ORIGINAL ARTICLE

y .
® CrossMark

Improving perfusion defect detection
with respiratory motion correction in cardiac
SPECT at standard and reduced doses
Chao Song, MS,* Yongyi Yang, PhD,* Albert Juan Ramon, MS,?

Miles N. Wernick, PhD,® P. Hendrik Pretorius, PhD,” Karen L. Johnson, BS,”
Piotr J. Slomka, PhD,® and Michael A. King, PhD"

® Medical Imaging Research Center, lllinois Institute of Technology, Chicago, IL
b Department of Radiology, University of Massachusetts Medical School, Worcester, MA
¢ Department of Medicine, Cedars-Sinai Medical Center, Los Angeles, CA

Electronic supplementary material The online version of this

Received Mar 25, 2018; accepted May 11, 2018
doi:10.1007/s12350-018-1374-9

Background. In cardiac SPECT perfusion imaging, respiratory motion can cause non-
uniform blurring in the reconstructed myocardium. We investigate the potential benefit of
respiratory correction with respiratory-binned acquisitions, both at standard dose and at
reduced dose, for defect detection and for left ventricular (LV) wall resolution.

Methods. We applied two reconstruction methods for respiratory motion correction: post-
reconstruction motion correction (PMC) and motion-compensated reconstruction (MCR), and
compared with reconstruction without motion correction (Non-MC). We quantified the presence
of perfusion defects in reconstructed images by using the total perfusion deficit (TPD) scores and
conducted receiver-operating-characteristic (ROC) studies using TPD. We quantified the LV
spatial resolution by using the FWHM of its cross-sectional intensity profile.

Results. The values in the area-under-the-ROC-curve (AUC) achieved by MCR, PMC, and
Non-MC at standard dose were 0.835, 0.830, and 0.798, respectively. Similar AUC improvements
were also obtained by MCR and PMC over Non-MC at 50%, 25%, and 12.5% of full dose.
Improvements in LV resolution were also observed with motion correction.

Conclusions. Respiratory-binned acquisitions can improve perfusion-defect detection
accuracy over traditional reconstruction both at standard dose and at reduced dose. Motion
correction may contribute to achieving further dose reduction while maintaining the diagnostic
accuracy of traditional acquisitions. (J Nucl Cardiol 2019;26:1526-38.)

Spanish Abstract

Antecedentes. En los estudios de perfusion cardiaca por SPECT, los movimientos respira-
torios pueden causar distorsion no uniforme en el miocardio reconstruido. Investigamos el
beneficio potencial de la correccidn respiratoria con adquisicion de imagenes sincronizadas con
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la respiracion, tanto a dosis estindar como a dosis reducida, para deteccion de defectos y para
resolucion de pared de ventriculo izquierdo (VI).

Meétodos. Aplicamos dos métodos de reconstruccion para correccion de movimientos res-
piratorios: Correccién de movimiento post reconstruccion (PMC) y reconstruccion compensada
a movimiento (MCR), y los comparameos con la reconstruccion sin correcciéon de movimiento
(Non-MC). Cuantificamos la presencia de defectos de perfusion en las imagenes reconstruidas
usando los scores de déficit total de perfusion (TPD) y analisis ROC usando el TPD. Cuantifi-
camos la resolucion espacial del VI usando la anchura a media altura de su perfil de intensidad
transversal.

Resultados. Los valores en el area bajo la curva ROC (ABC) obtenidos por MCR, PMC y
Non-MC a dosis estandar fueron 0.835, 0.830 y 0.798, respectivamente. Mejorias similares del
ABC también se obtuvieron por MCR y PMC, sobre Non-MC a 50%, 25% y 12.5% de la dosis
completa. Las mejorias en la resolucion del VI fueron observadas también con correccion del
movimiento.

Conclusiones. Las adquisiciones sincronizadas con la respiracion pueden mejorar la pre-
cision de la deteccion de defectos de perfusion sobre las reconstrucciones tradicionales tanto a
dosis estindar como a dosis reducida. La correccion de movimiento puede contribuir a lograr
mayor reduccion de la dosis manteniendo la precision diagnostica de las adquisiciones tradi-
cionales. (J Nucl Cardiol 2019;26:1526-38.)

Chinese Abstract

R 12O SPECT 1B kg, IFREHHAEFENOIERAASER. KITHRIT T
WERMNEFELT BRI FIEAMENT, FIRIREEREMIFRK ERATRIGRIRCMAOELE
(LV) EEEIAEAIBIERA -

Tt BAVERT RIS EER T EER BT R E (PMC) FIZEitMEER
(MCR), #5%H 2R EAIER (Non-MC) F1TERR. BT B IEIX R (TPD) RS0 E S
Z1RRE M hiE (ROC) REN ERENGDANEIT G, B LVEEESSE 5 HiN FWHM%R
21 LV ZEEFHE,

tER. MCR, PMC f0 Non-MC 7EFRUEFIE T ArFR1587 ROC g% FEIIR (AUC) BB 71
%70.835, 0.830 0 0.798. TE2F|E& F, MCR, PMC#0 Non-MC 5153 l69 AUC {125, 5 5R
50%, 25% #0 12.5%. 7EZahiRET, LVAIR iR 1455 TEE.

E10.  TEMUHETFIEFNE A FIEEE I T, 0PN ERER R 5 0] LIS E VBT BRIRAO MG HEATE
ZNR E Rl aeE BT —S LR FIEMNB IR, RIEHRIEEIZEAMTTIEATIZRE RN .
(J Nucl Cardiol 2019;26:1526-38.)

French Abstract

Contexte. Les mouvements respiratoires peuvent entrainer des artefacts de uniformité lors
de la reconstruction des images de perfusion myocardique en SPECT. Dans cet article, nous
rapportons nos résultats sur le bénéfice potentiel du « gating » respiratoire avec des doses
standards et réduites de radio-pharmaceutiques pour la détection des anomalies de perfusion et
les mesures de la paroi ventriculaire gauche.

Meéthodes. Nous avons appliqué deux méthodes de reconstruction pour la correction du
mouvement respiratoire: la premiére fait appel a une correction aprés reconstruction des images
(PMC) ; la seconde fait appel a la correction des images avant reconstruction (MRC). Les deux
approches ont été comparées a la reconstruction sans correction de mouvement (Non-MC). Nous
avons quantifié les déficits de perfusion myocardiques sur les images reconstruites avec le sys-
téme des scores de déficit de perfusion et analysé les résultats en utilisant les courbes ROC. Nous
avons quantifié la résolution spatiale du VG en utilisant le FWHM du profil d’intensité de sa
section transversale.

Résultats. Les valeurs des surfaces en dessous des courbes ROC (AUC) obtenues par MCR,
PMC et Non-MC avec doses standard de radio-pharmaceutiques étaient de 0,835, 0,830 et 0,798,
respectivement. Des améliorations similaires de ’AUC ont également été obtenues par MCR et
PMC sur Non-MC avec 50%, 25% et 12,5% des doses entiéres. Les mesures de résolution
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spatiale de la paroi du VG ont également été améliorées avec la correction des mouvements

respiratoires.

Conclusions. La correction des images de perfusion myocardiques en SPECT par « gating »
respiratoire parait améliorer la quantification des déficits perfusionels a la fois a dose standard et
a dose réduite de radio-pharmaceutiques. L’application de cette correction devrait permettre de
réduire les doses de radio-pharmaceutiques utilisées tout en maintenant la précision diagnosti-

que des acquisitions traditionnelles.
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Abbreviations

SPECT Single-photon  emission  computed
tomography

TPD Total perfusion deficit

QPS Quantitative Perfusion SPECT

AUC Area under the ROC curve

FWHM Full-width at half-maximum

LV Left ventricle

MCR Motion-compensated reconstruction

PMC Post-reconstruction motion correction

MPI Myocardial perfusion imaging

BSREM Block-sequential regularized expecta-
tion-maximization

OSEM Ordered-subset expectation-
maximization

ROC Receiver operating characteristic

INTRODUCTION

Myocardial perfusion imaging (MPI) with single-
photon emission computed tomography (SPECT) can
provide important diagnostic information about myocar-
dial perfusion and ventricular function,' which allows
for evaluation and quantification of the extent and
severity of myocardial hypoperfusion and ischemia.>*
The image quality in cardiac SPECT can be degraded by
a number of factors,’ e.g., imaging noise, limited
resolution, motion blur, etc. Respiratory motion is
known to cause non-uniform blurring in MPI, which
may negatively affect the diagnostic accuracy.®’ There
have been simulation and experimental studies reported
on the effects of respiratory motion, upward creep, and
respiratory hysteresis on the image quality.®'® An
effective strategy for reducing the extent of motion blur
is to use respiratory-binned acquisitions,'""'* which can
be achieved by phase binning or amplitude binning."?

In this study, we investigate the benefit of respiratory
motion correction in the clinical task of defect detection.
Previous studies show that image reconstruction with
respiratory-binned data can lead to improved image
accuracy based on figures-of-merit such as mean-
squared-error and image resolution.'*'> Our purpose

herein is to study quantitatively how such improved
reconstruction accuracy may translate to perfusion defect
detection in clinical acquisitions. From our past experi-
ence, there can be a large degree of both intra- and inter-
subject variability in respiratory patterns from the patient
population, which can cause great variability in data
statistics among respiratory bins and projection angles
with a conventional rotating SPECT system.'*'® Thus, to
reflect the extent of biological variability observed clin-
ically, for this study we used clinical acquisitions rather
than simulated phantom data. For motion correction, we
considered two reconstruction methods: (1) post-recon-
struction motion correction (PMC), in which the
individual respiratory bins are reconstructed separately
and combined with motion correction subsequently'> and
(2) motion-compensated reconstruction (MCR), in which
data from different respiratory bins are applied simulta-
neously for reconstructing the source image with respect
to a common reference bin.'*!”

In addition, in this study we also investigate the
benefit of respiratory correction with reduced dose in
SPECT-MPI. In recent years there have been growing
interests in reducing the imaging dose for cardiac
SPECT.'®?3 In our experiments, we also quantified the
reconstruction results when the imaging dose was
reduced to 50% (one half), 25% (one quarter), and
12.5% (one eighth) of full acquisitions.

To quantify the accuracy for perfusion defect
detection, we conducted a receiver-operating character-
istic (ROC) study based on hybrid studies, i.e., clinical
data in which simulated defects were introduced, as in
Ref. 26. The reconstructed images were evaluated by the
total perfusion deficit (TPD) scores for quantifying the
presence of perfusion defects, as computed by the
Quantitative Perfusion SPECT (QPS) software package
(a clinical model observer extensively validated in past
studies).* We then used the TPD scores to obtain the
defection performance, as measured by the area under
the ROC curve (AUC). In addition, we also examined
the improvement in image resolution of the recon-
structed left ventricle (L'V) upon motion correction, for
which we computed the full-width at half-maximum
(FWHM) of the intensity profile across the midsection of
the LV.
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Table 1. Clinical characteristics of the patient population used in this study

Male subjects (n = 71) Female subjects (n = 119)

1. Body mass index (kg m ?) 304 +54 30.0 £ 5.5

2. Age (years) 56.8 +13.4 63.1 £ 11.0
3. Extent of superoinferior motion (cm) 0.90 + 0.36 0.89 +£0.34
4. Effective injected activity (MBq) 1180 + 144 1188 £ 137

The first three quantities were obtained from all the 190 subjects, whereas the last quantity was obtained from 121 subjects for
which the data was available for this study. The effective injected activity was calculated from the initial activity in the syringe
corrected for the post-injection activity left in the syringe and half-life decay. The extent of respiratory motion was determined

from the displacement magnitude between the two extreme bins in the respiratory cycle

MATERIALS AND METHODS

Data Acquisition

We studied SPECT-MPI data of consecutive 190
patients (71/119, male/female) who gave written consent
to participate in our investigations, had no technical
issues in their acquisitions, and were interpreted as
having normal perfusion. These studies were stress
imaging acquired on a Philips BrightView SPECT/CT
system in list-mode with Tc-99m sestamibi and a visual
tracking system from 2013 to 2016 at the University of
Massachusetts Medical School. This data set was also
used in our previous study®® for the purpose of opti-
mizing reconstruction algorithms, where a detailed
description of the acquisition parameters and patient
characteristics was given. In this study, we investigate
the effect of respiratory motion correction. For this
purpose, the list-mode data were rebinned into seven
respiratory intervals based on the respiratory amplitude
signal recorded by a visual tracking system (Vicon
Motion Systems, Inc., Lake Forest, CA) during acqui-
sitions as previously detailed.'® A summary of the
clinical attributes of the 190 patients is given in Table 1.

For perfusion defect detection, 60 studies (30 male,
30 female) among the 190 patients were allocated for the
formation of reference databases in QPS, while the
remaining 130 patients were used for the ROC study as
in Ref. 26. The patients in the data set exhibited various
degrees of respiratory motion (Table 1); the allocation of
study patients was blind to the magnitude of their
respiratory motion. Among the 130 study patients, 72
were used for inserting perfusion defects in order to
provide ground truth for the ROC study?’; these “hybrid
studies” were created from the acquired data of the 72
subjects in which realistic perfusion defects were intro-
duced randomly (with equal probability) among the left-
anterior-descending coronary artery (LAD), the right
coronary artery (RCA), and the left circumflex (LCX)
vascular territories. They could contain one- or two-

vessel disease with their locations and sizes selected
according to clinical prevalence.”® The extents of the
defects were also varied randomly with different sizes
among the subjects (large: 20.06 + 5.13 g; moderate:
10.99 + 2.98 g; small: 7.98 & 3.32 g). To further reflect
the variability in clinical studies, each defect was also
introduced with four contrast levels (65%, 50%, 35%,
and 20%). The contrast level is the reduction in count-
density relative to normal regions.

Furthermore, to assess the reconstruction with
reduced dose imaging, we applied a statistical resam-
pling procedure'®?® to the acquisitions of the 190
subjects at full dose (100%) and obtained data at the
following reduced dose levels: 50%, 25%, and 12.5%.
With this procedure, the individual photon events
acquired in list-mode at 100% dose were randomly
accepted or rejected according to a binomial trial
probability of 1/2, 1/4, and 1/8, respectively, resulting
in acquisitions for the same duration but respective
reduction in the administered dose.

Reconstruction Methods

For motion correction, we considered the following
two reconstruction methods: (1) post-reconstruction
motion correction (PMC), wherein motion correction is
applied after the images are first obtained from the
individual respiratory bins,'>'” and (2) motion-compen-
sated reconstruction (MCR), wherein the projection data
from the different respiratory bins are used simultane-
ously for reconstruction of the source distribution with
respect to a reference bin through motion compensa-
tion.'” The specific steps involved in these two
reconstruction methods are as follows:

a. PMC method

Step 1 Reconstruct image f, from the acquired data in
each respiratory bin r, r = 1,.. | R;
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Figure 1. A mid-LV short-axis slice illustrating the inferior
wall location used for image intensity profile analysis. The
full-width at half-maximum (FWHM) of the image intensity
profile is used to quantify the LV resolution.

Step 2 Estimate the image motion from each bin 7 to a
common reference bin 7y based on their reconstructed
images;

Step 3 Combine the images f, from different bins with
respect to the reference bin r( based on their image
motion.

The details of these steps are described in Refs. 15,17.

b. MCR method

Step 1 Pre-reconstruct image f, from the acquired data
in each respiratory binz, r =1,.. . R;

Step 2 Estimate the image motion from bin 7 to a
common reference bin 7, based on their pre-recon-
structed images;

Step 3 Express image f, in each bin in terms of the
reference bin f,, based on their image motion, and
reconstruct the image f,, from the acquired data in all
the respiratory bins simultaneously.

The details of these steps can be found in Ref.17.

Herein R = 7 respiratory bins based on the
amplitude of the superoinferior motion were used and
the reference bin was the center bin (9 = 4). In addition,
for comparison, we also considered reconstruction with
conventional acquisition, i.e., without respiratory bin-
ning (denoted by Non-MC). In all these methods,
namely PMC, MCR and Non-MC, the effects of
attenuation, depth dependent blur, and scatter were all
accounted for Ref.16. For scatter correction, the triple
energy window (TEW) method®® was used. For atten-
uation correction, the attenuation maps were acquired
from flat panel cone-beam CT imaging under normal
patient breathing prior to SPECT acquisition.'®

To compensate for the variation in data counts
among projection angles and respiratory bins associated
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with respiratory-binned data, a time factor was intro-
duced into the imaging model as in Ref. 17. This time
factor was used to account for the actual acquisition time
at a particular projection angle and respiratory bin,
which is available from the list-mode data. This was
demonstrated to be effective for suppressing the pres-
ence of limited-angle effect in the respiratory-binned
images due to the uneven nature of respiratory motion."’

In all three reconstruction methods PMC, MCR, and
Non-MC, maximum likelihood (ML) estimation was
used to obtain the image from the projection data
(binned from list-mode). We used the modified block-
sequential regularized expectation-maximization
(BSREM) algorithm.*® This algorithm has the property
of global convergence, and was demonstrated to achieve
improved image quality and lesion detectability.’*>" In
our experiments, a total of 16 ordered subsets and 10
iterations were used based on our previous studies.' "'’

To suppress the noise effect, we further applied 3D
Gaussian filtering to the reconstructed images. The
smoothing level was controlled through the width
parameter Sigma of the Gaussian kernel. With this
approach, one can easily adjust the level of smoothing
without the need to rerun the reconstruction algorithm.
As the noise gets increased with reduced dose acquisi-
tion, more smoothing (i.e., larger Sigma value) is
expected to be needed. In the experiments, we optimized
the parameter Sigma for improving the accuracy in
lesion detection for each reconstruction method and at
each dose level. The following Sigma values (in voxels)
were used: 0.8, 1, 1.2, 1.5, and 2.

As in Refs. 15,17, a 3D translational model was
used for the image motion among different respiratory
bins, where the motion was estimated from the individ-
ual bins using a template-matching algorithm.** A
bounding box was first extracted to contain the LV in
the reference bin. This bounding box was then used as a
template to determine its correspondence in other
respiratory bins. Translational motion was previously
determined to be effective for respiratory correction in
cardiac SPECT given its limited spatial resolution.'?

Assessment of Reconstructed Images

To assess the reconstruction results, we used the
following two quantitative measures: detectability of
perfusion defect in the reconstructed myocardium, and
the spatial resolution of the LV wall. These two
measures were used together to demonstrate how respi-
ratory correction can reduce the image blur and improve
the defect detectability.

For perfection defect detection, we used the total
perfusion deficit (TPD) score of the Quantitative Perfu-
sion SPECT (QPS) package (Cedars-Sinai).® The TPD is
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Figure 2. Perfusion defect detection results, measured by AUC, obtained at various dose levels: (A) 100%,
(B) 50%, (C) 25%, and (D) 12.5%. The reconstruction methods are: motion-compensated reconstruction
(MCR), post-reconstruction motion correction (PMC), and no motion correction (non-MC). The AUC value
is plotted vs the width parameter Sigma of the 3D Gaussian filter (larger Sigma value corresponding to more
smoothing). The circle marker on each curve indicates the optimal (maximum) AUC value for the
corresponding reconstruction method. The error bars correspond to =1 SD.

a summary measure of the non-uniformity of myocar-
dium perfusion, with TPD scores defined in accordance
with the severity and extent of the defects present.* For
ROC assessment, the TPD values were input into Metz’s
ROCKIT software™” to obtain the detection performance
from the reconstructed images, which was summarized
by the area under the ROC curve (AUC); a larger AUC
value corresponds to better detection accuracy. The
ROCKIT software was also used to determine the
statistical difference in detection performance between
reconstruction methods.

For the normal reference databases in QPS, we used
a set of 60 patients (30 males and 30 females).* These

subjects were reconstructed for each of the different
settings of the reconstruction algorithm used, patient
gender, and the imaging dose level. Therefore, for
example, a male subject reconstructed at half dose by
the MCR algorithm with smoothing parameter
Sigma = 1.0 was quantified by the reference database
reconstructed with exactly the same setting.

For quantifying the LV wall resolution, we com-
puted the full-width at half-maximum (FWHM) of the
image intensity profile for a cross-section in the recon-
structed LV (Figure 1). The improvement in the spatial
resolution upon motion correction is expected to lead to
smaller FWHM values in the reconstructed LV.** The
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Figure 3. FWHM values of the reconstructed LV wall counts
(at location shown in Figure 1) at various dose levels (i.e.
100%, 50%, 25%, and 12.5%). The reconstruction methods
are: motion-compensated reconstruction (MCR), post-recon-
struction motion correction (PMC), and no motion correction
(Non-MC). The error bars denote =1 SD. Note the increase in
FWHM with decreased dose due to the larger smoothing
applied (as per Figure 2).

paired sample #-test was used to compare the statistical
difference in FWHM between two reconstruction meth-
ods. For each reconstruction method, the smoothing
parameter Sigma was set according to the optimal AUC
results at the different dose levels.

RESULTS

Perfusion Defect Detection Performance

In Figure 2A we show the ROC results on perfu-
sion-defect detection obtained from the full dose data by
reconstruction methods MCR, PMC, and Non-MC. In
the figure, each curve denotes the AUC value by one
reconstruction method with different smoothing levels.
Note that both MCR and PMC obtained higher AUC
values (hence better detection) than Non-MC at each of
the smoothing levels. In particular, MCR achieved the
best AUC = 0.835 (Sigma = 1.2), compared to 0.798 for
Non-MC (Sigma = 1.0) (P value = 0.0001); for PMC the
best AUC = 0.830 (Sigma = 1.2), also higher than Non-
MC (P value = 0.003).

Similarly, in Figure 2B-D we show the ROC results
obtained from the reduced dose data of 50%, 25%, and
12.5% of full dose, respectively. At each reduced dose,
both MCR and PMC achieved higher AUC values than
Non-MC. Specifically, at 50% dose, the best AUC
values by MCR, PMC, and Non-MC are 0.812, 0.801,
and 0.780, respectively; at 25% dose, their best AUC
values are 0.804, 0.787, and 0.766, respectively; at
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12.5% dose, their best AUC values are 0.794, 0.781, and
0.753, respectively. At each reduced dose, both MCR
and PMC outperformed Non-MC (P value < 0.05).

The ROC results in Figure 2 indicate that respira-
tory motion correction can consistently provide better
defect detection performance both at full dose and at
reduced dose. Between the two methods, MCR yielded
slightly higher AUC values than PMC (P value < 0.05 at
all dose levels except for full dose). Remarkably, at both
50% and 25% dose levels, the AUC values achieved by
MCR are higher than Non-MC at 100% dose. Even at
12.5% dose, the AUC of MCR (0.794) is only margin-
ally lower than the AUC of 0.798 by Non-MC at 100%
dose (P value = 0.11).

FWHM Evaluation

In Figure 3 we show a plot of the FWHM values
obtained by the three reconstruction methods MCR,
PMC, and Non-MC both at full dose and at reduced dose
(i.e., 100%, 50%, 25%, and 12.5%). These results were
obtained from the average of 118 normal subjects
(hybrid cases excluded) in the dataset.

The results in Figure 3 indicate that at all dose
levels MCR and PMC could yield smaller FWHM
values (hence less motion blur and better image reso-
lution) than Non-MC. At full dose, the FWHM values
are 2.13, 2.23, and 2.29 cm for MCR, PMC, and Non-
MC, respectively; P value = 0.009 between MCR and
Non-MC, and P value = 0.02 between PMC and Non-
MC. Similar improvements were also obtained in the
reduced dose data. For example, at 25% dose, the
FWHM values are 2.39, 2.54, and 2.57 cm for MCR,
PMC, and Non-MC, respectively. It is also observed
from Figure 3 that the FWHM values show a monotonic
increase for each reconstruction method as the imaging
dose reduced. This is due to the increased spatial
smoothing (larger Sigma values) for optimizing the
lesion detection in response to the increased noise in
reduced dose.

Reconstructed Images at Full Dose

In Figure 4, we show a set of reconstructed images
obtained for a normal female subject #1 (age: 59, BMI:
42.5) at 100% dose. The images in Figure 4A are short-
axis slices (and polar maps) from each of the three
methods: MCR (1st row), PMC (2nd row), and Non-MC
(3rd row); similarly, the long-axis slices are shown in
Figure 4B. In these images the smoothing parameter was
set according to the optimal AUC results for each
method.

From these images the LV wall is noted to be more
uniform in both MCR and PMC than in Non-MC. The
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B 1% row: MCR, 2" row: PMC, 3™ row: Non-MC

Figure 4. Reconstructed images (A short-axis slices and polar maps; B vertical long-axis slices) from the
clinical data of subject #1 (female, age: 59, BMI: 42.5) at 100% dose. The extent of superoinferior motion of
the LV due to respiratory motion was 1.87 cm. The results are shown in (A) and (B) for each of the three
reconstruction methods: motion-compensated reconstruction (MCR) (1st row), post-reconstruction motion
correction (PMC) (2nd row), and no motion correction (Non-MC) (3rd row). The cooling artifact observed in
anterior and inferior LV walls in Non-MC is improved by respiratory motion correction in MCR and PMC.
There is also better separation in LV from sub-diaphragmatic activity in MCR and PMC.

cooling artifact (i.e., decreased count-density) in the
anterior and inferior walls in Non-MC is notably
improved with respiratory motion correction in MCR
and PMC. This is particularly evident from the polar
maps. Moreover, the LV wall also appears less blurry in
both MCR and PMC than in Non-MC. This is consistent
with the improvement in spatial resolution by MCR and
PMC earlier in Figure 3. In addition, “spill-over” from
sub-diaphragmatic bowel activity near the LV wall is
observed in the Non-MC images, but suppressed in both
MCR and PMC.

In Figure 5, we show a set of reconstructed
images obtained for a male subject #2 (age: 53, BMI:
22.0) at 100% dose. In this study there was a
moderate sized defect with 50% contrast introduced

in the RCA territory (indicated by the arrows). It can
be observed that the LV wall (aside from the defect)
is more uniform in both MCR and PMC than in Non-
MC; the cooling artifact in the normal region of the
inferior LV wall in Non-MC is improved in MCR and
PMC.

Reconstructed Images at Reduced Dose

In Figures 6 and 7, we show the reconstructed
images from the reduced dose data of the same two
subjects earlier in Figures 4 and 5; for each subject, the
images were obtained at only 12.5% of full dose. In
these images, the smoothing parameter was set accord-
ing to the optimal AUC results (i.e., Sigma = 1.5).
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Figure 5. Reconstructed images (A: short-axis slices and polar maps; B: vertical long-axis slices) of
subject #2 (male, age: 53, BMI: 22.0) at 100% dose. There was a moderate sized defect with 50%
contrast (green arrows) introduced in the RCA territory. The extent of superoinferior motion of the
LV due to respiratory motion was 1.28 cm. The results are shown in (A) and (B) for each of the three
reconstruction methods: motion-compensated reconstruction (MCR) (1st row), post-reconstruction
motion correction (PMC) (2nd row), and no motion correction (Non-MC) (3rd row). The regional
cooling away from the defect in the inferior LV wall observed in Non-MC is reduced by respiratory

motion correction in MCR and PMC.

Compared to their counterparts in Figures 4 and 5, the
images in Figures 6 and 7 appear to be slightly more
blurry (due to increased smoothing). Nevertheless, the
image improvements by MCR and PMC over Non-MC
remain consistent with that observed in the full dose.
The LV wall is noted to be more uniform and less blurry
in MCR and PMC than in Non-MC. The regional
cooling observed in anterior and inferior LV walls in
Non-MC is notably suppressed in MCR and PMC. The
sub-diaphragmatic activity observed in patient #1 with
Non-MC is also better separated in the reconstructed LV
with MCR and PMC.

DISCUSSION

There have been a number of recent studies on
optimizing reconstruction strategies for reducing the
imaging dose in SPECT-MPI.>>%%3 To our best knowl-
edge, this study is the first to investigate the potential
benefit of respiratory correction for the task of perfusion
defect detection when the imaging dose is successively
reduced from full acquisitions. We considered two
reconstruction algorithms for motion correction, post-
reconstruction motion correction (PMC) and motion-
compensated reconstruction (MCR). Compared to
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Figure 6. Reconstructed images from the clinical data of subject #1 (same as in Figure 4) at 12.5% dose. The
regional cooling observed in anterior and inferior LV walls in Non-MC is improved by respiratory motion
correction in MCR and PMC. There is also better separation in LV from sub-diaphragmatic activity in MCR

and PMC.

traditional acquisitions, both MCR and PMC achieved
higher AUC values for defect detection at all dose
levels. MCR also outperformed PMC by a small margin,
with the differences increasingly larger at lower dose
levels. For example, at full dose, the AUC values are
0.835 (MCR) and 0.830 (PMC); at 12.5% dose, the AUC
values are 0.794 (MCR) and 0.781 (PMC). These results
suggest that MCR can be more robust to the increased
noise level than PMC.

Respiratory motion is known to cause non-uniform
blurring in MPI. This is observed in the reconstructed
images in Figures 4, 5, 6, and 7 at different dose levels,
wherein the reconstructed LV exhibited perfusion vari-
ations (hence reduced uniformity) when no defect is
present. Upon respiratory correction, the LV is improved
in uniformity in both MCR and PMC. This is likely the
reason for the improved defect detection results by the
two algorithms in the ROC studies.

The FWHM results indicate that the reconstructed
images with respiratory correction also exhibited
improved spatial resolution in the LV. While the
Gaussian filter with increased smoothing could poten-
tially override the effect of respiratory motion
correction, it is noted that at a given dose level, the
obtained FWHM values were always smaller with
motion correction than without (Figure 3). At full dose,
despite more post-filtering being applied for MCR and
PMC than for Non-MC at optimal AUC settings, MCR
and PMC still yielded smaller FWHM values (2.13 and
2.29 cm, respectively) than Non-MC (2.23 cm). The
FWHM values of the reconstructed LV are noted to
increase with reduced dose level, but the improvement
by MCR becomes more pronounced at lower dose. For
example, at 12.5% dose, the FWHM is 2.40 cm for MCR
vs 2.58 cm for Non-MC.

The perfusion images of patient #1 (Figures 4 and
6) are noted to have better separation of the inferior LV
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Figure 7. Reconstructed images of subject #2 (same as Figure 5) at 12.5% dose. The regional cooling away
from the defect in the inferior LV wall observed in Non-MC is improved by respiratory motion correction in

MCR and PMC.

wall from sub-diaphragmatic activity upon respiratory
motion correction. This was also observed in a number
of other patients in the dataset. This benefit was also
reported in previous studies.*®’

In the experiments the center bin based on the
amplitude of the superoinferior motion was used as the
reference bin for reconstruction. Alternatively, when
MCR is used, it might be more beneficial to use the end-
expiration bin as the reference, because its imaging time
is likely longer and hence in better alignment with the
attenuation map. However, when PMC is used, it won’t
make any difference because the individual bins were
reconstructed independently with the same attenuation
map.

Finally, in the experiments, we used the BSREM
algorithm for ML image reconstruction. However, the
optimal AUC values obtained in Non-MC at various dose

levels are nearly identical to the results previously
reported in Ref. 26 where OSEM was used for traditional
acquisitions. This indicates that the reported results here
should be applicable to OSEM reconstruction as well.

CONCLUSIONS

We investigated quantitatively the potential benefit
of respiratory-binned acquisitions in SPECT imaging in
terms of (1) detectability of perfusion defects and (2)
spatial resolution of the LV wall. Both at full dose and at
reduced dose, motion correction could achieve higher
perfusion defect detection accuracy over traditional
reconstruction. Motion-compensated  reconstruction
(MCR) could yield more accurate results than post-
reconstruction motion correction (PMC). Similar
improvements were also obtained in the LV resolution
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with motion correction. Improved perfusion uniformity
in the reconstructed L'V was also observed with motion
correction at all dose levels.

NEW KNOWLEDGE GAINED

Our work demonstrates the potentially positive
benefit of respiratory correction in image reconstruction
for SPECT-MPI both at standard dose and at reduced
dose. Both motion-compensated reconstruction and
post-reconstruction correction can improve the image
accuracy and detection performance of perfusion defects
over traditional data acquisitions. Motion correction can
contribute to achieving further dose reduction while
maintaining the diagnostic accuracy in traditional
reconstruction.
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