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Objective: Gamma camera nonuniformity can result in the
presence of ring artifacts in reconstructed SPECT images.
The objective of this study is to compare the relationship
between ring artifact magnitude and image noise in tomo-
graphic images reconstructed using FBP and OSEM.

Methods: A cylindrical phantom was filled with water and
99mMT¢, Seven tomographic acquisitions were performed,
with total counts per acquisition ranging from 1.5 Mcts to
100 Mcts. All acquisitions were reconstructed using both
FBP and OSEM. Ring artifacts were generated in the trans-
axial data by introducing defects at a given location in each
planar image. The modified acquisitions were again recon-
structed using both FBP and OSEM. The ring artifacts were
isolated by the subtraction of the uncorrupted datasets from
the corrupted datasets. The magnitude of the ring artifacts in
the corrupted reconstructions was measured and compared
to the mean counts and noise level in the uncorrupted data.
Results: Ring magnitude in OSEM-reconstructed images is
approximately one third that of FBP images. However, there
is a corresponding reduction in image noise with OSEM and
the ratio of ring magnitude-to-image noise was relatively
similar for both OSEM and FBP. Rings generated with OSEM
fell off more rapidly with distance from the image center, and
e distances.|
"will depend

the number of iterations performed
between the 2 algorithms are subitl
Conclusion: Our results would ind
requirements for SPECT are simila 'w-"'fo* Fi

reconstruction algorithms. *-.__"'.-""
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For the last 20 v, filtered backprojection (FBP) has been

\'-..'.Ilgl In

in the generation of artifacts, which mainly consist of
streaking and negative counts near the borders of hot objects
(1,2). There are myriad iterative reconstruction algorithms
that can be used as alternative reconstruction techniques to
FBP. However, many of these, such as maximum likelihood
expectation maximization (MLEM), are computationally
intensive and have never been used in clinical prac8e (
Various methods have been developed to accelerate the
speed of these algorithms. The most widely used accelera-
tion technique is the ordered subset procedure of Hudson
and Larkin @), which resulted in the development of the
ordered subset expectation maximization (OSEM) tech-
nigue. The OSEM algorithm recently has become available
on many commercial nuclear medicine computer systems
and is now being used in routine clinical practiéeg].

The uniformity requirements for SPECT with FBP are
highly dependent on the noise characteristics of the recon-
structed data7,8). There are significant differences in the
noise characteristics of FBP and OSEM algorithms, partic-
ularly at low counting rates9j. While nonuniformities in
the planar data would be expected to result in artifacts in the
data reconstructed using OSEM, the magnitude and nature

- Ofitheserartifacts is not well known. Although the uniformity

requirements of the FBP technique have been well studied

datdand'!'! (7 8 )'at present it is unclear how the uniformity require-

‘ments associated with the OSEM technique compare with
those associated with the FBP technique. The aim of this

in tomographic images reconstructed using the FBP and
OSEM techniques. The fundamental issue addressed in this
study is whether the use of the OSEM technique places
different performance requirements on a SPECT system
than a conventional FBP technique.

E?ﬂtijf;ﬁnifqrrnﬁth a1 study is to evaluate ring artifact magnitude and image noise
L ﬁPl n

MATERIALS AND METHODS

the standard technique for tomographic image reconstruc- All studies were performed on a large field-of-view dual-
tion in clinical nuclear medicine. However, FBP can resulthead gamma camera system (Varicam System, Elscint Inc.,
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Haifa, Israel) equipped with low-energy, high-resolution col-
limators. A 20-cm diameter cylindrical phantom (Data Spec-
trum Corp., Hillsborough, NC) was filled with approximately
370 MBq*°™Tc¢ uniformly mixed in water. The phantom was
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positioned along the axis of rotation, with the detectors set at bBetween the planar images and the ROIs to create a new planar
radius of rotation of 15 cm. Tomographic acquisitions weredataset that only contained image data that was inside the
performed using the following parameters: 64 64 word ROIs. This dataset was then divided by a factor of 10 and
mode matrix; zoon 2; 60 views per detector head; and every added back to the original planar data to create a new set of
3° over 180° gave a total of 120 views over 360°. Pixel sizeplanar images with 10% uniformity errors in the location of the
was 4.2 mm. A total of 7 studies were acquired, with totalROIs. The original and corrupted planar datasets were recon-
counts per study of 1.5, 3, 6, 13, 26, 50 and 100 million,structed using both FBP and OSEM techniques. After image
respectively. A conventional circular orbit was used in allreconstruction, transaxial images generated from the original
studies, and a high-count uniformity correction map was apset of planar images were subtracted from those generated
plied to the planar data before reconstruction or the introducfrom the corrupted set of planar images to yield images con-

tion of nonuniformities to simulate ring artifacts. taining only the ring artifacts.
) o The effects of acquisition orbit and multidetector acquisi-
Filtered Backprojection (FBP) tions on the magnitude and shape of the ring artifacts were

Transaxial slices were reconstructed into a 8464  evaluated as follows. To simulate a 180° acquisition, data from
matrix using a ramp filter with cutoff at the Nyquist fre- only 1 head of the dual-detector system was used in the
quency. No data smoothing or prefiltering was applied.tomographic reconstruction. To simulate uniformity problems
Attenuation correction was performed using Sorenson’®n 1 head of a multidetector system during a 360° acquisition,
method (0). The optimum value for the attenuation coef- ring artifacts were introduced into the planar data from head 1,
ficient was determined by measuring the coefficient of vari-and data from both heads were used in the reconstruction. In
ation of counts within transaxial slice&X,12. An attenu-  both simulations, images showing only the ring artifacts were
ation coefficient ofu = 0.10 cm * was found to give the generated as described above.

minimum coefficient of variation. .
Data Analysis

OSEM From uncorrupted transaxial images reconstructed using
Raw data were converted to interfile format and transboth FBP and OSEM, image noise was measured by drawing
ferred to a PC running the Linux operating system. The2 circular ROI inside a uniform section of the phantom. The
OSEM algorithm developed by Hudson and Larki4),( mean and SD of counts within the ROI were measured and the
which is available on the Internet (www.ocs.mq.edu.au/fercent root mean square noise (RMS) calculated from the
~rlarkin/lOSEM.html), was used. Transaxial slices wereequation:
reconstructed using a subset size of 1 and between 1-50
iterations. Although in clinical practice a large subset size
(e.g., 4—8) would be used to speed up the reconstruction, a
subset size of 1 permits a more complete evaluation of th(Ign
effect of the number of iterations on image noise and ring[h
artifact magnitude. For OSEM with a subset size of 1, th ing artifact magnitude was expressed in 2 ways: as a

pumb_er of iterations required to achi.eve good image qualit)fraction of mean counts in the corresponding original (un-
is typically 30-50 4). Unless otherwise stated, the numbercorrupted) transaxial image, and as a fraction of image noise

%RMS = 100X SD/mean.

From the subtraction images (corrupteatiginal), the
agnitude of the ring artifacts was measured from 1-pixel
ick linear profiles taken through the center of the images.

of iterations was set at 40 for all O onstrlJF_j[:lor\ls_. e th Abiriabe.
‘ 2w results below,
Sland fewesjitefi Ll
et 'size of 5 an<je'%E§l"'LTs
iterations yielded noise and ring me res! Its Similar to'! Because the visibility of ring artifacts in reconstructed

those found for a subset size of & { tiq.n|§: il transaxial images is dependent on image noidg i is
C ISing a mask im-necessary to know how image noise is affected by the type
age containing the attenuation coefficient for WateriiAsof reconstruction and the number of iterations. Figure 1
described above, the optimum attenuation correction washows the effect of the number of iterations on image noise
again obtained with an attenuation coefficienuwof= 0.10  with an EM reconstruction for the 13 Mct and 50 Mct
cm . No resolution recovery was performed on the data. studies. Noise increased at a slightly faster rate in the 13
Mct study as compared with the 50 Mct study. Relative
Ring Artifact Creation noise in the 13 Mct study compared with the 50 Mct study
Ring artifacts were generated in the transaxial data by inwas 1.6 after 10 iterations, but increased to 1.9 after 50
troducing known defects at given locations in the planar imagéterations. Relative to FBP, image noise was a factor of
data. For this study, 1-pixel wide regions of interest (ROIs)2-2.5 times lower with OSEM after 50 iterations.
were drawn on the planar data at various distances from the Figure 2A illustrates the relative noise levels (Y%RMS) in
center of the image matrix. Seven regions were created amiform transaxial slices reconstructed with FBP and
distances of 1.5, 4.5, 7.5, 10.5, 13.5, 16.5, and 19.5 pixels fro@®SEM as a function of total counts per study. Figure 2B
the center of rotation. A logical AND operation was performedshows the ratio of %RMS (FBP) to %RMS (OSEM). As the
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FIGURE 1. Effect of the number of iterations in OSEM on per-

cent root mean square noise in the reconstructed transaxial images
for acquisitions containing 13 and 50 Mcts.
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FIGURE 2. (A) Variation in percent root mean square noise in the

transaxial data for images reconstructed using OSEM and FBP as a
function of total counts in the acquisition. (B) Ratio of percent root
mean square noise in transaxial images reconstructed with FBP and
OSEM as a function of total counts in the acquisition.
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total count decreases, noise in transaxial data reconstructed
with FBP increases at a faster rate than that with OSEM.

Figure 3 shows the difference between the corrupted and
original transaxial slices reconstructed with FBP and
OSEM, and illustrates the comparative appearance of ring
artifacts with the 2 reconstruction techniques. One-pixel
thick horizontal profiles taken through the center of the
rings in each image are shown above. The profiles were first
calculated as a fraction of mean counts in the original
(uncorrupted) reconstructed transaxial images, and then
normalized to the maximum value in the FBP profile. Ring
magnitude with FBP is approximately 3 times that with
OSEM. Rings produced by OSEM appear to be more uni-
form over 360° and vary less in distance from the center of
the matrix than those with FBP.

Figure 4 illustrates the effects of different types of acqui-
sition orbits (dual-head 360° acquisition with errors in 180°
of the data, and 180° acquisition) on the appearance of the
ring artifacts with FBP and OSEM reconstructions. Differ-
ences between FBP and OSEM are comparable with those
seen in Figure 3.

Figure 5 quantitatively illustrates the magnitude of rings
formed by FBP and OSEM (40 iterations) as a function of
distance from the center of rotation. In Figure 5A, results
are shown relative to mean counts in transaxial slices from
the 13 and 50 Mct studies. The magnitude of the ring artifact
to mean counts in the transaxial slice was approximately the
same for both the 13 and 50 Mct studies, and significantly
large for FBP compared with OSEM. Figure 5B plots the
ratio of ring artifact magnitude to percent root mean square
noise as a function of distance from the center of rotation.
When compared to image noise, the magnitude of the ring
artifacts with FBP is only slightly larger than those with
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FIGURE 3. Appearance of ring artifacts in FBP and OSEM re-
constructions. One-pixel thick profiles taken through the center of
each image are shown above. Each profile was divided by mean
counts in its corresponding uncorrupted transaxial slice and ex-
pressed as a fraction of the maximum value of the FBP profile.
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FIGURE 4. Appearance of ring artifacts in FBP and OSEM re-
constructions for (A) top row, a 360° acquisition orbit, with corrup-
tion of data in 180° of the orbit; and (B) bottom row, a 180° acqui-
sition orbit.
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FIGURE 5. (A) Ratio of ring artifact magnitude-to-mean counts

in the transaxial image for the 13 and 50 Mct studies reconstructed
with FBP and OSEM (40 iterations). (B) Ratio of ring artifact magni-
tude-to-percent root mean square noise in the transaxial image for
the 13 and 50 Mct studies reconstructed with FBP and OSEM (40
iterations).
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OSEM, and at large distances from the center of rotation is
actually less than OSEM.

Figure 6 shows the effect of the number of iterations with
OSEM on the magnitude of ring artifacts as a function of
distance from the center of rotation. To allow comparison,
each ratio of ring magnitude-to-noise was normalized at 10
iterations. This graph shows the spatial dependence of ring
magnitude on the number of iterations. With increasing
numbers of iterations, rings of smaller diameter increase in
magnitude relative to image noise. The converse is true for
large diameter rings.

DISCUSSION

With the availability of faster hardware and more effi-
cient iterative reconstruction techniques, algorithms such as
OSEM are now moving from the research environment into
routine clinical use. It is important to understand the quality
control requirements that such algorithms place on the im-
aging system. These requirements are well known for FBP,
and the goal of this work is to determine the uniformity
requirements for algorithms such as OSEM.

The primary attraction of OSEM compared with FBP is
the absence of noise amplification (Fig. 2A). This makes
OSEM the algorithm of choice for the reconstruction of
low-count studies. Figure 5A shows that in the center of the
field-of-view, the magnitude of ring artifacts in OSEM-
reconstructed images is approximately one third that of
those reconstructed using FBP. Only at the edge of the
field-of-view was the ring artifact magnitude similar for
both studies. However, the perception of rings in a recon-
structed image is dependent not on their absolute magni-
tude, but rather on their magnitude relative to image noise
(7). The corresponding reduction in image noise with
OSEM negates much of this apparent advantage of reduced
ring magnitude, and, as shown in Figure 5B, the ratio of ring
magnitude-to-image noise is relatively similar for both
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FIGURE 6. Ratio of ring artifact magnitude-to-percent root
mean square noise in the transaxial image as a function of the
number of iterations of OSEM. Each ratio of ring magnitude-to-noise
was normalized to its corresponding value at 10 iterations.
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OSEM and FBP. A close examination of Figure 5B showsreconstruction in clinical practice. As mentioned in the
that while both algorithms yield rings of similar magnitude methods section, comparable results were obtained for noise
(relative to image noise), rings generated with OSEM areand ring magnitude using larger subset sizes (as many as 10)
consistently lower in magnitude close to the center of theand fewer iterations (as few as 4). For example, a subset size
image, but do not fall off with distance as rapidly as thoseof 5 and 8 iterations yielded noise and ring magnitude
generated with FBP. Interestingly, in Figures 3 and 4, ringgesults similar to those found for a subset size of 1 and 40
generated with OSEM were slightly better delineated tharnterations. Therefore, different subset sizes appear to have
those generated with FBP, possibly making them easier too significant effect on the relationship between ring mag-
detect in clinical studies. If ring artifacts are present in anitude and image noise, provided that an adequate number
clinical study, their appearance with OSEM relative to FBPof iterations are performed.

will depend on the location of the causative defect in the

planar data and the number of iterations performed withlCONCLUSION

OSEM. While there appears to be a slight advantage to
using OSEM over FBP with respect to ring artifact magni-
tude, this advantage is subtle; clinically, these results woul
indicate that the uniformity requirements for SPECT are

Although the noise characteristics of OSEM and FBP are
ignificantly different, the ratio of ring artifact magnitude-
0-image noise is comparable with both reconstruction tech-
. . . niques. Therefore, the uniformity requirements for SPECT
S|rr|1_|lar flotc FEhP art;d OSEM I:ectonslﬁrgctllon alq[prlthtr;:s. are not significantly influenced by the reconstruction tech-
0 refate the above results to clinical practice, there arGﬁique. In clinical practice, the use of iterative reconstruction

isnivzgl o?dsdlg(t)ig?:‘ilizcr‘:;o(r; E[T]Zt rgfzsc?orfgh?e bﬁ\?\/fjﬁ?r%a-r%chniques in place of FBP does not appear to alter the basic

P P ; P . gerequirements for good gamma camera uniformity.
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