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Purpose: A study was designed to investigate the impact of time-of-flight (TOF) and point spread
function (PSF) modeling on the detectability of myocardial defects.
Methods: Clinical FDG-PET data were used to generate populations of defect-present and defect-
absent images. Defects were incorporated at three contrast levels, and images were reconstructed
by ordered subset expectation maximization (OSEM) iterative methods including ordinary Poisson,
alone and with PSF, TOF, and PSF+TOF. Channelized Hotelling observer signal-to-noise ratio (SNR)
was the surrogate for human observer performance.
Results: For three iterations, 12 subsets, and no postreconstruction smoothing, TOF improved overall
defect detection SNR by 8.6% as compared to its non-TOF counterpart for all the defect contrasts.
Due to the slow convergence of PSF reconstruction, PSF yielded 4.4% less SNR than non-PSF. For
reconstruction parameters (iteration number and postreconstruction smoothing kernel size) optimiz-
ing observer SNR, PSF showed larger improvement for faint defects. The combination of TOF and
PSF improved mean detection SNR as compared to non-TOF and non-PSF counterparts by 3.0% and
3.2%, respectively.
Conclusions: For typical reconstruction protocol used in clinical practice, i.e., less than five itera-
tions, TOF improved defect detectability. In contrast, PSF generally yielded less detectability. For
large number of iterations, TOF+PSF yields the best observer performance. © 2014 American Asso-
ciation of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4875725]
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1. INTRODUCTION

Time of flight in positron emission tomography (TOF-PET)
uses the difference between the arrival times of coincident
photons to estimate the location of positron annihilation.
TOF-PET improves image quality compared to conventional
PET, which does not identify the annihilation location on an
event basis. This technique has been explored in the past,1, 2

but until recently,3 limitations of the scanner hardware ob-
structed its incorporation into commercial systems. For clin-
ical applications, TOF results in lower statistical noise in the
acquired data, effectively increasing the system sensitivity.
Noise reduction from TOF leads to significant improvements
to lesion detectability and, in most cases, to overall image
quality.4–6

The ring geometry of current PET detector systems leads
to inconsistencies in the imaging process. PET acquisition is
affected by depth-of-interaction errors within the crystal el-
ements, which cause event misregistration (parallax effect).
PET spatial resolution is the source of quantitative partial vol-
ume errors for small structures, and the point spread response
degrades this resolution in tomographic reconstruction. The
phenomenon increases with spatial distance from the center of
the field of view (FOV). Point spread function (PSF) modeling
is an effective approach to minimize these degrading effects.
The system PSF can be derived from simulation, analytical
calculation, and point source measurements. The resulting
PSF models can then be incorporated into the PET system ma-
trix to be used in forward- and back-projection steps in the it-
erative algorithm.7–10 Although most evaluations of PSF note
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improvements in image noise, spatial resolution, and contrast,
recently it has been suggested that the noise propagation as-
sociated with resolution modeling is more complex than what
these simplistic metrics are able to adequately characterize.11

Task-based evaluations, e.g., studies investigating detectabil-
ity or localization performance, may provide a clearer picture
of the impact of PSF.

Iterative reconstruction is the current standard for clin-
ical PET, and the incorporation of TOF and PSF models
in the reconstruction process has great potential to improve
image quality.12, 13 TOF and PSF result in faster iterative
convergence4, 5 and more uniform spatial resolution,8, 14 re-
spectively. Several groups have also investigated the impact
of these new reconstructions on lesion detectability;15–18 the
conclusions of these studies are generally aligned. PSF and,
to a greater degree, TOF result in improved observer per-
formance, especially in the detection of small and faint le-
sions, and the combination of both techniques performed bet-
ter than either individually. One study reported improvements
in detection performance of human observers of 7%, 19%,
and 37%, respectively, for PSF, TOF, and TOF+PSF over
the baseline reconstruction, which was ordinary Poisson (OP)
3D OSEM PET.19 While significant effort has been aimed at
assessing the performance of TOF and PSF for improving
detectability of “hot” lesions in whole-body (WB) PET, lit-
tle work has been focused on evaluating the performance in
“cold” defects.

According to the Society of Nuclear Medicine (SNM)
PET/CT Utilization Task Force (UTF) Cardiac PET and
PET/CT Imaging Practice Guidelines, cardiac viability imag-
ing with FDG-PET is recommended to identify patients with
partial loss of heart muscle movement or hibernating my-
ocardium and to distinguish between dysfunctional and vi-
able scarred myocardial tissue.20 Management decisions in
patients with cardiomyopathy and left ventricular dysfunction
are based on the detection of defects in myocardial uptake.
Previous work has investigated the impact on cardiac stud-
ies of PSF, reporting improvements in image contrast, defect
definition, and contrast-to-noise ratio.21 The work presented
here aims to investigate and quantify the reconstruction per-
formance of TOF and PSF to enhance photopenic regions in
the myocardial ring, in the context of observer detectability.

FDG studies were used in this work to simulate myocar-
dial viability studies. However, the defect detection model is
similar to that for other cardiac studies, e.g., where decreased
tracer uptake may indicate ischemic tissue. Thus, the findings
presented here extend to perfusion studies as well, using PET
tracers based on 82Rb, 13N-ammonia, 15O-water, or 18F-BMS-
747158.22

2. MATERIALS AND METHODS

Past patient FDG-PET data were used to generate both
defect-present and defect-absent images. Defects at three con-
trast levels were generated by removing activity from a spher-
ical region of 1-cm diameter located in the myocardium.
Images were reconstructed by iterative methods with ordi-
nary Poisson ordered subset expectation maximization (OP-

OSEM) (Ref. 23) alone and with PSF, TOF, and PSF+TOF.
Mathematical observers were used to analyze the images and
predict the performance of human observers.

2.A. PET scanning

Ninety-six oncology patients underwent routine clinical
PET/CT scans at the University of Tennessee Medical Cen-
ter after overnight fasting. All scans followed the administra-
tion of 370 MBq of 18F-FDG and a 90-min uptake period.4

Of these patients, 32 (82.16 ± 18.05 kg) with uniformly in-
creased FDG uptake in the myocardium were selected for this
study. Patients underwent a WB PET/CT consisting of four to
seven bed positions. Patients were scanned for 2–4 min per
bed according to the clinical protocol. The scan time was in-
creased for larger subjects to compensate for higher attenu-
ation and lower count statistics in the acquisition data; this
was determined by patient weight. The data were acquired
in 3D mode and saved in listmode format. The reconstructed
images were reviewed and locations of possible myocardial
defect sites were recorded. All scans were performed on a
prototype TOF scanner based on the Biograph 6 TruePoint
PET/CT (Siemens Healthcare, Molecular Imaging),6 with ex-
tended axial coverage (TrueV).

The PET system comprises four rings of 192 LSO detector
blocks, and each block is a 13 × 13 grid of crystal elements (4
× 4 × 20 mm). The axial FOV is 21.8 cm with a 70-cm diam-
eter patient port. The average spatial resolutions (FWHM) are
4.4 and 5.2 mm transaxially, and 4.4 and 5.8 mm axially, mea-
sured at 1 and 10 cm from the center of the transverse FOV,
respectively. The coincidence electronics uses an acceptance
window of 4.1 ns, with an energy window of 435–650 keV.
The timing resolution is 550 ps (FWHM), and the acceptance
window is divided into TOF bins of 312 ps.6

To model the activity to be removed from the patient scans
to create the defects, we used the PET data acquired on a
sphere phantom using the same scanner that was used for
the patient studies.19 A 1-cm inner-diameter sphere was filled
with approximately 200 kBq of 18F and separately scanned in
air at 40 predetermined coordinates corresponding to various
potential locations within a typical patient. This was accom-
plished by mounting the sphere to a 40 × 40 cm grid, with
over 600 threaded holes. The 40 locations were scanned sep-
arately for 3 min each.

2.B. Myocardial defect generation

The artificial defects were simulated in the images accord-
ing to a process similar to that used by other studies.15, 16, 24

Prior to reconstruction, counts were removed from the
raw PET data corresponding to the location of the antero-
lateral wall of the left ventricle. This is a left circumflex
coronary artery (LCX) territory. Among the three major
coronary arteries, the LCX supplies almost 40% of the
myocardium. Therefore, occlusion of the proximal LCX
may cause a large area of myocardial infarction.25 The
removed counts were those from the 1-cm sphere sig-
nal, attenuated by the patient CT map, and subtracted
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from the patient sinograms, following the procedure de-
scribed hereafter. We first reconstructed the spheres and
patients separately with the baseline reconstruction (OP-
OSEM) so to find an appropriate scale factor based on the

ratio of measured activities for each region of interest. The
scale factors were then applied to the sphere data to obtain
the predetermined defect to myocardium contrast, defined
as

Contrast = (Myocardial Act. Concentration − Scale Factor × Defect Act.Concentration)

Myocardial Act.Concentration
. (1)

Three contrast levels were used: 0.29 ± 0.06, 0.44 ± 0.1,
and 0.5 ± 0.12, as measured in the baseline reconstructed
images.

Once the sphere projection data had been scaled appro-
priately, attenuation was simulated using the patient attenu-
ation correction factor (ACF) map. The resulting sinogram
was subtracted from that of the patient, and then the new data
were reconstructed, producing a patient volume with a cold
defect. This process is demonstrated in Fig. 1 in a uniform
phantom.

The sphere data were not acquired at locations corre-
sponding to the unique myocardium of each patient. Instead,
the transverse distance to the scanner center was calculated
for every myocardial site. The sphere location that closest
matched this radial length was selected. The correspond-
ing sphere data were rotated transaxially, in 3D and TOF
segments, and shifted axially to effectively “reposition” the
sphere. The TOF change caused by the translation was applied

accordingly. Once the sphere had been moved, the myocardial
activity at the new site was used to scale the defect contrast,
as defined in Eq. (1). Figure 2 shows transaxial slices contain-
ing the myocardial defect in volumes reconstructed with the
four reconstructions, using three iterations, 12 subsets, and no
postreconstruction smoothing.

For each patient, defects were added to the myocardium at
two different locations.

2.C. Reconstructions

Four reconstructions using Siemens e7 tools, were evalu-
ated in this work: OP-OSEM alone and with PSF, TOF, and
TOF+PSF. Initial investigations compared each algorithm at
three iterations and 12 subsets, since these represent typical
parameters for a clinical PET protocol. Each reconstruction
was subsequently run to 20 iterations, with the intermedi-
ate iterations saved. All images were then smoothed with a

FIG. 1. Generation of defect-present images, demonstrated in a phantom. (a) Projection data from a sphere were attenuated with the phantom attenuation map
and then (b) subtracted from the original phantom projection sinogram. (c) Reconstructed volume slices showing the original sphere, original phantom, and the
phantom missing the sphere counts, along with the respective profiles drawn over the target sites.
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FIG. 2. Transaxial slices containing a myocardial defect in the anterolateral wall of the left ventricle are shown for volumes generated from the four reconstruc-
tion methods under study. Solid lines represent defect profiles while faint lines show the respective myocardial backgrounds, before defect subtraction.

Gaussian filter, ranging from 1 to 6 mm with a step of 1 mm.
The final image matrix was 168 × 168 × 109; the transax-
ial pixel size was 4.073 mm, and the slice thickness was
2.027 mm.

A total of 129 360 images were used in the study [33 pa-
tients × four reconstructions × 20 iterations × seven smooth-
ing kernels (0–6 mm) × seven defect conditions (two defect
locations × three contrasts + one defect-absent)].

2.D. Mathematical observer models

The performance of the reconstructions was evaluated by
mathematical observer models in a binary classification task
with exactly known signal and background (SKE/BKE), i.e.,
determining the class from which each image arose, defect-
present or defect-absent. Previous work has shown good
agreement between human and channelized nonprewhiten-
ing (CNPW) observers,12, 26 but the handicapped channelized
Hotelling (CH) models have shown stronger correlation with
human observers in signal detection in random (anatomical)
background tasks.27–30

The numerical models described here used channelized
difference-of-Gaussian (DOG) frequency filters. Each chan-
nel was defined by

Ci (ρ) = e
− 1

2

(
ρ

Qσi

)2

− e
− 1

2

(
ρ

σi

)2

, (2)

where i is the channel number. The set of σ i was defined ac-
cording to

σi = σ0α
i−1. (3)

A sparse DOG (SDOG) configuration, with three channels,
was defined using Q = 2, α = 2, and σ 0 = 0.015.30

The channelized mathematical observer calculates a statis-
tical point for each test image in a space defined by the fre-
quency responses of its channels. It then histograms all image

points along its discriminant function, also defined in channel-
response space. Each of these histogrammed points is the ob-
server test statistic of a sample image, and observer SNR is
calculated using

SNR =
√

(μ̄1 − μ̄2)2

1
2

(
σ 2

1 + σ 2
2

) , (4)

where μ1 and μ1 are the observer test statistics belonging to
the defect-present and defect-absent classes, respectively. The
discriminant function of the Hotelling observer is linear.

The CH observer uses the mean class difference and sec-
ond order measures of the discrete distributions to remove
correlations within the data, similar to Fisher linear discrim-
inant analysis (LDA). However unlike LDA, the true en-
semble covariances are only approximated by the sample
distributions.

For normal distributions, the CH observer is the ideal
linear observer, using all available information about the
underlying classes to construct the most accurate linear dis-
criminant function. A human observer may not have this de-
gree of knowledge and typically performs worse in classifi-
cation tasks. This discrepancy is attributed to internal noise
within the human observer and is presumed to be of the or-
der of the variance within each frequency channel. It is ac-
counted for in the CH observer by doubling the magnitudes
of the diagonal elements of the whitening matrix.30, 31 The
CH observer using this handicapped discriminant necessar-
ily performs worse and has shown better agreement with hu-
man observers. It was therefore decided to implement the CH
observer model with internal noise. An illustration of the ob-
server models, using a three-channel filter, is given in Fig. 3.
Here, the data are represented by 3D vectors comprising the
channel responses.
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FIG. 3. Scatter plot showing the difference between linear mathematical observers. Each point in the 3D scatter plot represents a sample image, reduced to a
three-channel response vector, red points belong to the lesion-present class while blue points are from the lesion-absent class. In the plots, the lines serve as the
observer discriminant functions, along which the sample data are histogrammed to calculate observer SNR. The channelized Hotelling observer incorporates
the mean class difference and the class covariance matrices into the discriminant function. The addition of noise to the prewhitening matrix degrades observer
performance and has shown better agreement with that of human observers.

3. RESULTS

Analysis of observer performance for reconstructions us-
ing three iterations and 12 subsets, seen in Fig. 4, showed that
TOF was superior to non-TOF and PSF-based reconstructions
generally performed worse than non-PSF. This was expected
since PSF delays convergence in iterative reconstruction, and
at three iterations of 12 subsets, the image contrast has not
yet converged. For these images (with no postreconstruction
smoothing), the mean defect detection SNR was improved by
TOF by ∼8.6% across all defect contrasts. Due to the slow
convergence of PSF reconstruction, PSF yielded ∼4.4% less
SNR than OP.

The analyses over all iterations showed that reconstruc-
tions incorporating PSF performed best with the maximum
number of iterations and this was independent of defect con-
trast. The relative performances of reconstructions without
PSF were affected by defect contrast; the larger contrast de-
fects required more iterations to achieve peak observer per-
formance. The TOF reconstruction required fewer iterations
than non-TOF. Figure 5 shows observer performance evalu-
ated over 20 iterations and seven postreconstruction smooth-
ing settings.

Defect contrast ratio and observer SNR are shown in
Fig. 6 for images reconstructed with the optimal parameters
(from Fig. 5).

Here, OP always performed poorest and the combination
of TOF and PSF performed best. For the faint defects, PSF
performed better than TOF; otherwise, TOF was superior. The
combination of TOF and PSF improved mean detection SNR
as compared to non-TOF and non-PSF counterparts by 3.0%
and 3.2%, respectively.

Figure 7 shows the dependence of SNR on the mean differ-
ence and standard deviation of the two classes of the channel-
ized Hotelling observer test statistics, performed on images
without smoothing. Observer SNR was largely dependent on

FIG. 4. Contrast ratio and observer SNR for different defect contrasts and
reconstruction methods for images at three iterations and no smoothing. Stan-
dard deviation of the observer statistics was generally lower for images with
TOF, and defect contrast had not converged for reconstructions with PSF.
At this point, before sufficient reconstruction convergence, PSF performed
poorly.
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FIG. 5. Observer SNR for images at various iteration number and postreconstruction smoothing. With the exception of TOF, SNR generally peaked at late
iteration number, especially for the reconstructions incorporating PSF. Postreconstruction smoothing generally degraded observer performance, and so peak
performance was seen in the images with little or no smoothing.

FIG. 6. Defect contrast and CH observer SNR for images at iteration and
smoothing parameter corresponding to maximum SNR from Fig. 5. Al-
though, the standard deviation of the observer statistics was generally less
with TOF, improvements in contrast recovery for PSF increased observer
SNR. PSF performed better than TOF for the faint signals due to the en-
hanced defect contrast.

the mean class separation of test statistics, which was acceler-
ated by TOF and delayed by PSF. Dashed vertical lines mark
the iteration corresponding to maximum SNR.

4. DISCUSSION

Myocardial metabolism and perfusion studies account for
a significant portion of clinical PET use, and coronary artery
disease (CAD) continues to account for the majority of deaths
in the United States and the Western world. Improvements in
PET reconstruction models can provide clinicians more ac-
curate information about stunned, hibernated, and viable my-
ocardial regions, possibly leading to more appropriate treat-
ment plans.

The effects of TOF and PSF on PET reconstruction have
been well documented, especially in the context of oncology
studies and detection performance for hot lesions.12, 15, 16, 19

However, little attention has been paid to the potential
benefits for detection of cold defects, which may represent a
different pathological indication, e.g., tissue ischemia. This is
important to consider for iterative reconstruction since image
convergence is a nonlinear process and behaves differently
for regions of varying uptake within the PET FOV; areas of
low activity converge slower than those of high activity. This
study investigated the case of cold regions surrounded by
very hot backgrounds, where many iterations were needed for
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FIG. 7. Plots showing relation between mean class difference and standard deviation of channelized Hotelling observer test statistics for all reconstructions
(with no smoothing) and defect contrasts. Analogous to the images themselves, TOF accelerated convergence of the observer performance while PSF delayed
it. Maximum SNR is marked by faint vertical lines.

defect convergence. Local image noise was not significantly
increased at high iteration numbers since the hot myocardium
was supported by high count statistics. Thus, observer SNR
generally improved with high iteration number; this is in
contrast to hot lesions in cool or warm background, which
usually require a balance of contrast convergence and noise
suppression.

The impact of TOF and PSF with patient movement was
beyond the scope of this work since gating was not a part
of the original acquisition protocol, and the defect signals
were not affected by respiratory or cardiac motion. Thus, this
study evaluated detection performance of stationary signals in
motion-blurred backgrounds. The findings reported here are
clinically valuable since nongating cardiac PET is not uncom-
mon in clinical practice. In the future, it may be interesting to
add an artificial detect in each cardiac and respiratory motion
phase if the motion can be measured using, for example, si-
multaneous PET/MR.32 The measured motion fields can be
incorporated into PET reconstruction that includes both TOF
and PSF. A defect detection study using a moving artificial
defect would allow us to evaluate the performance of PET re-
construction that includes motion correction, PSF, and TOF.

Observer performance in this study was strongly influ-
enced by defect contrast, supported by the fact that postre-
construction smoothing degraded observer SNR in nearly ev-

ery case. Image smoothing can be beneficial for reducing
noise and correlating pixel values, but in the myocardium,
where there were high levels of activity, noise was not an
important consideration. Here, the smoothing operation of-
fered little benefit, and instead, reduced the contrast between
the cold defects and the hot background because the high
frequency components were removed. Additionally, regions
of relatively low activity suffer from positive bias in itera-
tive reconstruction,33, 34 and many iterations are needed to re-
duce this bias and approach the true defect contrast. Thus,
observer performance generally peaked in the reconstructions
with high iterations and low smoothing.

This was especially true for reconstructions modeling the
system PSF, which is known to slow iterative convergence
and to increase correlations between neighboring voxels. The
comparison of all images at three iterations showed that in-
clusion of the PSF model degraded performance because the
defect contrast had not converged. The analyses over all it-
erations showed that maximum observer SNR was achieved
for these algorithms in the last iteration we used and with no
smoothing; this was independent of defect contrast.

For algorithms without PSF, the optimal reconstruction pa-
rameters in Fig. 5 did depend on defect contrast. For faint
signals, fewer iterations were needed to maximize observer
SNR, because high contrast takes longer to converge. As

Medical Physics, Vol. 41, No. 6, June 2014



062502-8 Schaefferkoetter et al.: Time-of-flight and point spread function for myocardial defects 062502-8

iteration number increased, our results showed that detection
SNR decreased more for low contrast relative to high con-
trast defects. When the reconstruction parameters for each al-
gorithm were optimized, PSF showed more benefit than TOF
for faint defects because of the enhancement to the signal con-
trasts. At similar contrast levels, TOF improved observer SNR
because it decreased statistical noise, but for faint defects, the
gains in contrast recovery associated with PSF substantially
outweighed the noise differences. TOF always performed bet-
ter for higher-contrast defects, and the combination of TOF
and PSF improved performance for all contrasts.

5. CONCLUSION

For typical reconstruction protocols used in clinical prac-
tice using less than five iterations, TOF improved defect de-
tectability. At these low iteration numbers, PSF generally
yielded less detectability. However, performance of PSF im-
proved greatly at the higher iteration numbers, even surpass-
ing that of non-PSF TOF for faint defects. The combination of
TOF and PSF performed best for all conditions. In this work,
both TOF and PSF showed potential to improve observer per-
formance, but care should be taken to choose the reconstruc-
tion parameters appropriate to the imaging task.
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