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SPECT imaging of the pelvis is hampered by the presence of
bladder artifacts, which render up to 20% of the images un-
readable. The artifacts are caused by the high level of activity in
the bladder and by the change in activity level as the bladder fills
during data acquisition. The changing activity, together with the
inhomogeneous attenuation of the pelvis, leads to inconsisten-
cies in the projections and consequently artifacts when the data
are reconstructed with filtered backprojection (FBP). dSPECT is
an iterative algorithm that permits the reconstruction of dynamic
SPECT images from a single, slow-rotation SPECT data acqui-
sition. The reconstruction algorithm incorporates attenuation
correction (AC) and changing tracer distributions and has been
shown to reduce bladder artifacts in simulated data. In this
study, we showed that dSPECT is effective at removing bladder
artifacts from clinically acquired pelvic bone SPECT images.
Methods: Data from 20 patient volunteers were reconstructed
using FBP, rescaled block-iterative reconstruction (RBI) without
AC, RBI with AC, and dSPECT. AC was based on patient-
specific attenuation maps acquired with a '53Gd scanning line-
source transmission system. For dSPECT, 16 time frames (4
projections/head/frame) were reconstructed and then summed
to produce the final image. Artifact-to-bone contrast was com-
pared, and image quality was subjectively assessed. Results:
Compared with FBP, RBI without AC significantly reduced (P =
0.008) the streak artifact. Both dSPECT and RBI with AC further
significantly reduced (P < 0.001) the streak artifact and also
improved the uniformity and symmetry of bone tracer-uptake.
RBI with AC and dSPECT produced equivalent images if the
change in bladder activity during acquisition was modest; how-
ever, with large changes in the activity (>100%), RBI with AC
did not completely remove the artifact. In that situation, dSPECT
produced additional reductions in streak-to-bone contrast.
Conclusion: Of the methods considered, dSPECT is the most
effective at removing bladder artifacts in clinical pelvic SPECT.
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Rlvic imaging using SPECT is plagued by the presence
of the “bladder-filling” artifact. Bone imaging of the pelvis

is an important diagnostic test for the detection of avascular
necrosis of the femoral heads and for the detection of
metastatic tumors and other diseases such as osteomyelitis.
Planar imaging is possible, but SPECT offers improved
sensitivity and specificity because it has greater contrast and
allows differentiation of overlying internal structures. When
SPECT has been available, its sensitivity in the detection of
avascular necrosis has been shown to be 85%, compared
with 55% for planar imaging, with no loss of specificit})

Two major obstacles limit SPECT of the pelvis: the inho-
mogeneous attenuation caused by the hip bones and pelvic
girdle and the accumulation of activity in the bladder due to
normal excretion of bone radiotracer throughout scanning.
Both factors lead to inconsistencies in the projection data,
which cause artifacts in the reconstructed image. These
artifacts can appear as anomalous blobs of apparent activity,
which may be mistaken for tumors (false positives), or as
dark shadows, which can hide true lesions (false negatives)
(2,3) and mimic the photon-deficient regions of avascular
necrosis 4). The bladder-filling artifacts that occur in pelvic
imaging are particularly severe, rendering as many as 20%
of SPECT scans of this region unusabil#. (

Attenuation correction (AC) has been shown to improve
bone SPECT image quality in other regions of the body,
such as the cervical spiné,6), and to improve lesion
detection in thoracic SPECTB), PET images of the pelvis
have also been shown to benefit from AQ.(Unfortu-
nately, AC alone may not be sufficient for SPECT because
changing activity in the bladder throughout the acquisition
contributes to the artifact. Catheterization is a possible
means of mediating this effect but has an associated in-
creased risk of complications such as infection and conse-
quently is unattractive for general application. Different
techniques of digital filtering have been suggested to correct
for this artifact @,8) but have had limited succes®(These
approaches try to correct for the artifact after image creation
and do not address the issue of the changing bladder-activity
levels. A different approach is that of Penney et aD)(
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who attempted to reduce the inconsistencies in the data by
acquiring multiple fast-rotation images, that is, a dynamic
SPECT acquisition. By acquiring 10 complete SPECT scans
over the course of 30 min, Penney et a. were able to reduce
the artifact by 50%. Faster scans, with even less change in
bladder activity from start to finish, should further reduce
the impact of the artifact. Unfortunately, fast-rotation con-
tinuous imaging, a technique for performing dynamic
SPECT, requires specialized hardware and is consequently
not available in most nuclear medicine departments.

An alternative method of dynamic SPECT isthe dSPECT
technique (11,12), which uses a standard, slow, single-
rotation acquisition and incorporates both attenuation and
the evolution of tracer distribution into the reconstruction
algorithm itself. Computer simulations of the Zubal phan-
tom have shown that dSPECT can greatly reduce the ap-
pearance of bladder-filling artifacts and consequently im-
prove the detectability of pelvic bone lesions (13).

In this work, we evaluated dSPECT using clinically ac-
quired pelvic bone SPECT data. Twenty patient datasets
were compared using 4 reconstruction methods: filtered
backprojection (FBP), rescaled block-iterative reconstruc-
tion (RBI) (14) (a variant on ordered-subsets expectation
maximization) with no attenuation correction (AC), RBI
with AC (RBI AC), and dSPECT.

MATERIALS AND METHODS

Twenty volunteers (11 female and 9 male) were recruited from
patients already scheduled for bone scanning in our department
(University of Western Ontario ethics approval 08105E). Ten
patients were symptomatic, having pain or discomfort in the hips,
and 10 were asymptomatic in the hips. The average patient age was
59 y. Each patient received 900 MBq of *™Tc-methylene diphos-
phonate and was imaged 3-4 h after injection. Our standard
imaging procedure was followed, with each patient voiding his or
her bladder immediately before imaging.

All data were obtained with a Millennium MG dual-head
SPECT camera (General Electric Medical Systems) equipped with
a1%8Gd scanning line source transmission system. To permit trans-
mission imaging, the heads were positioned in the cardiac config-
uration, 101° apart. Transmission imaging supplied the attenuation
map used in the RBI AC and dSPECT methods. Each dataset
consisted of sixty-four 128 X 128 projections per head acquired
over 180°, resulting in a total of 281° of projection data. Trans-
mission data were obtained interleaved with the emission data. The
total scanning time was 30 min.

Data were reconstructed by 5 methods. The first was FBP,
representing the clinical standard for reconstruction. Only a ramp
filter was used during FBP so that the same filter could be applied,
after reconstruction, to all images. The second was RBI recon-
struction, a variation of ordered-subsets expectation maximization
reconstruction that has shown some image-quality advantages over
it (15). Four iterations with 32 subsets were used, approximately
equivalent to 128 iterations of the maximum-likelihood expecta-
tion maximization (MLEM) agorithm (16). To alow comparison
of iterative reconstruction alone to FBP, no AC was applied. The
third method was the same as the second but with patient-specific
AC (RBI AC). The fourth approach was to use dSPECT recon-
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struction. The dSPECT algorithm has been described in detail
elsewhere (11,12). It uses the fact that SPECT projections are not
all acquired simultaneously but instead are acquired sequentially,
with each 2-dimensional projection being taken from a different
angle and at a later time. The reconstruction allows the activity in
each voxel to independently change over time, with the constraint
that its time—activity curve contain at most 1 peak. In our imple-
mentation, we used an iterative expectation-maximization ago-
rithm similar to MLEM and constrained the activity to be never
decreasing. The data were divided into 16 time frames, each
corresponding to 2 min of data, and the equivalent of 48 MLEM
iterations was used. The result of the dSPECT reconstruction was
a set of sixteen 128% images showing the dynamic course of the
tracer distribution. However, in this study, the dynamic set of
images was averaged to generate a single image that could be
compared with those produced by the other reconstruction meth-
ods. A lower number of iterations, compared with the RBI ago-
rithm, was chosen to keep total reconstruction time down to 1 h.
To confirm that any differences seen between the RBI AC and
dSPECT methods was not due simply to adifference in the number
of MLEM-equivalent iterations (128 vs. 48), a fina method was
considered. Thislast method was RBI AC but with 3 iterations and
16 subsets to give the equivalent of approximately 48 MLEM
iterations (RBI AC_low).

In al cases, images were reconstructed into a 128% array and
then filtered with a 3-dimensional gaussian filter of 2.5 pixels (11
mm) in full width at half maximum. This filter was chosen to
provide a final reconstructed resolution similar to that used clini-
caly in our department. Scatter correction was not applied during
any of the reconstructions. All images were reconstructed off-line
on a Pentium IIl (Intel Corp.), 1.0-GHz Linux-based personal
computer.

All reconstructions were returned to the clinical environment,
where they were evaluated subjectively by 2 nuclear medicine
physicians, both of whom were familiar with these types of im-
ages. They were free to adjust windowing levels and choice of
color scale as desired. The images were assessed on a 5-point scale
for the presence of artifacts and the clinical impact of artifacts on
diagnosis of pelvic abnormalities. Clinical impact related to the
location of the artifact; for example, were artifacts present but in a
part of the image such that they would not have influenced clinical
evaluation of the image (e.g., evaluation for the presence of avas-
cular necrosis)? Clinical impact also referred to the impact of the
artifact on overall image quality; for example, was there an in-
crease in image noise distal to the artifact itself? On the 5-point
scale, 1 corresponded to low image quality (large artifact and
clinical impact) and 5 to high image quality (no visible artifact or
clinical impact). Significance was assessed using ANOVA fol-
lowed by the Scheffé multiple-comparisons test.

The magnitude of the artifact was assessed quantitatively using
region-of-interest (ROI) analysis. A square ROl (ROlgea), 5 X 5
pixels, was positioned in the region of the streak artifact, just
outside the bladder (Fig. 1). A second ROI (ROl Of the same
size was positioned over a region of homogeneous, artifact-free
bone. Both ROIs were placed on a transaxial slice containing the
center of the bladder. Using the 2 ROIs, the contrast of the streak
to the bone was calculated as follows:

ROI streak ROI bone

Contrast = ROlpre

Eq. 1
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FIGURE 1. Transaxial slices
of an FBP-reconstructed im-
age showing typical positions
for the ROIs used to contrast
the streak artifact (upper ROI)
with the bone (lower ROI).

In the absence of a streak artifact, ROl 4o Should contain only
counts from soft-tissue background, and the contrast would ap-
proach a value of —1.

For each of the 20 patients in the study, the change in bladder
activity was calculated on the basis of the dSPECT-reconstructed
dynamic series of images. A bladder volume of interest (VOI) was
defined on the summed image using a threshold at 25% of the
maximum counts in the bladder. Because activity in the bladder is
continually increasing, the change in activity (Apagde) is the dif-
ference between the counts in the bladder VOI in the last frame
and those in the first frame, expressed as a percentage of the VOI
counts in the first frame:

VOljes — VOljirg

Apadder = v~ X 100%.

VOl,e Eq. 2

RESULTS

Example transaxial slicesfrom 3 patients are shown. The
images reconstructed with RBI AC_low did not show any
visible differences from those reconstructed with RBI AC
and so have not been presented here. The first patient (Fig.
2) was a47-y-old man presenting with pain in the right knee

A

e

C D

.

FIGURE 2. Transaxial slices showing an asymptomatic pa-
tient with a 173% change in bladder activity. Reconstruction is
with FBP (A), RBI no AC (B), RBI AC (C), and dSPECT (D).
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and elbow but no symptoms in the pelvis. The change in
activity in the bladder was 173%, the second largest in the
study. This patient’s images demonstrated a visible reduc-
tion in the streak artifact with the different reconstruction
methods. RBI with no AC reduced the magnitude of the
streak artifact extending diagonally from the upper left
(northwest) to the lower right (southeast) of the FBP image.
However, the artifact was still present, both to the northwest
of the bladder and to the southeast, as shown by the appar-
ently anomalous and asymmetric uptake in the left acetab-
ulum. RBI AC further reduced but did not completely
remove this artifact. In the dSPECT images, the streak
artifact was virtually eliminated. Consequently, the contrast
between the bladder and the pelvic bones and the left-to-
right symmetry also improved.

The second patient (Fig. 3) was a 38-y-old woman pre-
senting with left hip pain. In this patient, the change in
bladder activity was 77%. The bladder artifact interfered
with the region of interest—the left hip and pelvis—greatly
reducing the confidence with which one could assess the
diagnosis. Iterative reconstruction alone was insufficient to
remove this artifact; AC or dSPECT was necessary. Eval-
uation of the clinical bone series for this patient provided
the following information. Dynamic images taken during
tracer injection were normal for this patient, though poste-
rior planar images acquired 3 min after injection showed a
subtly increased uptake in the hip. Delayed whole-body
images also showed an increased uptake in the inferior
acetabulum or ischium. This patient underwent MRI, which
found centered on the | eft ischial tuberosity amildly expan-
sive heterogeneous osseous lesion whose appearance was
most compatible with hemangioma. All these findings sup-
ported the validity of the increased uptake seen in the left
acetabulum on the RBI AC and dSPECT images.

A B
C D
FIGURE 3. Transaxial slices showing a patient with left hip

pain and a 77% change in bladder activity. Reconstruction is
with FBP (A), RBI no AC (B), RBI AC (C), and dSPECT (D).
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The third patient was an 86-y-old woman presenting with
central chest pain radiating to her back (Fig. 4). She aso
described having alump on the occipital region of her skull.
She had a history of breast cancer resulting in mastectomy
and, later, cancer in the right hand and thumb. The increase
in bladder activity was 88%. A focal lesion on theright side
of the pelvis, near the bladder, was visible though subtle
with iterative reconstruction but became clear with RBI AC
and dSPECT. This focus was not seen on the FBP images.
The region of focal uptake was aso visible on the anterior
whole-body images (shown in Fig. 5 with a 33% threshold)
and was consistent with the finding of metastatic disease
elsewhere in the skeleton. The SPECT study used a dual-
head gamma camera, and consequently, 2 streak artifacts
were visible, though one is more intense than the other. The
intensity of the streaks depends on the direction of rotation
of the camera. Had the lesion been on the opposite side of
the body or had the camera rotated in the opposite direction,
the influence of the artifact would likely have been even
greater.

Shown in Table 1 is the physician evaluation of image
quality, averaged over the 20 patients. ANOVA results were
similar for both indexes and indicated a significant differ-
ence (P < 0.001) for each. Subsequent Scheffé multiple-
comparisons tests showed, for both indexes, that RBI with
no AC performed significantly better than did FBP (P <
0.001) and that RBI AC performed significantly better than

.

RBI no AC
B
RBI AC
- . .
dSPECT

FIGURE 4. Transaxial slices showing a patient with metastatic
bone disease and an 88% change in bladder activity. Each row
corresponds to 3 consecutive slices of a different reconstruc-
tion.
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FIGURE 5. Whole-body
bone scan of the patient shown
in Figure 4 indicating a bone
lesion near the bladder. Ante-
rior (A) and posterior (B) views
are shown.

did RBI without AC (P < 0.001). No significant differences
were found between RBI AC, RBI AC_low, and dSPECT,
though this may have been due to the small number of
patients in this study.

The streak-to-bone contrast is shown in Figure 6, with the
patients ranked according to the observed change in bladder
activity. Ideally, the soft-tissue background activity would
be negligible next to the concentration in the bones, leading
to a contrast value of —1. The rankings of the contrast as
determined with the 5 reconstruction methods were com-
pared using ANOVA and found to be significantly different
(P < 0.001). A subsequent Scheffé multiple-comparisons
test showed that FBP was ranked significantly lower than
RBI with no AC (P = 0.008), which in turn ranked signif-
icantly lower than RBI with AC (P < 0.001). RBI AC_low
and RBI AC were not significantly different but were sig-
nificantly lower than dSPECT (P = 0.03).

The streak-to-bone contrast measurements mimicked the
results of the subjective image quality assessment in that
there was an improvement in going from FBP to RBI to RBI
AC but little benefit in most patients from using dSPECT
rather than RBI AC. However, we did see that for the subset
of patients with large increases in bladder activity (>100%)
(Eg. 2), and accordingly the worst artifacts, a consistent
measurable additional gain was to be had by taking into
account the dynamic nature of the bladder activity. In this
small study, this subset corresponded to 25% of our pa-
tients. With respect to streak-to-bone contrast, that is, arti-
fact removal, dSPECT ranked significantly better than the
other methods.

DISCUSSION

RBI AC and dSPECT show a clear advantage in the
quality of the reconstructed image, but there is understand-
ably a concern over the price paid in both acquisition time
and reconstruction time for these more complicated proce-
dures. These reconstructions use a patient-specific attenua-
tion map, and acquiring the transmission data in an inter-
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Image Quality Evaluation on a Scale of 1 (Poor Image Quality) to 5 (Good Image Quality)

TABLE 1

RBI
Physician FBP RBI no AC RBI AC AC_Low dSPECT
1 Artifact 1.6 3.1 4.2 4.2 4.2
Clinical impact 1.6 3.1 4.2 4.2 4.2
2 Artifact 1.2 2.7 4.1 4.6 4.5
Clinical impact 1.6 2.5 4.1 4.3 4.3
Average Artifact 1.4 2.9 4.1 4.4 4.3
Clinical impact 1.6 2.8 4.2 4.3 4.2

leaved fashion as we have done increases the acquisition
time by 25%. Our fina acquisition time of 30 min is still
clinically acceptable; however, this additional time could
also be avoided through simultaneous transmission imaging
or a much faster CT-based transmission system. More im-
portant is the increase in reconstruction time. The 1282
image reconstruction with RBI required 16 min on a Pen-
tium 111 1-GHz processor running aLinux operating system.
The 4 iterations of RBI with AC (128 MLEM iterations)
required 21 min on the same system. Both of thesetimes are
acceptable, as they are shorter than the acquisition time of
the scan, meaning that they would introduce no additional
delays into the daily workflow. The dSPECT reconstruction
required 61 min. However, it would not be necessary to
reconstruct the entire 1282 volume dynamically. The blad-
der occupies approximately only 20—30 dlices, and recon-
structing just this volume would require correspondingly
less time, only 10-15 min. Additionally, persona comput-
ers are steadily increasing in performance, and similar ma-
chines are now available that run 3—4 times faster than the
one used in this experiment.

Scatter correction such as the triple-energy-window (17)
method might further improve image quality with all of the
reconstruction techniques: FBP, RBI, and dSPECT (18). It
was not possible to apply this type of correction because of

25
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FIGURE 6. Streak-to-bone contrast ranked according to the
change in activity in the bladder seen during the data acquisition.
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limitations in the data that could be collected with our
camera. The transmission system was designed for cardiac
acquisitions (64 X 64 projections over a 101° rotation), and
it was necessary to restrict the acquisition to 2 energy
windows, the photopeaks for ®*™Tc and '53Gd, in order to
increase the acquisition parameters to 128 X 128 projec-
tions over a 180° rotation. Scatter correction viaamodeling
approach would still be possible, however, with both the
RBI and the dSPECT algorithms. Although not expected to
alter the main conclusions of this paper, studying the impact
of scatter correction on this particular artifact is one direc-
tion of possible future investigation.

The use of only 281° of data rather than a complete 360°
may have influenced the quality of our reconstructed im-
ages. For example, FBP reconstructions from 180° of pro-
jection data are well known to have greater geometric
distortion in the presence of an attenuating medium than do
those from 360° of data (19). It has also been reported that
angular undersampling can exacerbate bladder-filling arti-
facts (20). These effects are caused by the dependence of the
FBP algorithm on the cancellation of counts by negative
side-lobes to provide an accurate reconstruction. Because
iterative techniques do not rely on this cancellation, they
may have been less affected by not having a complete 360°
projection dataset, possibly accounting for a small portion
of the improvement seen between the results of FBP and
those of RBI without AC. The conclusions of this study,
however, would remain unchanged with afull 360° of data.
Bladder artifacts in pelvic SPECT are known to be caused
by the nonuniform attenuating media and changing bladder
activity (20), both of which also lead to incomplete cancel-
lation of side lobes in FBP, and so iterative reconstruction
would be expected to reduce the magnitude of the artifact as
was seen in our simulation studies (13). Furthermore, as
shown in this study, iterative reconstruction alone is insuf-
ficient; AC and in some cases dynamic reconstruction are
necessary to remove the artifacts.

In addition to its effects in the hip region, radioactivity in
the bladder causes artifacts that make assessment of the
symphysis pubis and pubic rami difficult in such disorders
as osteitis pubis, fractures, and osteomyelitis. Delayed 24-h
imaging or catheterization is often required to properly view
these bony structures. Although these methods work, they
are undesirable from the standpoint of patient compliance
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and the small but real risk of complications such as infection
and trauma. The symphysis pubis and pubic rami of the
same 20 patients in this study were reassessed qualitatively
by one nuclear medicine physician to determine whether the
RBI or dSPECT reconstruction would be beneficia in this
region of the pelvis. In 17 of the 20 patients, the symphysis
pubis and medial portions of both pubic rami was not
interpretable because of either nonvisualization of these
pelvic bones (radioactive urine seen instead) or increased
uptake, which was considered false positive. In 3 of the
patients, streak artifacts were greatly reduced by RBI with
AC and dSPECT. Although some benefit was seen through
using RBI with AC or dSPECT reconstruction, further im-
provements in image quality such as with scatter correction
or resolution recovery will be necessary before reliable
clinical evauation of the symphysis pubis and pubic rami is
possible.

CONCLUSION

In this clinical study investigating SPECT bone imaging
of the pelvis, RBI iterative reconstruction with AC and
dSPECT were found to perform significantly better than
either FBP or RBI with no AC. The bladder-filling artifact
was significantly reduced in most patients. In 25% of pa-
tients, those with large changes (>100%) in bladder activ-
ity, dSPECT was found to provide a measurable additional
improvement over RBI AC. Subjective evaluation of image
quality did not demonstrate a significant difference between
dSPECT and RBI AC, but quantitative analysis of the
artifact-to-bone contrast in the hips showed dSPECT to
provide a significant advantage.
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