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ABSTRACT

Myocardial perfusion imaging using single-photon emission computed tomography (SPECT), or myocardial per-
fusion SPECT (MPS) is a widely used clinical imaging modality for the diagnosis of coronary artery disease.
Current clinical protocols for acquiring and reconstructing MPS images are similar for most patients. However,
for patients with outlier anatomical characteristics, such as large breasts, images acquired using conventional
protocols are often sub-optimal in quality, leading to degraded diagnostic accuracy. Solutions to improve image
quality for these patients outside of increased dose or total acquisition time remain challenging. Thus, there
is an important need for new methodologies that can help improve the quality of the acquired images for such
patients, in terms of the ability to detect myocardial perfusion defects. One approach to improving this per-
formance is adapting the image acquisition protocol specific to each patient. Studies have shown that in MPS,
different projection angles usually contain varying amounts of information for the detection task. However,
current clinical protocols spend the same time at each projection angle. In this work, we evaluated whether an
acquisition protocol that is optimized for each patient could improve performance on the task of defect detection
on reconstructed images for patients with outlier anatomical characteristics. For this study, we first designed
and implemented a personalized patient-specific protocol-optimization strategy, which we term precision SPECT
(PRESPECT). This strategy integrates the theory of ideal observers with the constraints of tomographic re-
construction to optimize the acquisition time for each projection view, such that performance on the task of
detecting myocardial perfusion defects is maximized. We performed a clinically realistic simulation study on
patients with outlier anatomies on the task of detecting perfusion defects on various realizations of low-dose
scans by an anthropomorphic channelized Hotelling observer. Our results show that using PRESPECT led to
improved performance on the defect detection task for the considered patients. These results provide evidence
that personalization of MPS acquisition protocol has the potential to improve defect detection performance on
reconstructed images by anthropomorphic observers for patients with outlier anatomical characteristics. Thus,
our findings motivate further research to design optimal patient-specific acquisition and reconstruction protocols
for MPS, as well as developing similar approaches for other medical imaging modalities.
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1. INTRODUCTION

Myocardial perfusion single-photon emission computed tomography (MPS) is a widely used modality for evalu-
ating patients with coronary artery disease (CAD).1 The major clinical task in diagnosing CAD using MPS is
the detection of myocardial perfusion defects on a single-photon emission computed tomography (SPECT) scan.
However, several studies have shown that the diagnostic utility of MPS can be degraded in patients who display
certain outlier anatomical characteristics such as large body habitus or large breasts. This is often caused by
attenuation artifacts that can adversely impact accurate interpretation.2,3 Thus, there is an important need to
develop methodologies for imaging these patients so that performance on the task of detecting perfusion defects
is not degraded.

One approach that could potentially improve this performance is adapting the protocol for image acquisition
in a manner that is specific to each patient.4,5 In this context, we note that current standard clinical protocols for
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image acquisition and reconstruction are similar across most patients, with the exception of increased radiotracer
dosage or total acquisition time, the former of which increases patient radiation exposure.6 More specifically, these
protocols typically do not account for a patient’s specific anatomy or physiology. In MPS, the clinical protocol
involves acquiring data over multiple projection angles, where the gamma camera spends the same amount of
time per angle. At each projection angle, the camera detects the number of photons that are emitted by the tracer
and reach the detector. Depending on the amount of attenuation of the photons and distance between the camera
and the heart, the number and information content of photons detected may be different at each angle. On this
topic, Ghaly et al.7 showed that increasing the amount of time spent on projection angles close to the heart
improved defect detection task performance for an ideal observer (IO).8 Attenuation in each projection view,
in particular, may be different depending on the body habitus. Further, we note that typical MPS procedures
involve the acquisition of a low-dose, non-diagnostic CT scan for attenuation compensation.9 Notably, this CT
scan provides a description of the anatomical characteristics of the patient. Hence, the anatomical information
provided by this CT scan may present an opportunity to optimize the SPECT acquisition protocol. Based on
these ideas, the primary objective of this work is to evaluate if an acquisition protocol optimized based on patient
anatomy could lead to improved performance in patients who display outlier anatomical characteristics.

One strategy to perform optimization of acquisition protocols could be the use of an IO with projection data,
so that information content in the data for the specific task is maximized.4,8, 10 However, while the use of an
IO provides a mechanism to maximize the information content in the projection data for specific tasks, it is
unclear whether that translates to improvement for human observers on reconstructed images. As an example,
for a signal-known-exactly/background-known-exactly (SKE/BKE) task, an IO may suggest that acquisition
at a single projection angle is the most optimal protocol to perform the detection task. This is because the
IO can maximize detectability by staying in a single, high-information projection angle throughout the entire
acquisition period. However, such a strategy does not lend itself to proper tomographic reconstruction, much
less improve the performance of a human observer. Since, in the clinic, the detection task for MPS is performed
by human observers on reconstructed images, we designed and implemented a strategy that, while being guided
by the IO, still captures data at multiple projection views. We term this strategy to personalize the acquisition
protocol as precision SPECT (PRESPECT). PRESPECT integrates the theory of IO with the constraints of
tomographic reconstruction. To then test the hypothesis of whether patient-specific acquisition protocols could
lead to improved defect detection performance, we conducted a clinically realistic simulation study that compared
PRESPECT and standard clinical protocol on the task of detecting perfusion defects in MPS images with an
anthropomorphic model observer. Our results provide support to the idea that patient-specific acquisition
protocols can improve performance on the defect detection task in MPS.

2. METHODS

We now describe the study conducted to answer our central question of whether a patient-specific acquisition
protocol can improve performance on the task of defect detection in MPS as compared to a standard clinical
acquisition protocol that spends the same amount of time per projection view. We refer to the standard clinical
protocol as uniform protocol. For this, we implemented our proposed patient-specific optimization, namely
PRESPECT, and then compared the defect detection task performance of PRESPECT and uniform protocol.
Figure 1 illustrates a schematic of our study design.

2.1 Study Population

As we sought to evaluate the impact of a protocol tailored to a patient’s anatomy, we performed our evaluation
on a patient-specific basis. We considered a total of five patient anatomies. To obtain our large breast outlier
anatomies, we simulated a large population of female patients, considering population distributions for features
such as body dimensions, left ventricle size,11,12 left ventricle orientation (as angles relative to transverse, sagittal,
and coronal planes),13 and breast volume.14 Five patients with large breast volumes greater than 99th percentile
were then selected from this population.

Our goal was to evaluate whether personalizing the protocol would improve defect detection performance
for each of these patients. To study this, for each selected outlier patient, we used the 3-D XCAT (extended
cardiac and torso) software15,16 to generate multiple physiological realizations that were consistent with the
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Figure 1. Study design schematic comparing performance of our patient-specific protocol (PRESPECT) and uniform
protocol, performed for all five anatomies analyzed.

anatomy being considered. Activity in the various organs of the patient was different across different physiological
realizations.17 Each generated physiological realization phantom had dimensions 256 × 256 × 256, with a
voxel size of 0.17cm × 0.17cm × 0.17cm. These different physiological realizations yielded data to obtain the
personalized protocol for each patient anatomy. We also generated a separate patient-specific test set, which
consisted of 400 defect-present and 400 defect-absent varying physiological realizations.

2.2 Proposed PRESPECT Image Acquisition Protocol

To obtain a personalized acquisition protocol through PRESPECT, we performed the following steps. For a
given outlier anatomy, we first considered a specific physiological realization. For that physiological realization,
we calculated IO detectability for the defect detection task at each projection angle. This was done using a
Fisher information-based approach.18,19 Because the specific defect and organ activities would not be known
prior to imaging, this IO detectability was computed and averaged over a population of varying defect types and
physiological realizations, all of which corresponded to the same patient anatomy.

From this average IO detectability at each projection view, we performed a constrained optimization to
maximize the total IO detectability over all projection views. More specifically, let N denote the total number of
projection views, dn, tn denote the averaged IO detectability and acquisition time at the nth projection view, and
T denote total acquisition time. Defining t = (t1, t2, . . . tN ), an N -dimensional vector, as the time per projection
view, we performed optimization of acquisition time per projection view with the following criteria

t∗ = argmax
t

N∑
n=1

tndn s.t.

N∑
n=1

tn = T and tmin ≤ tn ≤ tmax ∀n. (1)

Thus, the optimization was conducted under the constraints that the total imaging time stayed the same as in
uniform protocol, and also imposing a minimum and maximum scanning time, tmin and tmax, for all projection
angles. The latter was done to ensure tomographic reconstruction, as otherwise the protocol may not spend any
time on certain projection angles. The specific constraints of minimum and maximum scanning time were chosen
for each anatomy through a selection step.

2.3 Implementation of Considered Protocols

For each of the five outlier anatomies, we created a test set of physiological realizations separate from those
used for obtaining the average IO detectability. For each test set physiological realization, we simulated the
SPECT projection acquisition process using SIMIND, a well-validated Monte Carlo simulation software.20 A
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GE Optima NM/CT 670 scanner, performing SPECT/CT scans, with GE low-energy high-resolution parallel-
hole collimators, was simulated. Resulting projections were scaled to 10% dose level, and Poisson noise was
added to generate the final projections. Both PRESPECT and uniform protocol projections were acquired in
this manner. We considered a low-dose setting to make the defect detection task challenging, thus providing a
setup to assess if PRESPECT yielded improvements in performance. Another reason for choosing a low-dose
setting was to investigate the performance of PRESPECT in such settings.

Generated low-count projection data were reconstructed using a 3-D ordered subsets expectation maximiza-
tion (OSEM) method with attenuation and detector response compensation. For PRESPECT, OSEM was
modified to account for the difference in acquisition time per projection angle during the calculation of the
forward projection.21

2.4 Image Interpretation and Statistical Analysis

To assess performance on the defect detection task, we used an anthropomorphic model observer, the chan-
nelized Hotelling observer (CHO) with rotationally symmetric channels. Rotationally symmetric channels were
chosen because of their emulation of human observer performance on defect detection for MPS,22,23 even for the
low-count domain at about 10% of clinical count levels.24 These channels have been used in several previous
studies.25–29

For the CHO, we implemented a similar procedure to previous studies that have demonstrated emulation of
human observer performance. Reconstructions were reoriented to short-axis orientation and windowed, yielding
32×32 regions of the slice containing the centroid of the defect, with the window centered at this defect centroid.
Applying the anthropomorphic channels to this region, we obtained test statistics of the CHO for both defect
present and absent images, using a leave-one-out training approach. Then, receiver operating characteristic
curves (ROC) and area under the ROC curve (AUC) were obtained using the pROC package.30

The AUC was used as the figure of merit for evaluating the performance of the selected optimized protocol
versus uniform protocol for the test set. We used DeLong’s test to assess the differences in AUC values obtained
by the two protocols, with a p-value less than 0.01 considered to be statistically significant.

3. RESULTS

Table 1 shows the AUC values for both protocols. At the considered dose level of 10%, the performance of
PRESPECT significantly outperformed the uniform protocol for all five anatomies, with p < 0.0001. The low
AUCs overall are likely explained by the challenging nature of large breast anatomies for MPS and the low dose
level. Additionally, we observed that PRESPECT improved performance across a range of AUC values, thus
providing evidence of patient-specific protocol optimization being able to improve performance at varying levels
of difficulty for the defect detection task.

We also present sample reconstructions to qualitatively illustrate the improvements made by PRESPECT.
Short-axis images for a selected anatomy, with images centered at the defect centroid, are shown in Figure 2. We
observed that this example had defect features on PRESPECT acquisition that were not present in the uniform
protocol acquisition, further supporting the results observed by the AUC analysis.

Table 1. AUC values for uniform vs. PRESPECT protocols on the task of defect detection for the five anatomies considered.
95th percentile confidence intervals are provided in parentheses.

Anatomy Uniform AUC PRESPECT AUC

1 0.51 (0.49, 0.53) 0.61 (0.59, 0.63)

2 0.53 (0.51, 0.55) 0.63 (0.61, 0.65)

3 0.60 (0.58, 0.62) 0.68 (0.66, 0.70)

4 0.63 (0.61, 0.65) 0.73 (0.71, 0.75)

5 0.66 (0.64, 0.68) 0.75 (0.73, 0.77)
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Figure 2. Reconstructed images for both protocols for anatomy 1. A realization of the ground truth activity map with
defect indicated (top left), attenuation map (top right), and reconstructed short-axis images, centered at the anterior
defect, for PRESPECT (bottom left) and uniform (bottom right) protocols are shown. Acquisition with PRESPECT
preserved the defect, which was not present in the uniform protocol reconstruction.

4. CONCLUSIONS AND DISCUSSIONS

The results from this study suggest that defect detection performance can be improved by using a personalized
acquisition protocol as compared to standard clinical protocol for MPS. We noted that improvements made with
PRESPECT were statistically significant and occurred over a range of AUC values. Additionally, assessing sample
reconstructions suggested that a personalized protocol optimized through PRESPECT may be able to better
preserve the defect signal after acquisition and reconstruction. These findings encourage further exploration of IO-
guided optimization to investigate improvements for anthropomorphic observers post-reconstruction, provided
suitable constraints are imposed to enable acquisitions at multiple views. Further, while these results were
observed for MPS in this study, these findings also encourage similar studies for other imaging modalities.

In this study, we optimized patient-specific acquisition protocol for a clinically underrepresented group of large
breast outliers. The outlier patients we studied do not represent the average female patient, having breast volume
above 99th percentile of a normative distribution.14 Currently, the majority of imaging protocols are developed
for the general patient population, and to the best of our knowledge few studies have been conducted on improving
medical imaging outcomes specifically focused on patients who may be clinically underrepresented.31 Our findings
thus motivate research on approaches to design optimal patient-specific acquisition and reconstruction protocols
for other clinically underrepresented subgroups.

This early-stage study has several limitations. First, evaluation was done in a low-dose MPS setting. While
this study design was chosen to define a clinically challenging task, a study conducted at normal-dose levels
would lead to more relevant findings for currently used clinical protocols. This is an area of future investi-
gation. Additionally, results are currently limited to simulated XCAT anatomies, rather than actual patients.
Further, the evaluation study was conducted with data from simulated imaging systems and the use of model
observers. Conducting this analysis using actual patient images and with human observers would help address
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these limitations, and would be an important area of additional research. Our results encourage such studies
going forward.

In conclusion, we observed in this study that optimizing acquisition protocol specific to a patient’s anatomy
can improve defect detection performance for MPS on reconstructed images for patients displaying outlier
anatomical characteristics. This provides support for additional investigation into personalized imaging on
MPS studies for outlier patients, and motivates additional investigation of similar protocol optimizations for
other medical imaging modalities and applications. As with PRESPECT, IO-guided approaches may provide a
mechanism for designing such optimization strategies.
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