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Objective: We developed a modification of the acquisition
zoom technique, referred to as differential magnification
(DM), to improve the pixel resolution with fanbeam collima-
tors. This study evaluated the effects of DM on brain SPECT
image quality.
Methods: SPECT imaging was performed using a triple-head
camera with and without DM for a line source in air, Jaszczak
and Hoffman phantoms, and 15 clinical patients having
regional cerebral blood-flow scans with 99mTc ECD. Full width
at half maximum (FWHM) and contrast ratios were measured
on the line source and Jaszczak phantom data, respectively.
Visual image evaluation was performed by 2 independent,
blinded observers for the Hoffman brain phantom images and
clinical patient studies.
Results: FWHM improved on the fanned axis (transverse
plane) by 0.05 mm (P , 0.001), and the unfanned axis
(longitudinal plane) by 0.66 mm (P , 1026), when DM was
used. The mean improvement of contrast ratios for the
spheres on the Jaszczak phantom with DM was 11.4% (P ,

0.004). The images with DM were rated superior to those
without, for the Hoffman brain phantom and the clinical
patients.
Conclusion: This study has demonstrated that SPECT
acquisition with fanbeam collimators and DM significantly
improves both FWHM and image contrast, resulting in supe-
rior image quality. DM techniques may be useful in improving
clinical brain SPECT images.
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SPECT imaging of regional cerebral blood flow (rCBF) has
been widely used in the clinical investigation of several
neuropsychiatric disorders (1,2). Spatial resolution and sensitiv-
ity of photon detection have improved with the development of
multihead cameras and fanbeam collimators (FBCs) (3–5).
Optimizing all technical aspects of brain SPECT imaging, such

as acquisition and reconstruction, will improve the image
quality (6–9).

Acquisition zoom has been used with parallel-hole collima-
tors as a method to improve image resolution and contrast
(10–13). This software zoom decreases the pixel size without
increasing the matrix size and, therefore, does not require more
computer disk space (12,13).

On the other hand, SPECT imaging with FBCs increases
sensitivity and improves spatial resolution by introducing
magnification along the fanned axis (transverse plane) due to
the inherent design of FBCs (14–16). There is no magnification
along the unfanned axis (longitudinal plane). The pixel size
along the fanned axis is different from that along the unfanned
axis and the images before reconstruction are elongated along
the fanned axis. A software algorithm during reconstruction
(14) corrects this image (pixel) distortion. The net pixel size is
equivalent along both axes after reconstruction. To improve the
pixel resolution with FBCs, we developed a modification of the
acquisition zoom technique referred to as differential magnifica-
tion (DM). Different magnification factors are applied indepen-
dently on the fanned and unfanned axes. The image is
magnified in the field of view (FOV) along the unfanned axis
and magnification also can be applied along the fanned axis.
Thus, DM is an acquisition technique used with FBCs to reduce
pixel size equally for both axes. The purpose of this study was
to implement DM and evaluate its effects on brain SPECT
image quality.

MATERIALS AND METHODS

Differential Magnification

The different magnification factors enable the net pixel size
to be equal on both axes. The magnification factor used for the
unfanned (Y) axis must be larger than that used on the fanned
(X) axis to compensate for the inherent magnification of the
collimator. DM also is dependent on the radius of rotation (R)
of the camera heads. The equation to calculate the unfanned
axis magnification, MY, for the system used in this study is
(17):

MY 5 (50 1 3)MX/(50 2 R), Eq. 1
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where 50 (cm) is the focal length of the collimator, 3 (cm) is the
collimator thickness, and MX is the amount of magnification
along the X axis.

SPECT Imaging

Four experiments were conducted, each with and without
DM, to evaluate the effect of DM. These experiments consisted
of SPECT imaging of a line source in air, a water-filled Jaszczak
phantom, a Hoffman single-slice brain phantom, and 15 pa-
tients. SPECT imaging was performed using a triple-head
camera (Prism 3000XP; Picker International, Inc., Cleveland,
OH) equipped with an ultra-high resolution FBC and interfaced
to a dedicated computer (Odyssey VP; Picker International,
Inc., Cleveland, OH). The data were acquired using a continu-
ous scan mode of 3° intervals on a 1283 128 matrix for 360°,
each head rotating 120°.

The capillary line source (1.1- to 1.2-mm internal diameter)
first was scanned parallel and then perpendicular to the axis of
rotation to measure FWHM along the fanned and unfanned axes
of the collimator, respectively. These data were acquired at 10
different R, ranging from 13.4–15.7 cm. The magnification
factors for the unfanned axis (MY) were calculated from
Equation 1. MX was fixed at 1.33. The data were reconstructed
with a ramp backprojection filter. The slices created were 10.15
and 10.87 mm (6 and 5 pixels thick) with and without DM,
respectively.

The Jaszczak phantom (model 7000; Data Spectrum Cor-
poration, Chapel Hill, NC) was scanned at an R of 13.5 cm with
DM factors 1.33 and 1.93 for the fanned and unfanned axes,
respectively. The scan was acquired at a low clinical count level
(3 million total counts). The data were reconstructed using a
three-dimensional Butterworth postreconstruction filter (order5

5; cutoff frequency5 0.25 cycles/pixel for DM and 0.32
without DM) after applying a ramp backprojection filter. We
varied the cutoff frequency (CF) depending on counts per pixel
(C) (9,18,19) according to our empirically determined relation-
ship:

CF 5 0.1981 3.3433 1025 C. Eq. 2

Attenuation correction was performed by assuming uniform
attenuation (µ5 0.110 cm21) (20) within a circle drawn around
the phantom. The final image slices created were 7.12 and 7.36
mm (2 and 4 pixels) thick without and with DM, respectively,
through the sphere segment of the phantom.

The Hoffman phantom (model 8080; Data Spectrum Corpo-
ration, Chapel Hill, NC) was placed on the high-resolution
parallel-hole collimator and a reference image was obtained for
1 million counts on a 1283 128 matrix with an acquisition
zoom of 2.67. This reference image was used as a standard to
which the SPECT images of the phantom were compared (21).
SPECT imaging was performed with the phantom positioned so
that the long axis of the phantom was parallel to the axis of
rotation. This allowed traditional transverse images to be
reconstructed parallel to the axis of rotation. The phantom was
scanned at 3 clinically relevant count levels including low (3.4),
mid (5), and high (6.8) million total counts. R was 12.9 cm. DM
factors were 1.33 and 1.89 for the fanned and unfanned axes,

respectively. The data were reconstructed using a three-
dimensional Butterworth postreconstruction filter after apply-
ing a ramp backprojection filter. At each of the 3 count levels,
combinations of 4 orders (1, 5, 9, 13) and 4 CF (0.25, 0.35, 0.45,
0.52) of the Butterworth filter were used. The final images were
created at 13.23 mm (6 pixels) thick without and 13.72 mm (8
pixels) thick with DM, respectively. This was to ensure
approximately the same thickness as the Hoffman phantom
slice (13 mm) to allow comparison of the SPECT image with
the standard planar image.

Fifteen patients (7 males, 24–64 y of age; 8 females, 28–73 y
of age) with various neuropsychiatric histories were injected
with 740 MBq (20 mCi)99mTc-ethylcysteinate dimer (ECD;
DuPont Merck Pharmaceutical Co., Billerica, MA) and imaged
30 min postinjection with and without DM. Each scan was
acquired with an R of 13.5 cm, and the patient remained in the
same position for the 2 consecutive scans. The scan sequence in
which DM and no DM was performed was varied, so that half
the studies were done with DM first and the remaining half
without DM first. Scans with DM were performed with the
magnification factors fixed at 1.33 and 1.93 for the fanned and
unfanned axes, respectively. One-pixel thick transaxial slices
from the vertex of the brain to the level of the canthomeatal line
were reconstructed using a three-dimensional Butterworth
postreconstruction filter (after applying a ramp backprojection
filter), order fixed at 5, and CF varied according to C using
Equation 2. C was determined by placing an ROI on a summed
120-frame image over the cerebrum. For the initial 5 patients (3
males, 2 females) the scans with DM were acquired with an
acquisition time that was 3 times longer than those scans
without DM. This yielded approximately the same counts per
pixel for both scans (since the pixel size is smaller with DM),
and, consequently, the same CF was used. This allowed direct
comparison of DM and no DM images with the same filter
parameters. The remaining 10 patients were all scanned for the
same time, 15 min for both DM and no DM. Attenuation
correction was performed by assuming uniform attenuation
(µ 5 0.09 cm21) within an ellipse drawn around the skull.
Images then were reformatted to yield 5-mm thick transoblique
slices parallel to the anterior and posterior commissures of the
brain (AC-PC line), using a fully automated method of stereo-
tactic image orientation (22). A single image at the level of the
midthalamus was selected for each scan with and without DM.
These paired images were used for visual image evaluation.

Data Analysis

FWHM in millimeters was measured on 3 different slices and
an average was determined for the fanned and unfanned axis
with and without DM, respectively. This was done at each of 10
different Rs. Linear regression analysis was used to examine the
relationship between FWHM with and without DM and R for
the fanned and unfanned axes, respectively. A pairedt test was
performed to compare FWHM with and without DM.

The Jaszczak phantom images of the spheres with and
without DM were compared visually and rated for which image
best visualized the spheres. Contrast ratios for the spheres also
were measured by placing an ROI over the spheres and over
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background to calculate the ratios (23,24). A pairedt test was
performed to compare contrast ratios with and without DM.

The SPECT images of the Hoffman phantom with and
without DM were compared visually to the reference standard
and evaluated as to which of the pair was better.

The patient images were visually compared between DM and
no DM using a set of criteria (9) for 5 anatomical areas. The 5
areas evaluated and the criteria for assessing each image were:
(a) anterior cingulate gyrus: 1 (good)5 suitable smoothing and
separation; 0 (poor)5 too smooth or too noisy; (b) basal
ganglia (caudate and putamen): 15 clear contour and homog-
enous accumulation and separation of caudate and putamen;
0 5 too smooth contour or too noisy; (c) internal capsule: 15

clear visualization; 05 nonvisualization; (d) thalamus: 15
clear contour and homogenous accumulation and clear separa-
tion of 2 lobes; 05 too smooth contour or too noisy; (e) right
and left visual cortex: 15 clear separation; 05 too smooth or
unclear separation due to image noise. Scores were summed for
each image and compared.

Visual evaluation of images, with and without DM, was
performed by 2 independent experienced observers who were
blinded to which image was acquired with DM or vice versa.

RESULTS

The mean differences between FWHM with and without DM
on both axes, and the results of the pairedt-test are summarized

in Table 1. On both fanned and unfanned axes, DM demon-
strated improvement in FWHM. The mean improvement with
DM along the fanned axis was small (0.05 mm) but significant
(P , 0.001). On the unfanned axis the mean improvement was
more substantial (0.66 mm) and significant (P , 1026). The
relationship between FWHM with and without DM and R for
both axes was linear (r5 0.88–0.99,P , 0.001) and is shown in
Figure 1. The magnitude of improvement of FWHM with DM
is similar across R for both the fanned and unfanned axes.

The Jaszczak phantom images demonstrate that DM im-
proves visualization of the spheres (Fig. 2). The mean improve-
ment of the contrast ratios for the spheres with DM was 11.4%
(P , 0.004). The mean contrast ratio improvement was greatest
with the smallest sphere (28%;P , 0.002).

The Hoffman phantom images with DM when compared to
the standard were preferred to those without DM (Fig. 3).

For the 5 paired clinical patient images with differing
acquisition times that had the same filter parameters used for
both DM and no DM, DM was judged superior in every case.
An example is illustrated in Figure 4A and B. For the remaining
10 paired images (that were both acquired for the same time),
DM images were rated higher than those images acquired
without it. An example is shown in Figure 4C and D. In 13 of 20
paired images DM was rated higher, there were 2 cases that
were equivalent and 5 cases where images without DM were
rated higher.

DISCUSSION

The quality of SPECT images is influenced by acquisition
parameters as well as those of reconstruction. Thus, the first
step in producing high-quality images is to try and optimize the
acquisition (6). One parameter of the acquisition to improve is
the acquisition matrix size or pixel size. The spatial resolution
of a SPECT image is determined by the total system resolution
of the camera (intrinsic and collimator resolution), and the size
of the image pixels (matrix size) (25). Three-head camera
systems are capable of 6-mm resolution (FWHM) in the cortex

TABLE 1
Mean Differences of FWHM Between Fanned (X)

and Unfanned (Y) Axes

X Y

DFWHM (mm)* 0.05 6 0.02 0.66 6 0.14
Range 0.02–0.09 0.52–0.89
P (paired t-test) ,0.001 ,1026

*Mean difference between DM and no DM 6 SD.

FIGURE 1. The relationship between full width
at half maximum (FWHM), with and without
differential magnification (DM) and radius of
rotation (R), for the fanned and unfanned axes,
respectively. Each series was fitted with a linear
regression line. X is the fanned axis and Y is the
unfanned axis.
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and 9 mm at the center of the brain, respectively (26). The
acquisition pixel size should be less than one third of the
FWHM to avoid losing spatial resolution due to the size of the
pixels (25), and to ensure adequate sampling and to avoid
aliasing artifacts (27). Thus, pixel size should be approximately
2–3 mm. The size of pixels without DM is 3.56 mm. Thus, the
128 matrix size without DM may be limiting the overall
resolution. Pixel size on a 256 matrix on the system used is 1.78
mm, and imaging using a 256 matrix would be more appropri-
ate to maximize final image resolution (12). However, doubling

the matrix size requires the acquisition time to be multiplied by
a factor of 4 to maintain the same counts per pixel (13). Disk
space requirements and processing time also would increase by
a factor of 4.

The use of DM in this study reduced the effective pixel size
from 3.56–1.84 mm, thus the net effect of using DM is to reduce
pixel size in between a 128 and 256 matrix without using more
disk space, which would be required on a 256 matrix (13). To
maintain the same counts per pixel as an acquisition without
DM, the acquisition time with DM was increased by a factor of

FIGURE 2. SPECT images of the Jaszczak
phantom and contrast ratios (A) with differential
magnification and (B) without differential magni-
fication.

FIGURE 3. SPECT images of the Hoffman single-slice brain phantom at the same count level using the same filter parameters (A) with
differential magnification and (B) without differential magnification, compared to the planar standard (S) reference image. Anatomical details of
the phantom are more clearly visualized in A than B when compared to S. For example, compare anterior cingulate gyrus (solid arrow), caudate
nucleus (arrowhead), and visual cortex (open arrow) between images.
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3. This allowed the same postreconstruction filter to be used, on
comparison between DM and no DM it was clearly determined
that DM was superior. However, increasing the acquisition time
increases the possibility of patient motion, and it may not be
practical to increase the acquisition time by a factor of 3. So we
evaluated images acquired with and without DM for the same
time, using different filters. The results of image evaluation
indicate that DM improves image quality without increasing
acquisition time. However, there are lower counts per pixel and
thus more noise per image (12). A compromise of increasing the
acquisition time somewhere in between 1 and 3 times, depend-
ing on the patient, may be an appropriate balance to improve
image quality without being impractical.

We have demonstrated in this study that FWHM significantly
improves with DM along the unfanned axis. The additional
improvement on the fanned axis due to DM is very small due to
the small magnification factor (1.33) used. The degree to which
additional magnification can be applied on the fanned axis is
limited by fitting the entire brain into the field of view. This
study showed that the overall improvement in FWHM with DM

and the improved image contrast with DM resulted in an
observable change in image quality.

There are some limitations with the use of DM. The DM
factors vary with R, so each R’s unique factors must be
determined. This limitation can be simplified by setting R into a
few discrete steps with known factors being applied. Second,
the use of DM requires precise patient positioning so that no
part of the brain is magnified out of the field of view (13). All
projections should be checked before beginning the acquisition
(28). Finally, the reconstruction filters will be different when
using DM because the pixel size is smaller (13). The effects of
DM may only be seen if appropriate filters are used. This
disadvantage can be overcome by optimizing filter parameters,
such as CF, by relating it to counts per pixel and using an
objective linear scale.

CONCLUSION

The use of DM significantly improved the FWHM on
reconstructed line-source data and image contrast of the Jaszc-
zak phantom. DM also was demonstrated to improve image
quality in both phantoms and clinical patient studies, and this
can be further improved by increasing the acquisition time. This
technique may be useful in improving clinical brain SPECT
images.
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