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The effect of spatial resolution on quantification by single photon emission computed
tomography (SPECT) was studied using a rotating gamma camera and " Tc. Using
phantoms with hot and cold regions, experiments were performed to ascertain relationships
between the source and the SPECT image, and to compare them with theoretic calculations.
According to the results, the SPECT value represented the true radioactivity when the
objects’ sizes were 2.5 times larger than full width at half maximum (FWHM) for hot regions.
For cold regions, there were errors of ~20% for the true value, even in the case of such large
sizes. In addition, sizes at half maximum images corresponded to true object sizes when hot
region sizes were larger than 1.4 X FWHM. The relationship between absolute radioactivity
and total SPECT value was linear when the threshold level was zero. Knowing the effect of

spatial resolution is a necessity in clinical SPECT studies.
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Single photon emission computed tomography
(SPECT) has been used for three-dimensional displays
of radioactive distributions and for estimating volumes
within the body (1,2). However, SPECT values do not
always represent true radioactive concentrations, thus
quantitative analyses are rendered unreliable. These
facts can be explained by several factors, such as pro-
jection data acquisition, reconstruction of transverse
images, absorption correction, Compton scattering, en-
ergy resolution, and image noise (3-5). Limited spatial
resolution, which is dependent on source-detector dis-
tance, may also play a role.

The effect of spatial resolution was studied for posi-
tron emission tomography (PET) (6-8). It has been
shown that object sizes obtained with true radioactive
concentrations were 2 X full width at half maximum
(FWHM), 2.4 x FWHM, and 2.7 X FWHM for one-,
two-, and three-dimensional objects for hot regions (8).
For SPECT, the relationships of the recovery coefficient
(RC) to the hot source area were studied for various
collimators and image reconstruction filters, using tech-
netium-99m (**™Tc) and indium-131 (**'I}9).

This study investigated the effect of spatial resolution
on quantification of radioactive concentrations in
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SPECT images, using phantoms with hot and cold
regions. Special attention has been devoted to the rela-
tionships between object size and SPECT value, object
size and image size, and the absolute radioactivity and
total SPECT value compared with theoretic calcula-
tions.

MATERIALS AND METHODS

Data Acquisition

A SPECT system (ZLC-37-ECT, Siemens, Gammasonics,
Inc., Des Plaines, IL) with a rotating gamma camera was used
with a low-energy, high resolution, parallel hole collimator.
This system was interfaced with a nuclear medicine computer
(Scintipac 2400, Shimadzu, Co., Ltd., Kyoto, Japan). The
energy window was set at 140 keV + 10% for ®™Tc. All sets
of projection data consisted of 64 view images over 360°.
Following acquisition, reconstruction of transverse images was
performed using the backprojection method and Shepp and
Logan convolution filter (10) without correction for absorp-
tion. The image matrix for acquisition and reconstruction was
64 % 64. The size of each pixel and slice thickness were 6 mm.

Phantom

Two phantoms were used in this study.

Phantom 1: Phantom for measuring the point spread func-
tion (PSF). A line source (0.6 mm in diameter, 16 cm long),
containing 74MBq of ®™Tc¢, was imaged in a water-filled
cylindrical container (20 cm in diameter, 20 cm long). The
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total cts/slice and maximum-ct/pixel were 8 X 10* and 2 x
10, respectively. That source was placed parallel to the central
axis of the container 5 cm off the axis. The central axis of the
container was on the camera’s rotation axis. The radius of
rotation was changed to 15 cm, 20 cm, and 25 cm. Each
FWHM of PSF was measured from the corresponding trans-
verse images, using interpolation.

Phantom 2: Phantom for hot and cold spots. To obtain
images of hot and cold spots, two phantoms were used. One
consisted of four cylinders, each 5 cm in length and 5Smm, 15
mm, 25 mm, and 35 mm in diameter located 90° apart, 5 cm
off the axis. The other phantom consisted of four cylinders,
each 5 cm in length and 10 mm, 20 mm, 30 mm, and 40 mm
in diameter located 90° apart, and 5 cm off the axis. The two
phantoms were placed in a water-filled cylindrical container,
20 cm in diameter and 20 cm in length, together and imaged
with the axis of rotation coinciding with the axis of the
container. Hot spot images were reconstructed with each of
the eight cylinders having a uniform radioactive concentration
(370 kBq/ml of **™Tc¢) and no background. There were totals
of 2 X 10° counts and a maximum of 2 X 103 cts/pixel in the
reconstructions. Cold spot imaging was performed without
filling the eight cylinders with radioactive water, and with
warm background (740 kBq/ml of *™Tc). The total counts
and maximum-ct/pixel in the reconstructions were 6 X 10°
and 10?, respectively.

Data Analysis

Scan data were analyzed in the following manner.

Hot spot image. For images of objects larger than FWHM,
the mean count of a few pixels surrounding the maximum
was taken for smaller objects, only the maximum was taken
as the SPECT value. These values, normalized by the value
(2,000 counts) for the largest object (40 mm i.d), were termed
“relative SPECT values” and plotted against the object size.
Moreover, to determine the relationship between object size
and image size, the diameter at half maximum (DHM) and
the diameter at tenth maximum (DTM) of hot spot images
corresponding to FWHM and FWTM, respectively, were
measured. Total SPECT values in the region of interest (ROI)
at the threshold level (TL) were also obtained for estimating
the absolute radioactivity. These values were normalized by
total counts (60,000) of the area of 400 » mm? source-50%
TL and were termed “relative total SPECT values (RTV)”.

Cold spot image. The ratio of the difference between the
minimum SPECT value/pixel in a cold spot image (Vmin) and
background value/pixel (Vig) to Vi was defined as the contrast
value/pixel (Cy),

G = | Vamin = Vig| /Vig. (1)

The relationship between the object size and C, was similarly
obtained. Theoretically, C, is equal to the relative SPECT
value in a hot spot image.

Theoretic Calculation
A theoretic calculation was performed to compare the data
with experimental results. On the x,y plane, we approximated
PSF to the Gaussian function,
F(x, y) = G exp[-k(x* + y*)/R?], (03]

where R is the same FWHM obtained from the experimental
data, and G and k are constant and defined as the volume of
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PSF in unity [G = k?/(4 = R?)]. If the area and the distribution
of the radioactivity in a cylindrical source are S and A(x,y),
respectively, the observed response C(x,y) is represented by
the convolution integral of A(x,y) with F(x,y);

Clx,y)=J [ s Alx, y)F(x = X,y = Y)dX dY. (3)

Equation (3) was solved by a numeric integration algorithm
using a minicomputer (Scintipac 2400).

RESULTS

Spatial Resolution

Three PSFs were obtained by changing the radius of
rotation to 15 cm, 20 cm, and 25 cm. Three FWHMs
were measured from these PSFs, and they were 14.5
mm, 16.5 mm, and 18.5 mm, respectively. Half profiles
of the PSF’s images, which were normalized according
to the maximum SPECT value, are shown in Figure 1.
As the theoretic PSF, the Gaussian functions with the
same FWHM as the experimental data, are also indi-
cated by the solid line. All three profiles are similar.

Calculation

The observed response C(x,y) for cylindrical sources
having various sizes was calculated from Eq. (3), letting
A(x,y) be constant and changing FWHM to 14.5 mm,
16.5 mm, and 18.5 mm. Figure 2 shows six profiles of
C(x,0) when FWHM = 14.5 mm. Although all radio-
active concentrations of the six sources are equal, the
maximum values of a calculated profile for the smaller
objects are low. When the diameter of a cylinder is
larger than 40 mm, the maximum value of a profile

becomes equal to the true value.
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FIGURE 1

Point spread functions obtained by the experiment and the
theoretic calculation (solid lines) with the same FWHMs.
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Simulated SPECT data of hot spot
objects with the various diameters
(D) for FWHM = 14.5 mm. These
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Effect of Spatial Resolution

The transverse images for hot or cold spot objects are
shown in Figure 3. Although all hot spot objects truly
have the same radioactive concentration, the smaller
objects are underestimated compared with the larger
objects (Fig. 3A). For cold spot objects (no radioactiv-
ity), although the center of that image is low because of
no absorpition correction, the smaller objects show poor
contrast (Fig. 3B). Numeric data obtained from various
images are plotted in Figures 4 and 5, and compared
with the theoretic calculations. For the hot spot images,
the experimental data are in good agreement with the
calculated data. Figure 4B shows that the object size
which represents the true radioactive concentration is
more than 2.5 X FWHM. The relative SPECT values
become 0.8, 0.5, and 0.15 for the object sizes 2 X
FWHM, 1 X FWHM, and 0.5 X FWHM, respectively.
On the contrary, the contrast value does not reach the

FIGURE 3

Transverse images obtained from
experiments of phantoms with four
cylinders (10 mm, 20 mm, 30 mm,
and 40 mm) for FWHM = 14.5 mm.
A: The hot spot image with cold
background. The smaller objects are
underestimated. B: The cold spot im-
age with warm background. The
smaller objects are overestimated.

A
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true value even if the cold spot size is very large, with
an error of ~20% (Fig. 5B). Furthermore, for smaller
objects the contrast value by experiment is better than
the value from calculations.

The relationship between the diameter of an object
and DHM or DTM as obtained from the hot spot
images are indicated in Figure 6. If the diameter of an
object (D) is larger than 20mm (1.4 X FWHM), DHM
becomes equal to D. However, DTM is not equal to D,
even if D is very large.

The relationship between the absolute radioactivity
and the total SPECT value is shown in Figure 7. The
hot spot object area represents the absolute radioactivity
if the radioactive concentration is known. The threshold
level (TL) values are changed from 0% to 90%. When
TL is only zero, RTV has a linear relationship with the
object area. With increasing TL, however, it becomes
nonlinear at the smaller object area.

B
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The influence of finite spatial resolution on object
size cannot be ignored in quantitative analysis by
SPECT. We investigated the effect of spatial resolution
on the SPECT value using phantoms, and identified
other factors which make quantitative SPECT imaging
more difficult than theoretic calculations. These factors
have been studied by many investigators. In this report,
we do not refer to such factors, but only describe spatial
resolution.

The phantoms used in the present study were hot
spot phantoms with cold background and cold spot
phantoms with warm background. These are essential
for the quantitative analysis and suitable for many
clinical situations.

For hot spot objects, SPECT values represented the
true radioactive concentrations when the object size
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(8) reported that for two-dimensional objects, an object
size of 2.4 X FWHM is required to obtain 98% recov-
ery. On the contrary, there were two serious differences
between the experimental and calculated data for cold
spot objects (Fig. 5). First, an underestimate of ~20%
of the contrast occurred even when the object size was
larger than 2.5 X FWHM. This main factor was because
of Compton scatter photons from the surrounding
source. Second, contrasts for the smaller objects were
better than calculations. This may have been a result of
image noise and software error of the reconstruction
algorithms. Our results suggest that small objects, such
as the myocardium, must be dealt with more carefully.
Garcia et al. (14) reported comprehensive two-dimen-
sional polar map images representing the distribution
of thallium-201 (*'T1) in the myocardium. They used
maximal-count circumferential profiles (CP) for each

511



10
3
w
2 L
|
<
> 05}
0
2 |} FWHM
E 14.5mm - o
Zz 16.5mm - &
S 18.5mm - o
(o] 10 20 30 40
A DIAMETER (mm)
1.0 I
- ¢ ®
3 A
- - o
5 | o *
§ a
o5} °
FIGURE 5 " °
Relationship between the cold spot < L °
object size (diameter) and the con- = .
trast value (C,) for three FWHMs. $ -
The object size is represented by © R
both the dimension (A) and the nor- A
malization on FWHMs (B). The ex- i
periment’s results are com with
the theoretical calculations (solid ) N 3
lines). Notice the difference between 0 1.0 2.0 3.0
the two curves. B DIAMETER/FWHM

short-axis image. Since Figures 4 and 5 show that the
thickness of the myocardium and defect size influence
the maximum value, careful attention should be af-
forded when such a CP is used. Caldwell et al. (/5) and
Chan et al. (/6) discussed overestimates of perfusion
defects in myocardial SPECT images of ' T1. They also
referred to the effect of spatial resolution.

Estimating an organ’s volume based on areas in
tomographic sections is facilitated by SPECT quantifi-
cation. In determining areas to be imaged, the threshold
level (TL) method is often used. Tauxe et al. (/7) used
phantoms to determine the TL of object images for
estimating the volume closest to the true volume. They
reported excellent correlation when TL was set at 50%
for cylindrical phantoms or 45% for ellipsoidal phan-
toms. Figure 6 shows that the image size of S0%TL
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represents the true object size when the object size is
larger than 1.4 X FWHM. However, when the object
size is smaller than this, the image size of 50%TL
becomes large and the calculated volume is overesti-
mated. This means that TLs larger than 50% should be
used to estimate volumes whose cross section areas are
small.

The absolute radionuclide accumulation in the body
must be known for clinical diagnosis and radioimmu-
notherapy. For that purpose the relationship between
the absolute radioactivity and the total SPECT value
must be linear. Generally, summed counts in the ROI
at any TL may be used as a total SPECT value. When
TI = 0%; that is, when the ROI completely surrounding
the sources is set, the total SPECT value correlates
linearly with the absolute radioactivity, regardless of

The Journal of Nuclear Medicine
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FIGURE 6

Relationship between the hot spot object size (diameter,
D) and DHM/D or DTM/D. DHM means the diameter at
half maximum and DTM the diameter at tenth maximum in
a hot spot image. Solid lines express DHM and DTM from
the theoretic calculation.

source size. In clinical SPECT studies, TL = 0% cannot
be used because there is background surrounding the
source and software artifacts appeared near the source.
- Then, one must use the higher TL, which is determined
empirically. As shown in Figure 7, when TL is higher,
the linearity for the smaller object is interrupted. There-
fore, more attention must be afforded such smaller
objects in order to estimate the absolute radioactivity.

Although we modeled two-dimensional radionuclide
perfusion in this study, a three-dimensional model may
be better for illustrating the partial volume effect. How-
ever, since SPECT quantifications are performed prac-
tically using two-dimensional tomographic images, we
believe that our phantom experiments and calculations
are adequate.

In this way, finite spatial resolution of the system
influences the quantitative analysis using SPECT im-
aging. To improve spatial resolution, smaller pixel size
and zooming technique are used for data acquisition
and reconstruction. Since SPECT systems have also
been improved (18-20), it will be possible to visualize
smaller objects and perform quantitative analysis for
them.
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