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Attenuation Correction for Dedicated Cardiac SPECT Imaging
Without Using Transmission Data
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Abstract

Objectives: Attenuation correction (AC) using transmission scanning-ike computed tomography (CT) is the standard method to increase the
accuracy of cardiac single-photon emission computed tomography (SPECT) images. Recently developed dedicated cardiac SPECT do not support
CT, and thus, scans on these systems are vulnerable to attenuation artifacts. This study presented a new method for generating an attenuation
map directly from emission data by segmentation of precisely non-rigid registration extended cardiactorso (XCAT)-digital phantom with cardiac
SPECT images.

Methods: In-house developed non-rigid registration algorithm automatically aligns the XCAT- phantom with cardiac SPECT image to precisely
segment the contour of organs. Pre-defined attenuation coefficients for given photon energies were assigned to generate attenuation maps.
The CT-based attenuation maps were used for validation with which cardiac SPECT/CT data of 38 patients were included. Segmental myocardial
counts of a 17-segment model from these databases were compared based on the basis of the paired t-test.

Results: The mean, and standard deviation of the mean square error and structural similarity index measure of the female stress phase between
the proposed attenuation maps and the CT attenuation maps were 6.99+1.23% and 92+2.0%, of the male stress were 6.87+3.8% and 96+1.0%.
Proposed attenuation correction and computed tomography based attenuation correction average myocardial perfusion count was significantly
higher than that in non-AC in the mid-inferior, mid-ateral, basakinferior, and lateral regions (p<0.001).

Conclusion: The proposed attenuation maps showed good agreement with the CT-based attenuation map. Therefore, it is feasible to enable AC
for a dedicated cardiac SPECT or SPECT standalone scanners.

Keywords: Attenuation correction, cardiac, SPECT/CT, XCAT, emission data

0z
Amag: Transmisyon taramasi benzeri bilgisayarll tomografi (BT) kullanan atentasyon duizeltmesi (AC), kardiyak tek foton emisyonlu
bilgisayarli tomografi (SPECT) goruntilerinin dogrulugunu artirmada standart yontemdir. Son zamanlarda gelistirilen 6zel kardiyak SPECT BT'yi
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desteklememektedir ve bu nedenle, bu sistemlerdeki taramalar atentiasyon artefaktlarina karsi savunmasizdir. Bu calismada, kardiyak SPECT
gorlntileri ile birlikte rijit olmayan kayit genisletilmis kardiyak-govde (XCAT)-dijital fantomun segmentasyonu yoluyla dogrudan emisyon verilerinden
bir atentiasyon haritasi olusturmak icin yeni bir yontem sunulmaktadir.

Yontem: Kendi gelistirdigimiz rijit olmayan kayit algoritmasi, organlarin dis hatlarini hassas sekilde bolimlere ayirmak icin XCAT-fantomunu
kardiyak SPECT gorlntislyle otomatik olarak hizalar. Atentasyon haritalari olusturmak icin verilen foton enerijileri icin dnceden tanimlanmis
atenliasyon katsayilar atanmistir. Otuz sekiz hastanin kardiyak SPECT/CT verilerinin dahil edildigi dogrulama icin CT tabanli atentiasyon haritalari
kullanildi. Bu veritabanlarindan alinan 17 segmentli bir modelin segmental miyokardiyal sayimlari, eslestiriimis 6rneklem t-testi ile karsilastirildi.
Bulgular: Onerilen ateniiasyon haritalari ile CT ateniiasyon haritalari arasindaki kadin stres fazinin ortalama kare hatasi ve benzerlik indeksi 6lgtist
yapisal benzerlik indeksi dlciminlin ortalama ve standart sapmasi sirasiyla %6,99+1,23 ve %92+2,0 iken, erkek stres fazinin degerleri %6,87+3,8
ve %96z1,0 idi. Mid-inferior, mid-lateral, bazal-inferior ve lateral bolgelerde ProAC ve CTAC ortalama miyokardiyal perflizyon sayisi non-AC'ye gdre
anlamli olarak yiksekti (p<0,001).

Sonug: Onerilen atentiasyon haritalar BT tabanli atentiasyon haritasiyla iyi bir uyum gésterdi. Béylelikle, kardiyak calismalar 6zel SPECT veya sadece
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SPECT tarayicilari icin AC'yi etkinlestirmek mimkin olmustur.

Anahtar kelimeler: Atentasyon dizeltmesi, kardiyak, SPECT/BT, XCAT, emisyon verileri

Introduction

Single-photon emission computed tomography (SPECT) is a
non-invasive molecular imaging technique that can deliver
the radio-tracer distribution images in the patient body by
detecting gamma-ray photons (1). Photon attenuation is
the most physical factor artifact that contributes to the
guantitative and qualitative inaccuracy in cardiac SPECT and
can lead to misinterpretation of images by the physicians
(2). Thus, attenuation correction (AC) is important for
reducing uncertainty in cardiac diagnosis.

van Dijk et al. (3) reported that after the implementation
of cardiac AC, images interpreted as “normal” increased
from 45 to 72% and the total images that are unequivocal
went from 57 to 80%. Moreover, accurate cardiac AC can
enhance in “true-positive” and significantly decrease in
“false positive” results as confirmed by invasive coronary
angiography, hence increase the diagnostic positive
predictive value (4).

Non-uniform AC is obtained by measuring the attenuation
distribution map in the patient’s body, which can then
be used along with iterative reconstruction algorithms
to accurately compensate for the variable attenuation in
the chest. Therefore, to ascertain the accurate correction,
which in turn modifies the intensity of the cardiac image,
it is essential to create a patient-specific attenuation map
(5,6,7,8,9).

There are two methods for generating non-homogeneous
attenuation map for AC of SPECT data: transmission-less
method and transmission-based scanning using an external
radionuclide or X-ray computed tomography (CT). The
use of hybrid SPECT/CT systems and for generating non-
homogeneous attenuation map is the most conventionally
effective method. However, these systems are significantly
more expensive than SPECT-only systems and need
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larger imaging housings and further room lead shielding.
Additionally, it increases the radiation exposure dose
to the patients and misregistreation between emission
and transmission data can occur due to patient motion.
According to the study (10) conducted with the myocardial
perfusion SPECT/CT for 509 patients, the mean volume
computed tomography dose index (CTDI ) received from
attenuation CT was 1.34+0.19 mGy. Moreover, most of the
systems used for cardiac imaging are either dedicated to
cardiac scans that do not support transmission scanning or
SPECT standalone due to the high cost of SPECT/CT (11).
Around 80% of SPECT market share is stand-alone SPECT
systems (12,13) and AC for these systems has paramount
importance.

Currently, dedicated cardiac scanners have been developed
by different vendor including a dedicated cardiac SPECT
(called ProSPECT) with two detectors fixed 90° developed
in our lab (Parto Negar Persia Co., Tehran, Iran) (14,15).
The ProSPECT system is introduced as an optimized and
low-cost design in nuclear cardiology. The gantry and table
of the system are designed to comfortably accommodate
patients and to provide dual patients positioning (supine
and prone). We expect the major benefit of this research
is to increase the diagnostic accuracy for such systems and
the ~80% SPECT-only scanners to provide a healthy center
community with the benefit of convenient and improved
image quality.

Generally, there are three techniques for generating
attenuation maps from SPECT emission data only. The
first technigue includes the segmentation of either the
photopeak or the scatter data to generate the attenuation
map (9,16,17,18,19). A coarse attenuation map can
be obtained by segmenting different regions in SPECT
images and assigning pre-defined attenuation coefficients.
However, these methods are faced difficulty in defining
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body outline and organs contour accurately from SPECT
emission data. The second technique for generating an
attenuation map is model-based methods that estimate
the attenuation coefficients directly from the emission data
(20,21,22,23,24). However, these models use simultaneous
estimating SPECT emission and attenuation parameters;
there were crosstalk between emission and attenuation
parameters, and thus are inaccurate enough. These
methods also suffer from high computation time and were
applied only in a slice-by-slice manner. The third and recent
technique is deep learning-based approaches that have
been proposed to estimate images of one modality from
those of another (1). CT attenuation maps were generated
from SPECT data alone. This method though, it is more
effective than the previous two technique; however, It
requires a very large amount of data from another model
to perform better than other techniques. It is extremely
expensive to train due to complex data models, requiring
expensive GPUs and hundreds of machines. This increases
the cost to the users.

In this paper, we demonstrated that non-uniform
attenuation map was generated from semi-automatic non-
rigid registration of an emission reconstructed image with
an extended cardiac-torso (XCAT) digital phantom (25)
using an in-house developed algorithm and segmenting
tissues to assign the respective linear attenuation
coefficient to accurately correct the attenuation of the
photons passing through the patient body. The use of a
proposed map (ProMap) for the AC of the clinical data was
evaluated, and the results were compared with CT-based
attenuation map (CTMap). This study presented a new
method for generating an attenuation map for cardiac AC
directly from emission data by segmentation of precisely
non-rigid registration XCAT-digital phantom with cardiac
SPECT image.

Materials and Methods

This study included the following steps: a) generating the
proposed attenuation map, b) developing a maximum-
likelihood expectation-maximization (MLEM) algorithm
for image reconstruction using MATLAB script (MATLAB
2019a version) and implementation of AC based on the
proposed attenuation map, and c) clinical validation of the
proposed method.

Ethics Committee Approval

The Tehran University of Medical Sciences Tehran, Iran,
Vice-chancellor in research affairs approved the study
protocol (approval ID: IR.TUMS.VCR.REC.1397.6355, date:
27.11.2018). All patients gave their informed consent
before inclusion in the study.
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Development of an Algorithm for Generating an
Attenuation Map

The proposed attenuation map was synthesized by the
segmentation of non-rigid registering of the simulated 3D
XCAT digital phantom with the cardiac SPECT reconstructed
image. The XCAT software includes a pair of highly detailed
male and female anatomies defined using non-uniform
rational B-sline and segmentation of the visible male and
female anatomical patient datasets (25,26,27). XCAT non-
rigid registration with emission image-based AC methods
consist of differentiating the regions with different
attenuation properties, assigning the pre-defined linear
attenuation coefficients to them, and using the resultant
attenuation map to correct the SPECT emission data during
reconstruction.

The XCAT phantom is gained widespread importance in
the low-resolution nuclear medicine imaging research and
lacks the anatomical detail required for use in higher-
resolution imaging modalities such as X-ray CT. Moreover,
it has paramount importance for improving imaging
instrumentation, data acquisition, techniques, image
reconstruction, and processing methods, which in turn
lead to enhance image quality and more accurate clinical
diagnosis (28).

The in-house non-rigid registration algorithm developed
in the MATLAB environment was used to perform
automatically non-rigid registration of the simulated XCAT
phantom of the thorax region with the SPECT image.
Generally, the process of non-rigid registration involved in
this study was finding the optimal geometric transformation
that maximizes the correspondences across the simulated
XCAT digital phantom and the SPECT reconstructed image.

The proposed attenuation map generated from non-rigid
registration of emission image and simulated images were
compared with the X-ray CT-based attenuation map by
calculating similarity matrices such as root mean square,
root mean square error (MSE), mean absolute error and
similarity index measure (SSIM).

Generally, the procedure of generating the attenuation
map involves the following: first, XCAT simulation for
both male and females was performed. Second, matching
the body outline was performed for the emission-
reconstructed image and simulated XCAT phantom by non-
rigid registration of slice by slice for the transversal view,
and magnification parameters were used to fit the XCAT
size with different sizes patients. Third, after the XCAT
images were registered with the preliminary SPECT images,
the thoracic region was segmented into soft tissue, lung,
and bone. Fourth, according to the report by Okuda et al.
(29), attenuation coefficients of 0.280/cm, 0.150/cm, and
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0.053/cm were applied for segmented bone, soft tissue,
and lung regions, respectively, for the gamma energy of
140 keV.

Development of the MLEM Algorithm

AC gets wide acceptance in routine clinics due to new
reconstruction algorithms mentioned together as iterative
algorithms (5,30,31,32). Iterative reconstruction algorithms
offer a wide-ranging mathematical framework that allows
the modeling of physical processes such as attenuation,
scatter, and noise characteristics from the emission and
detection processes (33). We adopted the ray-driven
projector-backprojector technigue, which integrates AC as
described by Gullberg et al. (34).

System Matrix and Implementation of Attenuation
Correction

The ultimate solution to the non-homogeneous attenuation
problem in cardiac SPECT imaging could be solved using
an iterative algorithm with a projector-backprojector
that models the attenuation of photons along with
projection and backprojection rays and that calculates
attenuation factors for each pixel along each ray from
the predetermined attenuation distribution (8,34). The
system matrix or projection operator A has a vital role in
the quality of the reconstructed images. Each element A
(ij) gives the contribution of photons emitted from the
J'th image voxel in i"'th measurement, which is detected
by a specified detector’s pixel in a certain position. There
are several methods to approximate these contributions
and even itis possible to use an unmatched projector-
backprojector operator pair. Here, we assumed a matched
projector and back-projectior operator and determined
the contributions by calculating the intersection volume
of each ray with each pixel. Considering the parallel hole
collimator geometry, each intersection was calculated by
finding the intersected area of each ray and pixels, then
multiplying it by the slice thickness. The intersection point
of each ray’s side with each pixel is found and the area of
the intersected polygon was calculated. Considering the
relatively low resolution of nuclear medicine imaging and
a small number of measurements, and the scarcity of the
system matrix, we could calculate the system matrix once
and store it on memory. Meanwhile the intersection area
being calculated, the centroid of each polygon is found,
and the distance between the centroid and the ray's
detector was also calculated. For each ray, after finding
the distance of all contributing pixels, the pixels indices
were sorted regarding their distance to the detector and
then cumulative attenuation between the detector and
each pixel was found. Then, the exponential correction
is applied to the intersected volume and the final system
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matrix was obtained. Based on this concept, the system
matrix of SPECT was calculated using a MATLAB code. For
the image reconstruction, A is a matrix of M x N, where
N is the number of pixels, n? and M = NpD being the total
number of projections of all detector elements, D, of the
detector array in all projection directions, Np. It is in this
system that one includes the physics of imaging.

Clinical Validation

Study Protocol

To validate the proposed AC method, 38 subjects
underwent 2-d Tc-99m-sestamibi stress-rest imaging
protocol both normal and abnormal (17 males and 21
females, mean age 5548 years, range 30-70) who were
referred to our center for MPI for assessing coronary artery
disease (CAD) were included. The mean body mass index
was 26.2+3.7 kg/m? (range, 19.1-31.0 kg/m?). Twenty
participants (52.6%) underwent exercise, and 18 (47.4%)
underwent pharmacological stress and rest studies. All
patients underwent a standard MPI SPECT/CT scanner
(Siemens Medical Solutions, Erlangen, Germany). In the
pharmacological stress testing, stress was induced by the
infusion of either dipyridamole at a rate of 140 pg’'.min’
" for 4 min or of dobutamine with escalating 5 ug'.kg".
min” doses up to 40 pg'.kg'.min'. A standard dose of
750-900 MBqg of Tc-99m sestamibi was injected 4 min
after dipyridamole injection or at peak heart rate during
dobutamine pharmacological stress and rest tests. Emission
data were acquired by the use of parallel-hole, low-energy,
high-resolution collimator, with the patient in the supine
position. The acquisition orbits were circular over 180° arc
(45° right anterior oblique to 45° left posterior oblique)
with 32 steps (64 views), and emission data were acquired
for 20 s per projection. The image acquisition matrix
was, 64x64 and the pixel size was 6.4 mm. Images were
acquired on the 140 keV photopeak with a 15% (129-
151 keV) symmetrical window. Immediately after the
acquisition of SPECT images for both stress and rest, CT
imaging was performed for generating attenuation maps.
CT scanning was performed using 140 kVp and 70 mAs in
a 512x512 matrix (1.105 mm per pixel), with 5 mm slice
thickness. The total acquisition time for the transmission
study was 30 s.

The linear attenuation coefficient measured with CT is
calculated at the X-ray energy. Rather than at the energy of
the photon emitted by the radiopharmaceutical acquired
during the radionuclide imaging study. It is therefore
necessary to convert the linear attenuation coefficients
obtained from the CT scan to match the energy of the
radionuclide used in SPECT acquisitions. This is typically
accomplished using the bilinear scaling method, relating
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the p value at the desired energy to the CT number
measured at the effective energy of CT X-rays (35). The
bilinear scaling method determines u values via bilinear
calibration lines, which are delimited at a CT number of
zero Hounsfield units (HU) and are most commonly used in
SPECT/CT scanners. This is performed using the system as
designed by the manufacture (Siemens HealthCare).

For the administered activity of 750-900 MBq for SPECT
and 0.9 mGy CTDI . For CT, the mean effective doses for
the patients considered in this study were 9 mSv for SPECT/
CT, from this around 8 mSv for SPECT only. The effective
dose for CT can be calculated using dose length product
(DLP). It is the CTDI  multiplied by the length of the scan.
The units are mGy centimeters (mGy c¢m). The DLP can be
used to calculate a rough estimate of the effective dose,
and the effective dose for SPECT can be estimated using
the activity-injected dose.

Patient Studies-reconstruction

Patients’ data were reconstructed using an in-house
developed MLEM (15 iterations) with and without AC and
imported to Cardiac SPECT image reconstruction software
(QPS/QGS, Cedars-Sinai Medical Center, Los Angeles, CA,
USA) for quantitative analysis and to display standard
short-axis, vertical, and horizontal long-axis views and
polar maps. Scatter correction was performed on emission
projection data obtained from the 15% lower scatter
window. Two separate energy windows for the acquisition
of the photopeak and the lower scatter according to the
standard clinical protocol for Tc-99m (140 keV) were used
for the scatter correction. The window widths were both
setto 15% as recommended by the manufacturer (Siemens
Healthcare), resulting in 108-129 keV for the lower scatter
window and 129-151 keV for the photopeak window
(36). Reconstructed stress and rest images were smoothed
using a 3-dimentional Butterworth low-pass filter with a
cutoff frequency 0.4 Hz with an order of 8.0. For AC, two
different density maps were used: an attenuation map
generated from the transmission study (CTMap) where the
u values were calculated from the CT numbers obtained
(HU) and the ProMap generated from the emission data.

For the validation of the AC with ProMap, a QPS software
algorithm was used to generate perfusion polar maps of
17 segments. Moreover, total counts of each segment
attenuation corrected using ProMap and CTMap, were
compared by paired t-test. Proposed attenuation correction
(ProAC), computed tomography based attenuation
correction (CTAC), and non-attenuation correction (NAC)
databases were calculated on the basis of the QPS software
for both genders.
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Quantitative Evaluation
Percent of Variability and Relative Error

To quantitatively assess the homogeneity of radiotracer
distribution in patient's image and the improvement
inhomogeneity with AC, circumferential count profiles
were generated from the apical, midventricular, and basal
slices of NAC, ProAC, and CTAC. Image uniformity was
assessed by the percentage variability (PV) of the count
profiles defined by the following (11):

___SD
PV Mean x 100 (1)

where standard deviation (SD) and mean denote the values
of the count profiles for each slice. For all slices, the mean
percent variability can be calculated as follows:

52 D), 1o

MeanPV = l )
=l Mean(i)

3

(2)
where SD (/) and mean (/) denote the values of the count
profiles for slice i (1, apical; 2, midventricle; and 3, basal).
We also used percentage of relative error (RE%) in the 17
segmented regions of the perfusion polar map between
our proposed AC and the reference CTAC images:
ProAC—CTAC><
CTAC

RE% = 100

3)
The results of the comparative analysis are shown using box
plots. In these plots, the box shows the median (horizontal
line), with the lower (Q1) and upper quartiles (Q3) define

the 25" and 75" percentiles, respectively.

Moreover, the proposed attenuation maps were then
compared with the CT-based attenuation maps in terms of
Voxelwise MSE and SSIM.

vl 2

MSE = Ll Z(Pr oMap(v)— CTMap(v))
VX

v=1

(4)

SS[M — (2AveProMapAveCTMap + cl xzsProMap,CTMap + CZ)
2 2
(AveProMap + AveCTMap + cl lalz’roMap + 5(ZfTMap + Cz) (5)

Where vx/ stands for voxel, ProMap is the proposed
attenuation map, and CTMap is CT-based attenuation map.
In Equation (6), AVE, o and AVe 10 stand for the mean
value of the proposed attenuation map and CT-based
attenuation map, respectively. 62P70Map and 62CTMap denote
the variances of ProMap and CTMap, respectively, and

broMap T the covariance of ProMap and CTMap images,
respectively. The constants (C1: 0.01 and C2: 0.02) were

set to avoid division by insignificant values.

Statistical Analysis

The proposed attenuation maps were further applied
for AC on the cardiac SPECT images, and the AC-SPECT
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using the ProMap were evaluated against the AC-SPECT
images corrected with CTMap using RE%, MSE, and SSIM
and statistical analysis of 17 segmental average values of
myocardial counts. All continuous values were expressed
as mean + SD. The paired t-test was applied to determine
statistically significant differences in the quantitative values;
p values <0.05 were considered significant. GraphPad
InStat version 3.06 for Windows (GraphPad Software,
San Diego, CA, USA) and SPSS software (23.0; SPSS Inc.)
was used for statistical analysis. Segmental values of the
databases were expressed as the average and SD, which
were calculated by QPS software.

Results
Patient Studies-reconstructed Images

Table 1 shows the mean, and SD of the MSE, and SSIM
between the proposed attenuation maps and the CT
attenuation maps. Among the generated attenuation maps,
the lowest mean error metrics were resulted in the males’
attenuation map, which are MSE: 0.06+1.11. The highest
error metrics of males (MSE: 0.08 and 0.21 for rest and
stress respectively). The highest error metrics of females
(MSE: 0.11 and 0.10 for rest and stress respectively). The
mean of SSIM for females were 0.92+0.02 for stress and
0.93+0.01 for rest, respectively, and for males 0.96+0.01
for stress and 0.97+0.02 for rest, respectively.

Clinical myocardial perfusion image (MPI) SPECT/CT
data were used as a means of validating the proposed
attenuation map approach compared with direct AC using
a CT attenuation map. The qualitative analysis of the
comparison between two attenuation maps was checked
and approved by a well-experienced nuclear medicine
physician.

Table 2 shows that the intraclass correlation coefficient for
guantitative tracer uptake of images reconstructed using
the synthesized attenuation map and CT-based attenuation
map for attenuation-corrected images; the correlation
coefficients for males were 0.93 [95% confidence interval
(Cl), 0.91-0.95] for stress images and 0.95 (95% Cl, 0.93-
0.96) for rest images and for females were 0.87 (95% Cl,

0.84-0.89) for stress images and 0.92 (95% Cl, 0.91-0.94)
for rest images.

Although the clinical assessment of the method was not
within the scope of our study in this phase, the impact of
AC on clinical images was observed in some cases. Two
sample studies male and female of reconstructed images
from a SPECT myocardial perfusion study with and without
AC using CTMap and ProMap are shown in Figure 1. The
two patients were 73 and 62-year-old man and woman,
respectively, were presenting with chest pain. The figure
display depicts that without AC, low uptake in the in
the inferior, inferoseptal, and inferolateral walls can be
observed (yellow arrows), while this region becomes more
homogeneous with AC using either CTMap or ProMap.
Moreover, the result was interpreted as negative for
appreciable stress-induced ischemia.

The CT-based attenuation maps, and proposed attenuation
maps in the axial, coronal, and sagittal views at the upper
left, MPI SPECT reconstructed images corrected using CT-
based attenuation maps, proposed method and without AC
in short axis, horizontal long axis and vertical long axis views
and the polar map comparisons are shown in Figure 1.

The proposed method could generate consistent
attenuation maps with the standard CT-based attenuation
maps. The upper right images in Figure 1 for each subject
show that the myocardial perfusion SPECT reconstructed
images corrected using the CT-based attenuation map
and the proposed attenuation map have good consistent,
whereas obvious attenuation artifacts can be observed
in the non-attenuation-corrected images, as pointed by

Table 2. Percentage segmental tracer uptake: correlation
between proposed AC method and CT based AC method

AC

Male Female
Phase R 95% ClI r 95% ClI
Stress 0.93 0.91-0.95 | 0.87 0.84-0.89
Rest 0.95 0.93-0.96 | 0.92 0.91-0.94

r: Correlation coefficient, Cl: Confidence interval, AC: Attenuation correction

proposed attenuation corrected image

Table 1. The mean and SD of the mean square error one, and structural similarity index measure one between proposed
attenuation maps and the CT attenuation maps and MSE2 and SSIM2 between non-attenuation corrected image and

MSE1 MSE2 SSIM1 SSIM2
Metric | Female Male Female Male Female Male Female Male

Stress | Rest | Stress |Rest |Stress |Rest |Stress |Rest |Stress |Rest |Stress |Rest |Stress |Rest |Stress |Rest
Mean |0.07 |0.07 |0.07 |0.06 |0.23 0.21 |0.20 0.19 (092 |093 |09 |0.97 [0.69 0.75 |0.77 0.79
SD 0.002 |0.007 |0.004 |0.001 |0.012 |0.03 |0.01 0.02 [0.020 |0.010 [0.010 |0.020 |0.10 |0.09 |0.08 0.05

SD: Standard deviation, MSE: Mean square error one, SSIM: Similarity index measure, CT: Computed tomography
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the yellow arrows. The 17-segment polar maps for each
subject in Figure 1 (generated by Cedars-Sinai software
package) of the SPECT images corrected by both CT-based
and proposed attenuation maps are nearly consistent. In
contrast, the polar maps without AC clearly show different
patterns.

The new proposed method was also tested with the patients
having fixed defects. Figure 2 shows that the proposed
attenuation map works well not only with normal perfusion
patients but also with patients having fixed defects. As
shown in Figure 2 our result reveal that the proposed new

CTAC_polar map

Figure 1. a) A 73-year-old male normal patient. b) A 62-year-old female,
both have reversible cardiac perfusion defect in the right coronary arteries
NAC: Non-attenuation correction, CTAC: Computed tomography based
attenuation correction, ProAC: Proposed attenuation correction, SA:
Short axis, HLA: Horizontal long axis, VLA: Vertical long axis

CTAC ProAC

Figure 2. Polar plot presentation of nuclear myocardial perfusion
images from a male with fixed left circumflex artery perfusion defect
with attenuation (CTAC and ProAC) and without attenuation (NAC) on
standard SPECT/CT camera

NAC: Non-attenuation correction, CTAC: Computed tomography
based attenuation correction, ProAC: Proposed attenuation correction,
SPECT/CT: Single-photon emission computed tomography/computed
tomography
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method for cardiac AC is even better than the CT-based
AC. This might be because of the potential misregistration
of SPECT and CT data because of they are obtained
sequentially. Possible risk factors for misregistation include
improper patient positioning, respiratory motion, patient
motion, or mechanical misalignment of SPECT/CT device.
To reduce this problem, before generating the results, the
authors cross checked and corrected manually. Moreover,
after applying ProMAP and CTMap for AC our finding
showed that quantitatively better regional radiotracer
distribution in the inferior, septal, and anterior walls with
the new method than the CTMap-based method.

Polar plot presentation of nuclear MPIs from a male
with a fixed left circumflex artery perfusion defect with
attenuation (ProAC and CTAC) and NAC on a standard
SPECT/CT camera.

Homogeneity of Cardiac Images with and Without AC

Figure 3 shows the mean PV of circumferential count profiles
from short-axis patients images acquired with NAC, ProAC,
and CTAC. With ProAC and CTAC the percent variability
of circumferential count profiles was significantly reduced
in both genders, indicating greater image homogeneity.
The mean + SD values for females were (8.0+0.96% and
7.6£0.8072%) for CTAC, (7.9940.07% and 7.90+1.25%)
for ProAC and (10.67+1.02% and 10.07+1.60%) for NAC,
respectively, for stress and rest. The measures for males
were CTAC (6.8+1.17%, 7.140.63%), ProAC (7.6+0.98%,
7.2£0.79%) and, (10.16+£0.69%, 9.24+0.9%) respectively
for stress and rest. There were statistically significant
differences between ProAC and NAC values for females-

[ Female at Stress
Il Female at Rest
[ Male at Stress
[ Male at Rest

129

NAC ProAC CTAC

Figure 3. Circumferential percent variability, as a measure for image
homogeneity, in basal, mid and apical regions. Percent variability
improved significantly with the application of cardiac SPECT images with
ProAC and CTAC compared with NAC

NAC: Non-attenuation correction, CTAC: Computed tomography based
attenuation correction, ProAC: Proposed attenuation correction, SPECT:
Single-photon emission computed tomography
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stress and males-stress (p=0.034 and p=0.036), respectively,
and there were statistically significant differences between
CTAC and NAC for females-stress and males-stress (p=0.010
and p=0.035), respectively. Only for male stress that a
significant difference between CTAC and ProAC (p=0.035)
was observed.

Further quantitative analysis of the cardiac region was
conducted by examining the percentage of RE% in
the segmental region. Figure 4 shows box plots for the
percentage of RE% of each segmental region between the
ProAC and CTAC images for the cardiac regions across both
genders. The graph shows that there was no significant
median difference between the proposed AC and the
standard transmission-based AC except in apical-anterior
region in females in the rest phase (p<0.0001). 82% of
male and 76% of female patients had studies where there
was a segmental difference between ProAC and CTAC of
less than +5.

Statistical Differences in Database Analysis
In Table 3, clinical SPECT/CT data were used as a means
of validating the ProMap approach compared with direct

AC using CTMap and calculated segmental average and
SD values in 17-segment models for stress, and rest are

shown. Figure 5 shows perfusion polar maps reconstructed
images with and without AC using CTMap and ProMap.
After applying AC as revealed on the polar maps, uniform
count distribution was observed when the inferior and
anterolateral counts were compared

a)

Pl

10

Rel

IR
SRS
G E

3

Figure 4. Box and whisker plots along with relative error percentage
between images processed with ProAC and CTAC which were calculated
for 17 segments of myocardial regions: a) female-stress, b) female-rest,
¢) male-stress, d) male-rest respectively

ProAC: Proposed attenuation correction, CTAC: Computed tomography
based attenuation correction

Table 3. Segmental average and standard deviation values in the polar maps with non-attenuation correction, proposed
attenuation correction and CT-based attenuation correction

NAC ProAC CTAC

Stress Rest Stress Rest Stress Rest

Female | Male Female | Male Female | Male Female | Male Female | Male Female | Male
Apex 82+7.60 | 80+£7.10 | 81+8.40 | 79+7.10 | 81£7.55 | 79+6.2 | 78+7.72 | 83+6.30 | 82+6.40 | 79 +6.64 | 78+7.34 | 81+5.70
Apical-A | 77+£7.44 | 74+7.28 | 77+8.40 | 72+7.90 | 79+7.81 | 82+7.90 | 84+5.44 | 83+4.59 | 77+6.14 | 83+4.31 | 77+5.36 | 82+4.80
Apical-S | 84+7.84 | 77£9.40 | 78+6.52 | 76+10.00 | 86+6.41 | 88+5.70 | 84+5.70 | 88+7.74 | 86+6.34 | 85+5.61 | 83+6.01 | 86+5.62
Apical-l | 80+7.30 | 74+8.40 | 83+8.24 | 78+8.30 | 86+6.92 | 84+6.14 | 80+6.41 | 84+7.91 | 84+6.60 | 85+5.60 | 80+6.74 | 82+7.42
Apical-L | 76+9.10 | 77£9.70 | 78+6.80 | 78+6.11 | 82+5.84 | 87+6.92 | 82+4.82 | 86+6.21 | 84+5.90 | 88+5.11 | 83+4.26 | 85+5.80
Mid-AL | 78+6.63 | 77+7.08 | 81+6.80 | 74+9.10 | 85+5.70 | 88+5.00 | 87+5.33 | 87+7.30 | 86+5.41 | 89+4.50 | 88+6.30 | 88+7.30
Mid-IL 78+8.90 | 76+£8.20 | 79+6.80 | 79+8.01 | 84+5.04 | 82+6.30 | 88+4.27 | 88+7.20 | 87+4.50 | 85+7.20 | 89+5.44 | 88+5.41
Mid-I 80£10.1 | 71+6.81 85+£8.11 | 73+6.30 | 82+8.20 | 82+5.60 | 84+8.50 | 84+5.60 | 88+7.10 | 84+6.20 | 84+8.83 | 84+6.40
Mid-IS 80+7.20 | 71£8.30 | 78+4.12 | 72+6.20 | 85+7.20 | 80+5.80 | 85+6.50 | 81£5.00 | 84+5.40 | 79+6.33 | 85+6.90 | 81+5.44
Mid-AS | 75+£6.04 | 75+6.70 | 76+3.20 | 73+5.30 | 81+6.58 | 82+6.12 | 81+8.31 | 80+4.50 | 81+6.31 | 83+6.00 | 80+7.53 | 80+5.80
Mid-A 77+£8.10 | 73+6.60 | 77+6.90 | 77+4.43 | 78+7.83 | 86+3.05 | 73+7.74 | 85+6.67 | 78+7.33 | 86+3.64 | 76+7.80 | 85+6.09
Basal-A | 68+8.62 | 70+6.23 | 68+7.73 | 70+8.50 | 78+4.40 | 79+6.02 | 72+5.60 | 79+7.39 | 77+7.50 | 79+5.91 | 72+6.92 | 79+8.20
Basal-AL | 72+8.02 | 68+9.91 71+6.24 | 69+9.50 | 74£6.91 | 80+5.41 | 78+6.61 | 78+5.30 | 77+8.01 | 89+6.03 | 78+8.20 | 79+6.02
BasalL | 72+7.50 | 67+£10.10 | 724+6.29 | 68+9.33 | 74+5.10 | 74+6.54 | 79+£6.43 | 75£5.90 | 75+£7.13 | 76+5.81 | 78+4.70 | 76+6.00
Basal-l 70+£7.40 | 62+£5.73 | 68+7.73 | 64+5.90 | 76+£4.80 | 67+7.50 | 77+6.81 | 73+6.50 | 78+6.80 | 72+6.03 | 78+6.84 | 72+6.20
BasalIS | 68+7.91 | 62+6.40 | 67+£8.04 | 65+6.90 | 72+6.16 | 64+6.60 | 72+6.61 | 65+5.91 | 75+6.83 | 67+7.10 | 73+4.70 | 68+5.60
Basal-AS | 62+7.12 | 64+8.20 | 65+7.30 | 64+7.70 | 65+6.70 | 66+7.00 | 62+8.44 | 66+5.80 | 66+7.50 | 65+6.70 | 66+5.01 | 66+5.41
A: Anterior, S: Septal, L: Lateral, AL: Anterolateral, IL: Inferolateral, IS: Inferoseptal, AS: Anteroseptal, I: linferior, NAC: Non-attenuation correction, ProAC: Proposed attenuation
correction, CTAC: Computed tomography based attenuation correction, CT: Computed tomography
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Female Male

Figure 5. Comparison of the polar maps for NAC, ProAC and CTAC
in female and male. The differences in the lateral and inferior counts
between AC and NAC are shown

NAC: Non-attenuation correction, CTAC: Computed tomography based
attenuation correction, ProAC: Proposed attenuation correction, AC:
Attenuation correction

Paired t-test results for the comparison of ProAC and CTAC
are shown in Table 4. As it was revealed, in the most cardiac
regions, there is no significant difference between the two
methods, which indicates that our proposed method is
consistent with the standard method (CT based cardiac
AC).

A paired sample t-test demonstrated that counts in the
apical-lateral, mid-infrolateral, ~mid-anterolateral, mid-
inferoseptal, basal-inferior, and basal-anterolateral were
significantly higher than NAC in both genders and in both
AC methods (Table 5). With AC using CTMap and ProMap,
there were counted decreases in the apex for both genders
but only CTAC female rest was statistically significant
(p=<0.0001).

Regarding the gender difference analysis, for the stress
condition basal-inferior and infroseptal showed significant
differences in all ProAC (p=0.001 and p=0.001), CTAC
(p=<0.0001 and p=0.015), and NAC (p=0.006 and
p=0.006) respectively. Moreover, mid-anterior during the
rest condition showed a significant difference between
male and females in ProAC (p<0.0001) and in CTAC
(p=0.001 and p=0.001) during stress and rest conditions,
respectively. This might be caused by the anatomical
difference between females and males.

Discussion

In this study, we proposed an effective method for
generating an attenuation map directly from emission data
using the segmentation of non-rigid registration of XCAT
digital anatomical phantom with the emission image and
assigning the tissue-based density map. Validation on real
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patient studies revealed that the proposed method can
generate attenuation maps nearly consistent with CT-
based attenuation maps and were able to provide accurate
AC for myocardial perfusion SPECT images. Also, in most
of the regions, no significant segmental average values
of myocardial count differences were observed between
ProMap and CTMap (Table 4). This finding could be
important for the studies acquired with dedicated cardiac
SPECT or SPECT standalone scanners by providing AC
without transmission data.

In Figure 5, it can be seen that our proposed AC achieved
moreover similar results compared to the currently
used standard approach. The proposed method reduced
attenuation artifacts and changed the calculated segmental
average values of myocardial counts compared with NAC
databases. When AC is implemented optimally, the spread
of radionuclide for the lateral, inferior and anterior and lastly
septum received higher to lower perfusion. The attenuation-

Table 4. p values for comparison of proposed AC (ProAC)
versus CT-based AC (CTAC)

P values for comparison of ProAC and

CTAC

Stress Rest

Female | Male Female | Male
Apex ns ns ns ns
Apical-A ns <0.0001 | ns ns
Apical-S ns ns ns ns
Apicak ns ns ns ns
Apical-L ns ns ns ns
Mid-AL ns ns ns ns
Mid-IL ns ns ns ns
Mid-| ns ns ns ns
Mid-IS ns ns 0.008 ns
Mid-AS ns ns ns ns
Mid-A ns 0.001 ns ns
Basal-A ns ns ns ns
Basal-AL ns ns ns ns
Basal-IL ns ns ns 0.014
Basall ns ns ns ns
BasalHS 0.016 ns ns ns
Basal-AS ns ns ns ns
A: Anterior, S: Septal, L: Lateral, AL: Anterolateral, IL: Inferolateral, IS: Inferoseptal,
AS: Anteroseptal, I: linferior, NAC: Non-attenuation correction, ProAC: Proposed
attenuation correction, CTAC: Computed tomography based attenuation correction,
CT: Computed tomography, ns: Not significant, AC: Attenuation correction
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corrected myocardial perfusion counts
using both ProMap and CTMap were
more homogeneous than NAC images
and the anterolateral, inferolateral and
inferior counts were increased. We found
an increase inhomogeneity in females
than men after AC was applied. This is
in agreement with the observations of
Masood et al. (11). Moreover, to apply
the proposed AC for clinical use, there is
a need for creating attenuation-corrected
databases for quantitative analysis.

MPIs most often suffer from attenuation
artifacts in males and females due to
attenuation from the diaphragm and
breast (37,38). Although the clinical
assessment of the proposed method was
not within the scope of our study in this
phase, there is a positive influence of AC
on these attenuation artifacts. Figure 6,
shows stress-only MPI performed with
SPECT/CT in a female patient (body mass
index 31 kg/m?) shows a large clear
perfusion defect in the anterolateral
myocardial wall (arrows) on images
obtained without attenuation correction
(NAC), whereas attenuation-corrected
images (ProAC) show no evidence of a
defect at this site (arrowheads). These
findings indicate a soft-tissue attenuation
artifact that was eliminated with AC.

There were significant differences with
and without AC average count in the
inferior region for males (which is expected
where diaphragm attenuation artifact is
prominent, p=<0.0001 and <0.0001) and
basal-anterolateral for females (where
breast attenuation artifact prominent,
p=0.02 and <0.0001) for stress and rest,
respectively. This result is promising in
terms of improving attenuation artifacts in
the inferior segment in males and anterior
segments in females because it provides
a homogeneous count distribution in
both genders. In a CT-based AC study
by Grossman et al. (39), AC polar maps
increased global uniformity of the count
distribution.

As expected, there were significant count
distribution differences between ProAC
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NAC ProAC

Figure 6. Images obtained without attenuation correction (NAC)
and with attenuation-correction (ProAC) and the effect of soft tissue
attenuation artifact for large density breast was eliminated with the
proposed attenuation correction
NAC: Non-attenuation correction,
correction

and NAC and between CTAC and NAC with stress and rest
conditions for both genders. In most of the regions, both
AC methods showed that gender differences were not
statistically significant, which is consistent with the finding
of Grossman et al. (39). However, our technique created a
slightly higher bias on female subjects than male subjects,
which is agreement with the finding of Shi et al. (1). This
might be caused by the anatomical difference between
females and males.

ProAC: Proposed attenuation

In our study, the quantitative analysis performed using
MSE, and SSIM to assess the consistence of the proposed
attenuation map with CT-based attenuation map (Table 1).
The range of absolute RE in any 17 segmental region did
not exceed 15%. More or less the percentage of RE was
consistent over all regions.

The overall benefit of AC in clinical cardiac SPECT was
beyond the scope of the current study. We expect a limited
benefits in increasing the quality and quantitative analysis
in the diagnosis of CAD. Moreover, avoiding the necessity
of CT data for AC reduces the radiation exposure risk to
the patient. The proposed method of AC is not intended
to replace CT but rather to be viewed as a valid alternative
when CT is not available. Also, there may be suspicious
drawbacks concerning the reduction of accuracies in real
clinical cases due to smearing or over correction, which
should be further addressed in future clinical applications
of the proposed AC method.

Study Limitations

Our study has several limitations: precisely registration
of an XCAT digital phantom with emission image and
assignment of attenuation values to the right region is
not an easy task. Although non-homogeneous density of
body tissue needs to assign continuous attenuation values,
discrete attenuation coefficients are used for segmented
XACT-emission image non-rigid registration-based AC.
Therefore, analyzing the interindividual irregularity of
tissue density and its effect on AC in cardiac SPECT is an
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imperative issue. Moreover, an important limitation of this
study is the interpatient variability of attenuation values,
which can be the main cause of error in cardiac SPECT
emission data. Mainly, based on the risk factors such as
age, disease, and breathing patterns, lung density shows
a high degree of interpatient variability of up to 10% (40).
Image reconstruction and registration method used to
obtain the final attenuation corrected of SPECT emission
images also affect the final result.

Conclusion

The proposed attenuation maps show good agreement with
the CT-based attenuation map. AC is feasible for myocardial
perfusion SPECT images by only emission data as an alternative
to the AC by CT-derived attenuation map. This could direct
benefit studies acquired with dedicated cardiac SPECT or
SPECT standalone scanners. There were significant count
differences between ProAC and NAC, and the homogeneity
of radioactivity distribution was increased with ProAC. Further
studies in patients with CAD should be conducted to evaluate
the clinical efficacy of the proposed AC method.
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