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Effects of scatter correction on regional distribution
of cerebral blood flow using I-123-IMP and SPECT
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The transmission dependent convolution subtraction method which is one of the methods for scatter
correction of SPECT was applied to the assessment of CBF using SPECT and I-123-IMP. The
effects of scatter correction on regional distribution of CBF were evaluated on a pixel by pixel basis
by means of an anatomic standardization technique. SPECT scan was performed on six healthy
men. Image reconstruction was carried out with and without the scatter correction. All reconstructed
images were globally normalized for the radioactivity of each pixel, and transformed into a standard
brain anatomy. After anatomic standardization, the average SPECT images were calculated for
scatter corrected and uncorrected groups, and these groups were compared on pixel by pixel basis.
In the scatter uncorrected group, a significant overestimation of CBF was observed in the deep
cerebral white matter, pons, thalamus, putamen, hippocampal region and cingulate gyrus as
compared with scatter corrected group. A significant underestimation was observed in all neocor-
tical regions, especially in the occipital and parietal lobes, and the cerebellar cortex. The regional
distribution of CBF obtained by scatter corrected SPECT was similar to that obtained by O-15 water

PET. The scatter correction is needed for the assessment of CBF using SPECT.
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INTRODUCTION

IopiNe- 123 labeled N-isopropyl-p-iodoamphetamine ('23]-
IMP) is used as a cerebral blood flow (CBF) tracer in
single photon emission computed tomography (SPECT),'2
and a simple method for regional CBF measurement with
1231 IMP has been developed, which requires one SPECT
scan and one point blood sampling.>-> But scatter hampers
the quantitative assessment of regional CBF with SPECT,
causing systematic underestimation in gray matter and
systematic overestimation in white matter, reducing con-
trast in the reconstructed images.®

To reduce the effects of scatter, several methods for
scatter correction of SPECT have been proposed.’!* The
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transmission dependent convolution subtraction (TDCS)
method is one of the methods which accurately corrects
for the scatter in the emission projection by using an
empirically determined scatter function and the transmis-
sion data.! "4 Previously we applied the TDCS method to
the quantitative assessment of regional CBF with SPECT
and 'ZI-IMP, and it has been shown that use of the TDCS
method could improve the contrast between gray and
white matter, and reveal CBF values identical to those
obtained by positron emission tomography (PET) with
150 labeled water (H2!30).% In this study, region-of-
interest analyses which introduced limitations to the sen-
sitivity of the imaging approaches was used to determine
significant CBF changes.

Fox et al. have reported that intersubject averaging of
PET images, a technique requiring transformation of
brain images of individual subjects into a standard brain
shape and size in three-dimensions (anatomic standard-
ization), gives enhanced detection of focal brain re-
sponses.!> This anatomic standardization technique per-
mits group comparisons,'® e.g., scatter corrected vs.

Original Article 331



uncorrected SPECT image, on a pixel-by-pixel basis.
Minoshima et al.'’~?% have developed a method for ana-
tomic standardization, and it has been used for group
comparisons with PET.?! Their system transforms the
brain anatomical structures of subjects into a standard
anatomical format by using linear and nonlinear param-
eters.

In the present study, the effects of scatter on regional
distribution of CBF were evaluated in detail by using this
anatomic standardization technique. The TDCS method
was applied for scatter correction in '2*I-IMP SPECT.
The effects of scatter correction on regional distribution
of CBF were investigated by comparing the scatter cor-
rected and uncorrected SPECT images on a pixel-by-
pixel basis. This study is based on our previous work.6

METHODS

Subjects

The study was approved by the Ethics Committees of
Akita Research Institute of Brain and Blood Vessels. Six
healthy men (22-26 years) were recruited and gave writ-
ten informed consent. The subjects were healthy accord-
ing to their medical history, physical examination, blood
screening analysis, and magnetic resonance imaging (MRI)
of the brain. Three were nonsmokers and the other three
were smokers. In each subject, SPECT and PET measure-
ments were performed on the same day.

SPECT procedure
The SPECT scanner used was GCA-7200 (Toshiba Corp.,
Tokyo, Japan), a dual-head rotating gamma camera fitted
with 400 mm focal length, low energy, high resolution,
symmetric fan beam collimators. The radius of rotation
was set at 132 mm in all studies, resulting in a recon-
structed field-of-view of 22 cm diameter. The energy
window was selected was 159 keV with 20% width.
After a blank scan for 15 min, the transmission scan was
performed for 15 min using one head and a 25 cm long
9mT¢ rod source (74 MBq) which was placed at the focus
of the collimator. A SPECT scan was initiated at 20 min
after intravenous infusion of 111-222 MBq 'ZI-IMP over
1 min. The SPECT scan protocol consisted of forty 30
second scans with 360° continuous rotation of the camera.
The projection data were summed and used for all further
analyses.

Image reconstruction

The projection data obtained with the symmetric fan beam
collimator were first changed into parallel projections.
Image reconstruction was carried out by the ordered-
subset expectation maximization (OSEM) algorithm.??
The reconstructed in plane resolution was approximately
10 mm full width at half maximum (FWHM). The image
matrix size was 64 x 64. The attenuation correction was
made by two approaches. The first was to use the p-maps

332 Hiroshi Ito, Hidehiro Iida, Toshibumi Kinoshita, et al

derived from the transmission scan. The second was to use
the uniform g-values of 0.166 cm™ and 0.090 cm™ in the
head contour defined on the reconstructed transmission
images using edge detection. For the scatter correction by
the TDCS method, the p-map derived from the transmis-
sion scan and uniform g-map of 0.166 cm™! which was the
mean y-value inside the head contour in the six subjects
were used. For the attenuation correction without scatter
correction, a uniform u-map of 0.090 cm™' was used
which provided relatively homogeneous distribution of
CBF throughout the brain and was routinely used. Details
of image reconstruction are given in the literature.® Fi-
nally, three kinds of SPECT images were reconstructed:
no scatter corrected with a uniform p-value of 0.090 cm™
(NoSC); scatter corrected with a uniform p-value of
0.166 cm™! (SC-constant u1); and scatter corrected with the
H-map derived from the transmission scan (SC-TCT p).

Scatter correction

Scatter in the measured emission projection data was
corrected by the transmission dependent convolution sub-
traction (TDCS) method,!! as described in our previous
article.® This technique is essentially based on the convo-
lution subtraction technique,7 but estimates the scatter
projection by using an empirically determined scatter
function and the scatter fraction calculated from the
transmission data. Two major modifications were per-
formed when compared with the original TDCS method.
First, the scatter fraction curve was derived as an interme-
diate of the two experimentally determined scatter frac-
tion curves obtained for plane and uniform source distri-
butions.!* Second, a constant offset was added to the
scatter fraction, so as to account for the septal penetration
and scatter in the collimator/detector of the 2% abundance
530 keV emission of 23 producing apparent scatter
outside the head.

PET procedure

The PET system used was Headtome V dual PET
(Shimadzu Corp., Kyoto, Japan) which provides 47 sec-
tions with a center to center distance of 3.125 mm.? The
intrinsic spatial resolution was 4.0 mm in plane and 4.3
mm FWHM axially. With a Butterworth filter, the recon-
structed in plane resolution was approximately 8 mm
FWHM.

After transmission scan for attenuation correction, a
180 sec scan was performed after continuous intravenous
infusion of H2'30 for 2 min. The arterial input function
was obtained from the left ventricular time-activity curve
that was obtained with the PET camera for the heart
according to a validated procedure.?*25 The CBF images
were calculated by the autoradiographic method.?%:?’

Anatomic standardization

All reconstructed SPECT and PET images were globally
normalized to 1000 counts/pixel for the radioactivity of
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Fig.1 The average SPECT images of no scatter
correction with the uniform p-value of 0.090 cm™!
(NoSC), scatter correction with the uniform g-value
of 0.166 cm™! (SC-constant £) and scatter correction
with the p-map derived from the transmission scan
(SC-TCT w), and the average PET image. The pixel
values are globally normalized to 1000 counts/pixel.
Scale maximum and minimum values are 1800 and 0,
respectively.

Fig. 2 The ratio (%) image of SC-constant 1 to SC-
TCT u (A) and the t-maps of SC-constant 4 minus
SC-TCT u (B) and SC-TCT u minus SC-constant u
(C). For the t-maps, the areas with positive t-value
corresponding to the significance level of p < 0.01 are
illustrated with white area on the MRI of standard
brain. Each slice corresponds to the average SPECT
and PET images shown in Figure 1.

Fig.3 The ratio (%) image of NoSC to SC-TCT u
(A) and the t-maps of NoSC minus SC-TCT y (B) and
SC-TCT g minus NoSC (C). For the t-maps, the areas
with t-value corresponding to the significance level of
p <0.01 are illustrated with white area on the MRI of
standard brain. Each slice corresponds to the average
SPECT and PET images shown in Figure 1.
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each pixel, and transformed into the standard brain size
and shape by linear and nonlinear parameters by using the
system for anatomic standardization developed by
Minoshima et al.'7-2% After the anatomic standardization
procedure, all subjects’ SPECT and PET images had the
same anatomic brain format. Then the average images of
the sample for each group, i.e., scatter corrected SPECT
(SC-constant t, SC-TCT p), uncorrected SPECT (NoSC)
and PET, were calculated and compared on a pixel-by-
pixel basis.

From the anatomically standardized SPECT images,
descriptive three-dimensional t-maps (paired t-test) of
SC-constant g minus SC-TCT y and NoSC minus SC-
TCT u were calculated. In the t-maps, the areas with
significance level of p < 0.01 adjusted for muitiple com-
parison on a pixel-by-pixel basis was considered statisti-
cally significant.

RESULTS

The average SPECT images of no scatter correction with
the uniform g-map of 0.090 cm™' (NoSC), scatter correc-
tion with the uniform g-map of 0.166 cm™! (SC-constant
1) and scatter correction with the p-map derived from the
transmission scan (SC-TCT u) are shown in Figure 1,
referring to the average PET image. The regional distribu-
tion of the SC-constant ¢ was in good agreement with that
of the SC-TCT u. The contrast between gray and white
matter was higher in the scatter corrected SPECT images
(SC-constant ¢ and SC-TCT u) than in the no scatter
corrected SPECT image (NoSC). The regional distribu-
tion of scatter corrected SPECT images (SC-constant y
and SC-TCT u) was similar to that of PET.

The ratio image of SC-constant u to SC-TCT g is
shown as a percentage in Figure 2 (A). The t-maps of SC-
constant 4 minus SC-TCT u and SC-TCT 4 minus SC-
constant u are also shown (B, C). The ratio of SC-constant
p to SC-TCT u was uniformly around 100%, but an
underestimation of CBF of 1-13% for the SC-constant
as compared with the SC-TCT y was observed in all
neocortical regions, especially in the occipital and pari-
etal lobes. An underestimation of 1-12% was also ob-
served in the cerebellar cortex. On the other hand, an
overestimation of CBF of 3—10% for the SC-constant 4 as
compared with the SC-TCT u was observed in the deep
cerebral white matter and of 5-16% in the pons. In the
thalamus, putamen, hippocampal region and cingulate
gyrus, the CBF for the SC-constant y was also overesti-
mated by 1-10% compared to that for the SC-TCT pu.
These underestimation and overestimation were significant
(p <0.01).

The ratio image of NoSC to SC-TCT p is shown as a
percentage in Figure 3 (A). The t-maps of NoSC minus
SC-TCT pand SC-TCT g minus NoSC are also shown (B,
C). An underestimation of CBF of 1-13% for the NoSC as
compared with the SC-TCT u was observed in all neocor-
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tical regions, especially in the occipital and parietal lobes.
An underestimation of 3—19% was also observed in the
cerebellar cortex. On the other hand, an overestimation of
CBF of 15-49% for the NoSC as compared with the SC-
TCT u was observed in the deep cerebral white matter.
Qverestimations of 9-25%, 12-35%, 2-27%, 12-39%
and 1-31% were also observed in the pons, thalamus,
putamen, hippocampal region and cingulate gyrus, re-
spectively. These underestimation and overestimation
were significant (p < 0.01).

DISCUSSION

We have reported that scatter correction with the TDCS
method improved the contrast between gray and white
matter, and revealed identical CBF values as compared
with PET.6 It has also been shown that the uniform g-map
in the head contour which does not require the transmis-
sion scan could be used for attenuation and scatter correc-
tion by means of the TDCS method. In the present study
the effects of scatter on regional distribution of CBF were
evaluated in more detail on a pixel-by-pixel basis by using
the anatomic standardization technique.

Regional differences of attenuation coefficient

The regional differences between the SC-constant i and
the SC-TCT u in the distribution of CBF indicate the
regional differences in the attenuation coefficient. The
ratio of SC-constant u to the SC-TCT y was uniformly
around 100% (Fig. 2, A), and the largest underestimation
of CBF for the SC-constant u as compared with the SC-
TCT u was observed in the occipital and parietal cortices
and cerebellar cortex (Fig. 2, A) as reported previously.®
This regionality might be caused by the regional differ-
ences in attenuation of the skull which are mainly caused
by the regional differences in skull thickness,? i.e., the
posterior part of the skull is thicker than other parts as
commonly observed.?

By means of the anatomic standardization technique,
slight but significant underestimation of CBF for the SC-
constant y as compared with the SC-TCT g in all neocor-
tical regions and overestimation in the deep cerebral white
matter were observed (Fig. 2, B, C), resulting in slight
reduction in contrast between gray and white matter in the
SC-constant u as compared with the SC-TCT u (Fig. 1).
This might be caused by the regional difference in the
attenuation coefficient.

Since the scatter and attenuation correction with the
uniform p-map does not require the transmission scan, it
can routinely be used,’ but it is considered that there are
slight but systematic differences in the distribution of
CBF between the SC-constant 4 and the SC-TCT u. In
addition, when the regional difference in skull thickness
is large, e.g.; post-craniectomy, the y-map derived from
the transmission scan should be used.?
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Regional effects of scatter

The NoSC has been widely used for clinical routine. The
regional differences between the NoSC and the SC-TCT
M in the distribution of CBF indicate regional differences
in both the attenuation coefficient and scatter distribution.
Since the regional difference in the attenuation coefficient
was small (Fig. 2, A), the difference between the NoSC
and the SC-TCT u mainly indicates the regional differ-
ence in scatter distribution.

In the NoSC, the largest overestimation of CBF was
observed in the deep cerebral white matter as compared
with SC-TCT u (Fig. 3, A), and this caused the reduction
in contrast between gray and white matter in scatter
uncorrected SPECT images (Fig. 1) as reported previ-
ously.® With the anatomic standardization technique, a
significant overestimation of CBF was also observed in
the pons, thalamus, putamen, hippocampal region and
cingulate gyrus (Fig. 3, B). Since the scatter fraction
depends on the attenuation factor,!! scatter distribution
was more in the central brain structures such as the deep
cerebral white matter, pons, thalamus, putamen, hippo-
campal region and cingulate gyrus. The hippocampal
region is of interest in the pathophysiology of Alzheimer’s
disease, and several investigators have detected
hypoperfusion in the hippocampal region by means of
SPECT.3%-32 The cingulate gyrus is also of interest in the
pathophysiology of neuropsychiatric disorders, and
hypoperfusion in the anterior cingulate region has been
shown in depression by means of SPECT'S but since the
scatter distribution was great in these regions, the results
of these reports might include the artifacts due to scatter.

In contrast to this, an underestimation was observed in
all neocortical regions as reported previously.® With the
anatomic standardization technique, the largest underes-
timation of CBF for the NoSC as compared with the SC-
TCT pt was observed in the occipital and parietal cortices
and cerebellar cortex (Fig. 3, A). This regionality might
mainly be caused by the regional differences of attenua-
tion of the skull as mentioned above 282

Comparison between scatter corrected SPECT and PET
The regional distribution of CBF was similar in SC-TCT
uand PET (Fig. 1) as reported previously,® but with the
anatomic standardization technique, an overestimation of
CBEF for the SC-TCT u was observed in the deep cerebral
white matter, and an underestimation was observed in all
the other regions, especially the thalamus, putamen, tem-
poral cortex and occipital cortex (Fig. 1). These findings
indicate that there are over- and underestimation of CBF
for SPECT in areas with low and high CBF, respectively.
As reasons of this, the following factors were considered:
(a) the difference between 'ZI-IMP and H2'%0 in the first-
pass extraction fraction; (b) the non-linearity between
CBF and radioactivity concentration in SPECT; (c) poorer
spatial resolution of SPECT.

If the first-pass extraction fraction of 'ZI-IMP was

Vol. 13, No. 5, 1999

lower than that of H,'%0,? the reduction in contrast be-
tween the areas with low and high CBF in SPECT would
be caused. In the present study, the SPECT scan was
performed from 20 to 40 min after intravenous infusion of
13.IMP. The '2’I-IMP SPECT image obtained by inte-
gration for this time interval has been shown to be similar
to CBF image obtained by the kinetic analysis with '23]-
IMP,? but the relation between radioactivity integrated for
this time interval and CBF was not linear.? This might
cause the reduction in contrast between the areas with low
and high CBF. As reported previously,S poorer spatial
resolution of SPECT would cause the reduction in con-
trast due to an increase in the partial volume effect.

CONCLUSION

In the NoSC, a significant overestimation of CBF was
observed in the deep cerebral white matter, pons, thala-
mus, putamen, hippocampal region and cingulate gyrus as
compared with the SC-TCT p. A significant underestima-
tion was observed in all neocortical regions, especially in
the occipital and parietal lobes, and the cerebellar cortex.
The regional distribution of CBF between SC-constant g
and SC-TCT u was in good agreement, however slight but
systematic differences in the distribution of CBF were
observed. The regional distribution of CBF obtained with
the SC-TCT u was similar to that obtained by PET. The
scatter correction is needed for the assessment of CBF
with SPECT, and both the TDCS methods which employ
the constant y-map and the g-map derived from the
transmission scan can be used for scatter correction of
SPECT.
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