire STR/BKG ratio
range (Fig. 4), although there was a slight discrepancy due
to the overestimation of STR activity with a narrow �.

The differences in the activities using 6 TDCS parameter
sets are shown in Figure 5. Compared with the results
obtained using a mean parameter value, the activities in the
STR and BKG showed only small differences when 6
different TDCS parameter sets were used (�5.5% for STR
and �3.0% for BKG). Differences in STR activity were
reduced with decreased STR/BKG ratios because of the
addition of BKG activity, which provided improved count
statistics. The maximal difference in STR activity was 9.6%
between the LEUHR collimator of the Prism 3000 camera
and the LEGP collimator of the GCA 901 camera. The value
of BKG activity, however, showed a relatively uniform
difference among the 6 collimators (�3%). The difference
in V3� between the 6 collimators was within 12%. There was
no significant difference of STR and BKG activities and
V3� value when using different TDCS parameter sets (P 

0.05).

TABLE 1
Change of STR and BKG Activity with Attenuation and Scatter Correction in Phantom Experiment

Observed
STR/BKG

ratio

Activity (kBq/mL)

STR BKG

True
AC and SC

(% bias)
AC and no SC

(% bias) True
AC and SC

(% bias)
AC and no SC

(% bias)

Zero-BKG 168.0 164.9 (�1.8%) 96.7 (�42.4%) 0 0 0.4
19.7:1 168.0 162.8 (�3.1%) 104.5 (�37.8%) 8.6 8.7 (�1.2%) 9.0 (�4.7%)
9.7:1 168.0 157.7 (�6.1%) 108.8 (�35.2%) 17.3 17.9 (�3.5%) 18.2 (�5.2%)
4.8:1 168.0 154.6 (�8.0%) 112.7 (�32.9%) 34.8 35.3 (�1.4%) 35.3 (�1.4%)
1.9:1 168.0 149.1 (�11.3%) 124.9 (�25.7%) 87.9 84.9 (�3.4%) 84.6 (�3.8%)
1:1 168.0 145.4 (�13.5%) 138.5 (�17.6%) 177.0 165.7 (�6.4%) 164.6 (�7.0%)
Total 1008.0 934.5 (�7.3%) 686.1 (�31.9%) 325.6 312.5 (�4.0%) 312.1 (�4.1%)

AC � attenuation correction; SC � scatter correction.

FIGURE 3. Variation of V3� with attenuation correction (AC)
and scatter correction (SC) in phantom experiment. AC plus SC
(AC & SC) increased measured V3� values close to line of identity
(dashed line), whereas AC by itself had modest effects (AC and
No SC).

FIGURE 4. Comparison of V3� calculated using broad and
narrow � in reconstruction without scatter correction. Both val-
ues of V3� were essentially the same and overlay line of identity
(dashed line).
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Table 2 summarizes the results obtained from the 6
human subjects. Scatter correction increased STR activities
by 40.4% and decreased OCC activities by 17.8%. V3�
showed an even greater change due to scatter correction:
9.4 � 2.3 and 4.9 � 0.6, with and without scatter correction,

respectively (Fig. 6). Thus, the increase of V3� due to scatter
correction was 90.6%.

DISCUSSION

In this study, we found that (a) the TDCS method pro-
vided reasonable accuracy with a minimal error overall in
the estimation of scatter components of SPECT images with
high STR activities; (b) scatter correction induced a greater
increase in STR activity and a smaller decrease in BKG
activity, which resulted in a significant increase in V3�; and
(c) the effect of different collimator designs was relatively
small in the estimation of target and BKG activities.

Correction of scatter and attenuation is essential for quan-
titative SPECT studies. Although many brain SPECT stud-

FIGURE 5. Difference in STR (A) and BKG (B) activities in
phantom experiments due to various TDCS parameter sets for 6
collimators. Difference between measured and true activities is
expressed as percentage of true values (x-axis).

TABLE 2
Change of STR and OCC Lobe Activity in Image by Scatter Correction in Human Subjects

Subject
no.

Activity (Bq/mL)

STR OCC lobe

AC and SC AC and no SC % change AC and SC AC and no SC % change

1 7,245 5,145 40.8 532 768 �30.7
2 11,328 8,062 40.5 1,374 1,518 �9.5
3 6,396 4,372 46.3 706 834 �15.3
4 8,924 6,167 44.7 953 1,065 �10.5
5 7,349 5,523 33.1 830 849 �2.2
6 5,585 4,087 36.7 431 698 �38.3

Mean 7,805 5,559 40.4 804 955 �17.8

AC � attenuation correction; SC � scatter correction.

FIGURE 6. Comparison of V3� obtained with scatter correc-
tion (AC & SC) and without scatter correction (AC & No SC) in 6
human subjects. SC significantly increased observed V3� values
from 4.9 � 0.6 to 9.4 � 2.3. In these whisker plots, mean value
(horizontal bar) is surrounded by box indicating 95% confidence
limits.
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ies with scatter correction have been reported, there have
been only few studies that have investigated the effect of
scatter and attenuation correction in 123I brain SPECT. 123I is
a radioisotope that is widely used for labeling dopaminergic
radiopharmaceutical compounds for SPECT. In contrast to
99mTc, 123I contains a small amount of high-energy photons
that induces septal penetration in the SPECT collimator. For
an accurate estimation of activity from SPECT images, this
septal penetration of 123I should be considered together with
scatter correction. Iida et al. (20) introduced a modified
TDCS scatter correction method that included a term for
septal penetration and demonstrated that this scatter correc-
tion method improved rCBF quantitation in 123I brain
SPECT images. In this study, we used the TDCS method for
scatter compensation. Iida et al. (20) also showed in their
study with a blood flow tracer that scatter correction in-
creased gray matter activity and decreased white matter
activity, which improved both image contrast and the quan-
titative value of rCBF images. However, the impact of
scatter correction has not been well studied in brain SPECT
imaging with a nonhomogeneously distributed tracer such
as 123I-�-CIT. Hashimoto et al. (18) showed that the image
contrast between the STR and BKG of 123I-�-CIT SPECT
images was increased by scatter correction because of a
small decrease in the striatal counts and a greater decrease
in the OCC counts. However, the contribution of scatter
correction to the estimation of activity in each of the STR
and BKG regions was not thoroughly addressed.

Scatter correction contributed to a significant increase in
STR activity and a minor decrease in BKG activity. Ac-
cordingly, it improved the image contrast between STR and
BKG regions in comparison with images reconstructed
without scatter correction and using a broad � (Table 1).
With scatter correction, we obtained activity concentrations
that were close to the true values in both STR and BKG
regions in the phantom experiment. Reconstructed images
without scatter correction severely underestimated STR ac-
tivity (Table 1) and degraded image contrast (Fig. 2).

Scatter correction dramatically increased V3� values com-
pared with those without scatter correction, mainly because
of a greater increase in STR activity. The improvement of
V3� with scatter correction increased with the STR/BKG
ratio (37.2% for 5:1 and 61.2% for 20:1), which was due to
different contributions of scattered activity from BKG to the
STR regions. This improvement indicates that scatter cor-
rection should be used for the accurate quantitation of
images with high STR/BKG ratios. Moreover, for images
with low STR/BKG ratios, scatter correction should also be
used for a better discrimination of small differences be-
tween V3� values.

Attenuation correction resulted in a slight improvement
of V3� values over the entire range STR/BKG ratios (Fig. 3),
which was consistent with the previous results of Rajeevan
et al. (17). To estimate V3� without scatter correction, we
used the broad � value because the scatter-uncorrected
reconstruction with a narrow � value resulted in overesti-

mation of the central activity of the phantom, from which
we could not obtain a suitable factor for cross-calibration
between the well counter and the SPECT system. Further-
more, in the examination for contribution of attenuation
correction in phantom experiments without scatter correc-
tion, V3� values with a narrow � map were not significantly
different from those with a broad � map, although there was
a slight increase in V3�, which may depend on the location
and the size of ROI drawn in the BKG region (Fig. 4).
Therefore, we did not use the narrow � map in the analysis
of human subjects without scatter correction.

In human subjects, we also found a significant contribu-
tion of scatter correction on the estimation of STR activity
and, therefore, on the determination of V3�. The increase in
the value of STR activity (40.4%) with scatter correction
demonstrates a good agreement with the PVE uncorrected
results from the phantom experiment (39.8% and 52.3% for
STR/BKG ratios of 10:1 and 20:1, respectively). The de-
crease in BKG activity in human subjects was greater than
that in the phantom, possibly because of differences in
either the uniformity of BKG activities or count statistics in
both datasets (Fig. 2). The V3� value calculated by the way
it was used in this study is dependent on the BKG activity
as well as the STR activity. Also, the V3� could be more
sensitive to BKG activity. Therefore, the poorer count sta-
tistics in the BKG region with scatter correction than with-
out scatter correction gives rise to increased deviation of
V3�. However, despite this deviation, the V3� value with
scatter correction was significantly increased compared with
those without scatter correction.

123I is an isotope that is as frequently used as 99mTc for a
radiopharmaceutical. In contrast to 99mTc, 123I has a small
amount of photons with high energy (�500 keV). In a
previous study (26), we found septal penetration that cannot
be ignored is induced by the high-energy photon of 123I not
only in the field-of-view region but also out of the field of
view, and this septal penetration could be corrected accu-
rately by TDCS incorporating a term accounting for septal
penetration. From these findings, TDCS could have an
advantage of more relevant correction of the scatter com-
ponent in the study with other radiopharmaceuticals that
have a biodistribution of a higher amount of radioactivity in
the patient’s body—such as the lungs, which are closer to
the camera head—than that of 123I-�-CIT.

In the same study (26), we showed that scatter correction
for 99mTc and even 123I was independent of collimator design
and that the use of the mean values of the TDCS parameter
sets from 6 collimators could provide sufficient scatter
compensation, despite empirically small differences be-
tween the collimators. According to these results, we used
the mean values of the TDCS parameter sets for scatter
correction. Similar to the previous phantom experiment, in
which the scatter compensation was slightly affected by the
collimator design because of septal penetration of high-
energy photons emitted by 123I, the activities with scatter
correction in the phantom experiment also varied with dif-
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ferent collimators (Fig. 5). However, the variation in the
measured STR and BKG activities was small, and the max-
imum variation in the values of STR activity and V3� was
smaller than the change before and after scatter correction
was performed. Therefore, in scatter correction of theses
striatal images, this TDCS method can be used regardless of
the commonly available collimator design.

The TDCS method provided an acceptable accuracy in
the estimation of the activity concentrations in the STR and
BKG. The deviation increased with the decrease in the
STR/BKG ratio (Table 1). This error could be caused by the
use of the mean values obtained from the TDCS parameter
set and a monoexponential function in the TDCS method.
Narita et al. (27) showed that a monoexponential function
resulted in overestimation of the scatter component with the
increase of total counts in the data. However, the combina-
tion of a gaussian and a monoexponential function as a
scatter distribution function of 123I is practically not easily
accessible by experiments or simulations. Therefore, further
study using a more optimized scatter distribution function is
needed for a more accurate estimation of scatter.

CONCLUSION

Scatter correction significantly improved both the quan-
titative analysis and the visual assessment of SPECT images
with a nonuniform distribution of activity. In these striatal
images, the contrast was increased because of a significant
increase in STR activity and a modest decrease in BKG
activity. With scatter correction, we obtained values for
both activity and binding potential that were close to the
directly measured values. Therefore, scatter correction is
required for the quantitative estimation of binding potential.
TDCS provides an acceptable accuracy in the estimation of
the activity in the STR and BKG. Moreover, the scatter
correction in 123I striatal SPECT images shows empirically
minimal differences among various collimators, demon-
strating that the scatter in 123I SPECT data can be estimated
accurately with a single set of mean TDCS parameters.

ACKNOWLEDGMENTS

We thank Sami Zoghbi, PhD, for expert help in the
phantom experiment. This work was supported by the Japan
Cardiovascular Research Foundation.

REFERENCES

1. Varrone A, Marek KL, Jennings D, et al. [123I]Beta-CIT SPECT imaging dem-
onstrates reduced density of striatal dopamine transporters in Parkinson’s disease
and multiple system atrophy. Mov Disord. 2001;16:1023–1032.

2. Innis RB, Seibyl JP, Scanley BE, et al. Single photon emission computed
tomographic imaging demonstrates loss of striatal dopamine transporters in
Parkinson disease. Proc Natl Acad Sci USA. 1993;90:11965–11969.

3. Laruelle M, Baldwin R, Amlison R, et al. SPECT imaging of dopamine and
serotonin transporters with [123I]�-CIT: pharmacological characterization of brain
uptake in nonhuman primate. Synapse. 1993;13:295–309.

4. Pirker W, Asenbaum S, Hauk M, et al. Imaging serotonin and dopamine trans-
porters with 123I-�-CIT SPECT: binding kinetics and effects of normal aging.
J Nucl Med. 2000;41:36–44.

5. Laruelle M, Wallace E, Seibyl JP, et al. Graphical, kinetic, and equilibrium
analyses of in vivo [123I]�-CIT binding to dopamine transporters in healthy
human subjects. J Cereb Blood Flow Metab. 1994;14:982–994.

6. Laruelle M, Abi-Dargham A, van Dyck C, et al. Dopamine and serotonin
transporters in patients with schizophrenia: an imaging study with [123I]beta-CIT.
Biol Psychiatry. 2000;47:371–379.

7. Seibyl JP, Marek K, Sheff K, et al. Test/retest reproducibility of iodine-123-�-
CIT SPECT brain measurement of dopamine transporters in Parkinson’s patients.
J Nucl Med. 1997;38:1453–1459.

8. Seibyl JP, Marek KL, Quinlan D, et al. Decreased single-photon emission
computed tomographic [123I]�-CIT striatal uptake correlates with symptom se-
verity in Parkinson’s disease. Ann Neurol. 1995;38:589–598.

9. van Dyck CH, Seibyl JP, Malison RT, et al. Age-related decline in striatal
dopamine transporter binding with iodine-123-�-CIT SPECT. J Nucl Med. 1995;
36:1175–1181.

10. Asenbaum S, Brucke T, Pirker W, et al. Imaging of dopamine transporters with
iodine-123-�-CIT and SPECT in Parkinson’s disease. J Nucl Med. 1997;38:1–6.

11. Stodilka RZ, Kemp BJ, Msaki P, et al. The relative contributions of scatter and
attenuation corrections toward improved brain SPECT quantification. Phys Med
Biol. 1998;43:2991–3008.

12. Hashimoto J, Kubo A, Ogawa K, et al. Scatter and attenuation correction in
technetium-99m brain SPECT. J Nucl Med. 1997;38:157–162.

13. Kauppinen T, Koskinen MO, Alenius S, et al. Improvement of brain perfusion
SPET using iterative reconstruction with scatter and non-uniform attenuation
correction. Eur J Nucl Med. 2000;27:1380–1386.

14. Yang J, Kuikka JT, Jaatinen K, et al. A novel method of scatter correction using
a single isotope for simultaneous emission and transmission data. Nucl Med
Commun. 1997;18:1071–1076.

15. Ljungberg M, King MA, Hademenos GJ, et al. Comparison of four scatter
correction methods using Monte Carlo simulated source distributions. J Nucl
Med. 1994;35:143–151.

16. Licho R, Glick SJ, Xia W, et al. Attenuation compensation in 99mTc SPECT brain
imaging: a comparison of the use of attenuation maps derived from transmission
versus emission data in normal scans. J Nucl Med. 1999;40:456–463.

17. Rajeevan N, Zubal IG, Ramsby SQ, et al. Significance of nonuniform attenuation
correction in quantitative brain SPECT imaging. J Nucl Med. 1998;39:1719–
1726.

18. Hashimoto J, Sasaki T, Ogawa K, et al. Effects of scatter and attenuation
correction on quantitative analysis of �-CIT brain SPET. Nucl Med Commun.
1999;20;159–165.

19. Ito H, Iida H, Kinoshita T, et al. Effects of scatter correction on regional
distribution of cerebral blood flow using I-123-IMP and SPECT. Ann Nucl Med.
1999;13:331–336.

20. Iida H, Narita Y, Kado H, et al. Effect of scatter and attenuation correction on
quantitative assessment of regional cerebral blood flow with SPECT. J Nucl Med.
1998;39:181–189.

21. Hudson HM, Larkin RS. Accelerated image reconstruction using ordered subsets
of projection data. IEEE Trans Med Imaging. 1994;13:601–609.

22. Sorenson JA, Phelps ME. Physics in Nuclear Medicine. 2nd ed. New York, NY:
Grune & Stratton Inc.; 1987.

23. Jaszczak RJ, Coleman RE, Whitehead FR. Physical factors affecting quantitative
measurements using camera-based single photon emission computed tomography
(SPECT). IEEE Trans Nucl Sci. 1981;28:69–80.

24. Axelsson B, Msaki P, Israelsson A. Subtraction of Compton-scattered photons in
single-photon emission computerized tomography. J Nucl Med. 1984;25:490–
494.

25. Meikle SR, Hutton BF, Bailey DL. A transmission-dependent method for scatter
correction in SPECT. J Nucl Med. 1994;35:360–367.

26. Kim KM, Watebe H, Shidahara M, et al. SPECT collimator dependency of scatter
and validation of transmission-dependent scatter compensation methodologies.
IEEE Trans Nucl Sci. 2001;48:689–696.

27. Narita Y, Eberl S, Iida H, et al. Monte Carlo and experimental evaluation of
accuracy and noise properties of two scatter correction methods for SPECT. Phys
Med Biol. 1996;41:2481–2496.

28. Iida H, Miura S, Shoji Y, et al. Noninvasive quantitation of cerebral blood flow
using oxygen-15-water and a dual-PET system. J Nucl Med. 1998;39:1789–1798.

EFFECT OF SCATTER CORRECTION ON BRAIN SPECT • Kim et al. 519


