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BupTtyanbHas nnargopMa AN MMUTaLUOHHOIO Seckie
KOMMNbIOTEPHOro MOJe/IMPOBaHUSA PafUOHYKIUIHOIA
BU3yanu3aLuM B AAEPHOU KapAUONIOTrUHK.

CpaBHeHMEe C KIMHUYECKUMMU faHHBIMKU
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AHHOTALIMA

06ocHoBaHuMe. B 0bnacTv pagnoHyKIMOHONM BU3yanm3aLUmMn KIIMHUYECKME UCCIEA0BaAHUS Ha JIOASX iN ViVO OrpaHuyeHbl U3-3a
Jly4eBOM Harpy3Ku W 3TUHECKUX HOpM, NO3TOMY BCE BO3pacTalollee 3HayeHue npuobpeTaloT MeToAbl MaTeMaTMYeCcKoro Mo-
AEeNMPOBaHNSA N UMUTALMOHHBIX KOMMbIOTEPHBIX UCMbITaHWIA in silico, 0CHOBaHHbIe Ha UMPPOBLIX MOAeNsX. B aHrnossbiuHoM
nuTepatype 3TOT NOAXOL nonyyuun Hassakue «Virtual clinical trials».

Lienb — passuTue NporpaMMHbIX CPEACTB 4151 UMUTALMOHHOTO MOJENMPOBaHUA PaAVOHYKIMAHON BU3yanu3aummu nepdysuu
MWOKapAa MeToA0M 04HO(OTOHHON 3MUCCUOHHOW KOMMbBIOTEPHOM TOMOrpagum, COBMELLLEHHOM C KOMMbIOTEPHOM TOMOrpadm-
eil, C UCnonb30BaHNeM paauodapMaLieBTyecKoro npenapara “™Tc-MUBW, a TakKe npoBefeHne nccneoBaHWUi, Hanpas-
IEHHBIX Ha MOBbILLEHUE TOYHOCTM 0AHOGDOTOHHON IMUCCMOHHOM KOMMBIOTEPHON TOMOTpaduy.

Matepuanbl u Metoapl. PaspaboTaH nporpaMMHbIA KoMMeKe «BupTyanbHas nnatdopMa ans UMUTALMOHHBIX UCTbITaHMIA
MeT0Aa OAHO(MOTOHHOM 3MUCCUOHHOM KOMMBLIOTEPHOI TOMOrpaduu, COBMELLIEHHOM C KOMMbIOTEpHOW ToMorpadueii, B aaep-
HOM Kapavonoruu» € MCnosb30BaHWeM LMbpoBbIX MoAEeNeN NaLMeHTa, CKaHepa 1 OLIEHKM COCTOSHUSA MUOKapa C MOMOLLbIo
LMdpOBbLIX M300paXKeHMIn NEBOTO XENyLoUKa B BUAE «MOMSAPHOA KapTbi». BbinonHeHa BepudMKaLms NporpaMMHOTO KOM-
MNieKca NyTeéM CPaBHEHUS C KIIMHUYECKUMU AaHHBIMM, NOMTyYeHHbIMM B HaLUMOHaNbHOM MeAMLMHCKOM MCCNeA0BaTeNlbCKOM
LieHTpe Kapavonorun umenn akagemuka E.W. Yasosa (MockBa). MpoBeaeHbl MMUTALMOHHBIE KOMMbIOTEPHBIE UCTIbITAHMS,
B KOTOPbIX MCC/lefl0Banach TOYHOCTb OLEHKW COCTOSHMS MWOKapAa B 3aBUCUMOCTM OT NOAX0AA K HOpManu3aummu NonsipHoi
KapTbl 1 Y4ETa KOPPEKTUPYHOLLMX (aKTOpOB B airOPUTME PEKOHCTPYKLMM.

Pe3ynbtathl. Pe3ynbTatbl MMUTALMOHHBIX UCTIbITAHWIA NTOKa3au, YTO OLEeHKa nepdy3un MUOKapAa NeBOro XenynoyKa cylie-
CTBEHHO 3aBUCHT OT MeTO[,a HOPManM3aLuW NoNApHON KapThl M YYETA KOPPEKTUPYIOLLMX HAKTOPOB B anropUTMe PEKOHCTPYK-
umn. Haubonee TouHble OLEHKM BbIAM MonyyeHbl NpU pacyéTe Ko3dduMLMeHTa HOpManM3aUmn no yCpeaHEHHOMY 3HAUEHMIO
aKTUBHOCTM B HOpPMaJlbHOM 30He MUOKapAa. [ToKasaHo, YTo pacnpoCTPaHEHHbINA NOAXO0A K HOPMann3aLmm Mo NUKCENIo ¢ MaK-
CMMarbHOW MHTEHCUBHOCTBIO MOXET NMPUBOAMUTL K OLUMBKaM. Pe3ynbTathl «BUPTYasibHbIX» UCMBITAHWA MOJIHOCTBIO COOTBET-
CTBOBa/M KIIMHUYECKUM HabmogeHnam.

3akuitoueHue. [lepexop, 0T OTHOCUTENBHBIX HOPMaNM30BaHHbIX 3HAYEHWUN HAKOMMIEHUS aKTUBHOCTU B MUOKapAe K abcontoT-
HbIM KOJIMYECTBEHHBIM OLIEHKAM MOXET CHATb CYLLECTBYHOLLME OrPaHUYEHUs U HEONPELENEHHOCTU U ABNAETCS [NaBHbIM YC-
NIOBUEM MOBBILLIEHUS AUArHOCTUYECKOM TOYHOCTU MeTofa 0AHOMOTOHHON IMUCCUOHHOW KOMMBIOTEPHOM TOMorpaduu, coBMe-
LLIEHHOM C KOMMNbIOTEPHOI TOMorpadmeid, B AAEPHON KapAMONOoruu.

KnioyeBble cnoBa: OAHO(OTOHHAs 3MUCCMOHHAA KOMMblOTEPHas ToMorpadus, COBMELLEHHAsA C KOMMbIOTEPHOV
ToMorpaduei; afepHas Kapanonorus; MaTeMaTuyeckuii GaHToM; MaTeMaTMYECKOe MOJENUPOBaHHeE.
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Virtual platform for computer simulation
of radionuclide imaging in nuclear cardiology:
Comparison with clinical data

Natalya V. Denisova'?, Mikhail A. Gurko'?, Inna P. Kolinko'?, Alexey A. Ansheles?,
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! Novosibirsk State University, Novosibirsk, Russian Federation;
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ABSTRACT

BACKGROUND: In radionuclide imaging, in vivo human clinical studies are limited because of radiation exposure and ethical
concerns; therefore, mathematical modeling and in silico computer simulations based on digital models are becoming
increasingly important. In the English-language literature, this approach is called “virtual clinical trials.”

AIMS: This study aimed to develop software tools for the simulation of radionuclide visualization of myocardial perfusion by single-
photon emission computed tomography combined with computed tomography using #™Tc-MIBI as the radiopharmaceutical
and perform studies aimed at improving the accuracy of single-photon emission computed tomography.

MATERIALS AND METHODS: A software package “Virtual platform for simulations of single-photon emission computed
tomography combined with computed tomography method in nuclear cardiology” was developed using digital patient models,
a scanner, and assessment of the state of the myocardium using digital images of the left ventricle in the form of a “polar map.”
Verification of the software package was performed by comparison with clinical data obtained at the National Medical Research
Center of Cardiology Named After Academician E.I. Chazov (Moscow). Simulation computer tests were performed, in which the
accuracy of assessing the state of the myocardium was assessed, depending on the approach to normalizing the polar map and
corrective factors in the reconstruction algorithm.

RESULTS: The results of the simulation tests revealed that the assessment of left ventricular myocardial perfusion significantly
depended on the method of normalizing the polar map and considered corrective factors in the reconstruction algorithm. The
most accurate estimates were obtained by calculating the normalization coefficient from the average value of activity in the
normal zone of the myocardium. The common approach to pixel normalization with maximum intensity can lead to errors. The
results of the virtual trials were fully consistent with clinical observations.

CONCLUSIONS: The transition from relative normalized values of activity in the myocardium to absolute quantitative estimates
may eliminate existing limitations and uncertainties and is the main condition for improving the diagnostic accuracy of single-
photon emission computed tomography combined with computed tomography in nuclear cardiology.

Keywords: single-photon emission computed tomography combined with computed tomography; nuclear cardiology;
mathematical phantom; mathematical simulation.
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BACKGROUND

Single-photon emission computed tomography with
computed tomography (SPECT/CT) is a modern diagnostic
technique in nuclear medicine. It is widely accepted as the
clinical standard for examining patients with cardiovascular
diseases [1]. SPECT/CT imaging can detect myocardial
perfusion defects (impaired blood supply) that precede
irreversible fatal damage. An intravenous radiopharmaceutical
is administered during the examination, which is distributed
in the myocardium proportional to blood flow and reflects
myocardial perfusion. Radiopharmaceuticals accumulate only
in healthy myocardial cells and hence serve as a marker of
normal function.
SPECTimaging assesses heterogeneous radiopharmaceutical
uptake in left ventricular (LV) cardiomyocytes. Slices and
“polar maps” are used to visualize the LV. A polar map is
a graphical digital representation of the entire surface of
the LV myocardium in a single planar image that enables
measurement of normal perfusion areas and the extent and
severity of damage. Three commercial software packages
were developed to display the LV as a polar map:
+ 4D-MSPECT (University of Michigan Medical Center,
Michigan, USA) [2];

+ Emory Cardiac Toolbox (ECTb; Emory University,
Atlanta, USA) [3];

+ Quantitative Perfusion SPECT (QPS) (Cedars-Sinai
Medical Center, Los Angeles, USA) [4].

All three packages are currently standardized and
widely used in clinical SPECT systems. However, these
packages provide different quantitative assessments of the
myocardium [5]. According to an editorial by Germano [6],
the final results of different software packages are generally
comparable; however, significant differences were found
between the packages in the quantitative assessment of
myocardial perfusion.

How precise the estimates are and how closely they
match the actual distribution of radiopharmaceuticals in the
myocardium remains unclear. Studies that compare the polar
maps of the reconstructed image of the LV myocardium to a
reference polar map of a myocardial phantom with a known
radiopharmaceutical distribution are required to assess
the accuracy of SPECT imaging in nuclear cardiology. Such
studies are performed in clinical settings using calibration
phantoms (in vitro). However, owing to the high cost and
radiation exposure of researchers, performing dozens or
hundreds of such studies is challenging. Furthermore,
studies with calibration phantoms do not capture the entire
range of clinical cases. A viable alternative is computer
simulation (in silico) using digital anthropomorphic
phantoms to represent patients with various body types and
lesions of various sizes and locations. Computer simulation
encompasses all sequential stages of SPECT/CT imaging,
from radiopharmaceutical distribution in the patient’s organs
to semiquantitative perfusion assessment using a polar map.
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This approach, called virtual clinical trials, has been actively
evolving in high-tech nuclear medical centers worldwide over
the last two decades [7]. Such research has only recently
become available in Russia [8, 9].

AIM

This study aimed to develop a virtual platform for
simulation testing of SPECT/CT in nuclear cardiology that will
use digital models of the patient, scanner, and myocardial
assessment based on digital representations of the left
ventricle in the form of a polar map. For the first time,
computer simulation experiments included the analysis of
the relationship between semiquantitative LV myocardial
perfusion assessment and the polar map standardization
approach and correction factors in the reconstruction
algorithm.

MATERIALS AND METHODS

We developed a virtual platform for simulation testing
of SPECT/CT in nuclear cardiology using digital models of
the patient, scanner, and myocardial assessment based on
digital representations of the left ventricle in the form of a
polar map. The software package has a modular structure
and includes four modules that simulate all sequential stages
of the examination, from radiopharmaceutical (technetium-
99m methoxy isobutyl isonitrile, *™Tc-MIBI) distribution in
the patient’s organs to LV myocardial perfusion assessment
using polar maps:

+ Virtual patient program;

« Virtual scanner program;

+ Image reconstruction algorithms program;

+ Polar map program.

Virtual Patient program

An  anthropomorphic  mathematical phantom
(mathematical model of torso, MMT) developed at the Institute
of Theoretical and Applied Mechanics (Novosibirsk) was used
[9, 10]. Each organ of the MMT phantom was generated
using analytical geometry equations describing appropriate
three-dimensional (3D) shapes (planes, cones, cylinders,
paraboloids, ellipsoids, etc.). These shapes were overlaid,
intersected, and truncated using logical Boolean operators
to generate complex geometric compositions that describe
the outlines of organs close to the Atlas images [11]. The
phantom is represented as 64 x 64 x 64 or 128 x 128 x 128
digital arrays.

MMT is a voxel phantom based on analytical geometry
equations that describe surfaces (boundaries) dividing
structures with different morphological characteristics. It
is possible to generate phantoms with different anatomical
structures and in different positions by modifying the
parameters of the geometric shapes. This study used an
anatomical model of a typical male patient in a position with
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his arms up. The model includes the torso, chest bones, lungs,
heart, spleen, stomach, and kidneys. The large intestine
represents the intestines. Diagnostic nuclear medicine rarely
requires detailed imaging of fine anatomical structures. The
MMT does not consider heartbeat and respiratory excursion.
This model generally corresponds to modern SPECT/CT
systems in the phase mode, with cardiac and respiratory
motions removed. The model is presented in Fig. 1.

The distribution of radiopharmaceuticals in various
organs, rather than the anatomical structure of the
patient, plays a critical role in nuclear medicine simulation
studies. The virtual patient program generates a 3D map
of radiopharmaceutical uptake (“activity map”) in the MMT
phantom using clinical data on the distribution of #™Tc-MIBI.
As an example, Fig. 2 shows clinically reconstructed SPECT
images of a real patient, with activity values in several organs

Fig. 1. 3D mathematical model of the torso simulating the
anatomical structure of a typical male patient in the position with
arms up: @: anterior view; b: posterior view. Model in a discrete
representation, 128 x 128 x 128.

Fig. 2. Clinical data. Relative mTc-MIBI uptake (pulse/voxel)
in chest organs. The images were obtained using single-photon
emission computed tomography with computed tomography
(Philips BrightView XCT) at the El Chazov National Medical Research
Center of Cardiology.
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Table 1. Relative “mTc-MIBI uptake in phantom organs in the
mathematical model of the torso

Organ Relative *mTc-MIBI uptake,
pulse/voxel
Soft tissues 130
Lungs 100
Liver 900
Heart 750
Large intestine 1000
Gallbladder 2500

in pulse/voxel units. Data were collected using SPECT/CT
imaging (Philips BrightView XCT, Philips, Netherlands) at the
El Chazov National Medical Research Center of Cardiology.
These values may differ among patients. The present study
used the values shown in Table 1 when creating an activity
map for the MMT phantom. A homogeneous distribution of
activity within each organ was specified, except for modeling
LV myocardial ischemic injury.

Figure 3 shows the activity map for the phantom. The
image is cropped in accordance with the gamma camera
dimensions. The lungs, kidneys, spleen, and stomach are not
shown because the concentration of radiopharmaceutical
is nearly the same as that in soft tissues. LV, liver,
gallbladder, and intestinal loops are clearly visualized. The
heart model is represented by the LV because the right
ventricle is practically invisible on SPECT images because
of its thin walls.

In clinical tests, CT findings are used to account for
the attenuation of gamma radiation in biological tissues of
various densities, and an individual 3D attenuation map is
generated. An attenuation map for the MMT phantom was
generated in this study, which included the main differences
by substance density. Three media of different densities were
studied: lungs (air), soft tissues (water), and skeletal bones.
Table 2 presents the attenuation coefficients for 140 keV
gamma radiation used in this study [12].

Thus, the virtual patient program generates three
phantoms: anthropomorphic anatomical MMT phantom,
activity map, and attenuation map.

|
‘

”»
-
-
-
-
-
-

Prs e

Fig. 3. a: Radiopharmaceutical uptake map: 3D distribution
of relative *“mTc-MIBI concentrations calculated based on a
mathematical model of the torso. Map in a discrete representation,
128 x 128 x 100; b: attenuation map generated based on a
mathematical model of the torso. Map in a discrete representation,
128 x 128 x 100. The central longitudinal cross-section is presented.
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Table 2. Attenuation coefficients for 140 keV gamma radiation
(technetium)

Attenuation coefficients for 140 keV

Organ (medium) gamma radiation, 1/cm

Soft tissues (water) 0.15
Lungs (air) 0.04
Bones 0.28

Virtual Scanner program

The virtual scanner program modeled SPECT/CT imaging
in a “virtual patient.” Raw projection data were calculated
using the Monte Carlo procedure. From a mathematical
standpoint, this stage solves a direct problem: gamma
radiation transmission from a specified spatial source
through substances of different densities. There are two main
approaches to solving such problems.

The first is based on solving transfer equations that
describe gamma radiation transmission in a substance and
on geometric approximations when calculating gamma ray
transmission through a collimator detector system. However,
this approach requires additional shadowing procedures to
account for Poisson data.

The second is a statistical approach based on the
Monte Carlo procedure. This approach employs a random
(pseudorandom) number generator in various statistical
modeling methods for distributions characterizing physical
processes such as the Poisson distribution (radioactive decay,
mean free path), Klein—Nishina—Tamm distribution (angular
distribution of scattered photons), and Gaussian distribution
(different fluctuations of the detecting system). The modeling
of the raw data collection included several stages:

1. Gamma ray emission by a source;

2. Radiation transmission through a substance;

3. Detector response formation.

At the stage of modeling gamma ray emission by a
source, coordinates, directions, energy, and other variable
gamma ray characteristics are generated based on specified
distributions. For modeling the “™Tc-MIBI source, the
distribution of particle emission directions was considered
to be uniform over the entire solid angle, and the energy
distribution was specified by a delta function of 140.5 keV.
The activity map defines the distribution of the gamma ray
emission coordinates.

Modeling radiation transmission through a substance
is time-consuming. Thus, properly selecting models for
describing physical processes and accurately implementing
them algorithmically is critical. We used our own software,
which implements several validated algorithms for modeling
both the transmission of gamma rays and their interactions
with a substance.

The NIST XCOM database was used as an interaction
cross-sectional database for gamma ray interactions with
substances [13]. Three main types of interaction were
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considered during gamma ray transmission through a
substance: the photoelectric effect, Compton scattering,
and coherent scattering. The scattering angle indicators
for Compton and coherent scattering were modeled using
the algorithms provided in the Livermore low-energy
electromagnetic models of the Geant4 modeling package
(Geant4 Collaboration) [14]. A combination of algorithms
was used for gamma ray transmission modeling. If the
volume in which the gamma ray is located at a time moment
is inhomogeneous (defined voxel-wise or parametrically),
the peak cross-section method is used to generate the
mean free path (Woodcock tracking) [15]. If the volume is
homogeneous, the mean free path is generated according to
the law of exponential attenuation. These methods determine
the mean free path, which is then compared to the particle
path length before leaving or entering another volume,
which is calculated via algorithms for determining the ray
intersection with geometric shapes.

In this study, the gamma ray transmission was calculated
through a low-energy high-resolution collimator. The method
for calculating projection data was verified by comparing
it with clinical findings. Figure 4 shows an example of
raw data generated using the Monte Carlo procedure: left
anterior oblique (@), frontal (b), right anterior oblique (c), and
left lateral (d) projections. The projections were obtained
considering the #™Tc-MIBI uptake map and virtual patient
attenuation map (Fig. 3). Similar clinical projections obtained
using SPECT/CT imaging (Philips BrightView XCT) at the El
Chazov National Medical Research Center of Cardiology are
shown for comparison. The LV myocardium images in these
projections are in good agreement.

Image Reconstruction Algorithms program

For image reconstruction, modern commercial SPECT/
CT systems use algorithms based on maximum likelihood
expectation maximization (MLEM) [16] and its accelerated
version, ordered subset expectation maximization (OSEM):

rn+l _ f'n giaij )

M=E-Y =5
! Zaij i Zaik ‘
; k

where: _ -

- f"and f;" are activity (pulse/voxel) in the j* voxel
c{uring iteration steps (n + 1) and n, respectively;

- g, is the number of recorded pulses in the it pixel of
the detector;

* a;is a system matrix that describes the probability
that a photon emitted in the j'" voxel of the uptake map
will be recorded in the it" pixel of the detector.

A homogeneous distribution is used during the first step.

We used our own image reconstruction algorithms

software to calculate the system matrix, which considers the
physical effects associated with gamma radiation transmission
through biological tissues and a collimator—detector system.
The accuracy of the system matrix calculation determines



https://doi.org/10.17816/DD595696

ORIGINAL STUDY ARTICLES

Vol. 4 (4) 2023

Digital Diagnostics

Fig. 4. Comparison of projections obtained in a clinical setting during examination (top) and those calculated according to the Monte Carlo
procedure (bottom) using a 3D activity map of a virtual patient: a: left anterior oblique projection; b: frontal projection; c: right anterior
oblique projection; d: left lateral projection. Clinical data were obtained using single-photon emission computed tomography (Philips
BrightView XCT) at the El Chazov National Medical Research Center of Cardiology.

the quality of the reconstructed images. The system matrix
elements are presented as follows:

att col —det
a; =Py x Py )

where:

. ,‘-L” estimates the likelihood that a photon emitted
in the j voxel of the activity map will pass through
the virtual patient’s biological tissues and hit the k™"
pixel of the collimator surface. That is, this variable
describes the gamma flux attenuation due to scattering
in biological tissues. Attenuation correction (AC) is
used to describe this effect.

- P2 "™ estimates the likelihood that a photon will pass
through the collimator and be recorded as a pulse
in the k™ pixel of the detector. That is, this variable
describes the effect of passing through the collimator
and detector crystal while accounting for the point
spread function. Resolution recovery (RR) is used to
describe this effect.

Figure 5 shows a fragment of the *"™Tc-MIBI uptake map

of the MMT phantom and its reconstruction using the 0SEM
algorithm based on the data obtained in the virtual scanner

program (Fig. 4). A similar clinical image obtained at the El
Chazov National Medical Research Center of Cardiology using
the Astonish algorithm during myocardial perfusion imaging
in a real patient is shown for comparison.

Polar Map program

Because existing commercial polar map packages are
closed source software and cannot be modified, several
researchers use their own software [17-20]. One of the first
polar map generation programs was created at the Catholic
University of Leuven (Belgium) for computer simulation
studies [17]; it was later used by Turco et al. [20].

A research group from Kanazawa University, Japan,
proposed an alternative to the three standard packages
[18]. The authors discovered that the diagnostic results of
the same patient differed when different software packages
(4D-MSPECT, ECTb, and QPS) were used; thus, they created
their own open source software to standardize the research.
In Russia, polar maps were developed by Kotina et al. in
St. Petersburg [19].

An example of a clinical image obtained at the EI Chazov
National Medical Research Center of Cardiology using the

Fig. 5. ”mTc-MIBI distribution in chest organs: a: phantom; b: reconstruction; c: clinical case. The clinical case was obtained using single-
photon emission computed tomography at the EI Chazov National Medical Research Center of Cardiology.
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QPS package is shown in Fig. 6. The first column (on the left)
presents images in slice mode after a stress test; the second
column presents the same images at rest. In the tomographic
slice mode, data were displayed in three cross-sections:
along the vertical long axis, horizontal long axis, and short
axis. The third column presents polar maps in percentage
mode (from top to bottom: stress map, rest map, and map of
differences). The third column shows 3D LV images.

In this study, a method for generating a polar map that is
similar to the commercial QPS software was devised. The LV
image is manually segmented, the main axis is determined,
and the image is rotated. The epicardial and endocardial
surfaces specified in the phantom were used to eliminate
delineation errors. The LV is moved to a separate file and
divided into layers along the long axis (Fig. 7). Subsequently,
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data on cumulative activity (pulse/voxel) in each layer are
collected. The distribution of cumulative activity proportional
to the degree of myocardial perfusion was recorded
sequentially in each layer as circular profiles. The data
collection process can be divided into two nested cycles. In
the first cycle, there is a descent through the layers from
the top of the LV (basal part) to the bottom (apical part). In
the second cycle, data on cumulative activity in each sector
of the cross-section are collected. The mean value was
calculated based on the thickness of the myocardium and
in each sector of the slice. According to Turco et al. [20],
this method of calculating cumulative activity provides better
accuracy than using the uptake value based on the maximum
value in the myocardium. The number of sectors into which
each slice is divided is calculated automatically based on the

Fig. 6. Graphical representation of clinical myocardial perfusion assessment using single-photon emission computed tomography. Images
were obtained using the QPS software during examination at the EI Chazov National Medical Research Center of Cardiology.

i

Fig. 7. Left ventricle model cross-section along the vertical long axis (left) is divided into layers of short axis (SAX), and the cumulative
activity values in each cross-section are projected onto the polar diagram as concentric rings, with the basal part of the left ventricle
corresponding to the outer ring and the apical part corresponding to the inner ring (arrows show where each layer is projected onto the

polar map).
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shape and size of the LV. As shown in Fig. 7, the cumulative
activity values in each cross-section are projected onto the
polar diagram as concentric rings, with the basal part of
the LV corresponding to the outer ring and the apical part
corresponding to the inner ring.

“VIRTUAL" studies

Methodology of computer simulation

Computer simulation included all sequential stages of
myocardial perfusion assessment using SPECT/CT imaging
with ""Tc-MIBI, from radiopharmaceutical distribution
in the patient’s organs to perfusion assessment using a
polar map. First, the virtual patient program calculated the
radiopharmaceutical distribution using the MMT anatomical
model. Imaging in a virtual patient was modeled using the
virtual scanner program and the Monte Carlo procedure.
The data collection parameters were close to clinical
parameters and were determined according to the European
Association of Nuclear Medicine (EANM) protocol [21]. The
gamma camera had a 180° arc from the left posterior
oblique projection to the right anterior oblique projection.
Data recording was simulated in a step-by-step mode
with a circular orbit. The number of projections (n = 32)
and exposure time per projection (15 s) corresponded to
the standard clinical protocol for Philips BrightView XCT.
Approximately 100,000 pulses (counts) were recorded in
each projection because of simulation using the Monte Carlo
procedure. The total number of recorded pulses during raw
data collection was 4,000,000. The image was reconstructed
using the conventional OSEM algorithm (eight subsets, two
iterations) based on the calculated projection data. Using a
polar map software, the 3D LV image was then displayed as
slices and a polar map, and a semiquantitative myocardial
perfusion assessment was performed. The accuracy of
SPECT imaging was assessed by comparing the polar map
of the reconstructed image of the LV myocardium with a
reference polar map of a phantom, i.e., a virtual patient with
a known, specified radiopharmaceutical distribution.

Problems of interest

Computer simulation studies analyzed the accuracy of
myocardial perfusion assessment depending on the polar
map standardization approach and correction factors in the
reconstruction algorithm.

Relationship between myocardial perfusion assessment

and the polar map standardization approach

The homogeneity of radiopharmaceutical distribution
was assessed based on reconstructed LV image mapping
as a standard 17-segment polar map. Clinical studies
have assessed the following parameters of LV myocardial
perfusion: summed rest score (SRS), summed stress score
(SSS), and summed difference score. In mathematical
modeling, the radiopharmaceutical distribution was
supposed to correspond to the rest mode. In this study, the
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total SRS and local relative perfusion in percentage mode
(normalization) were calculated using the three approaches
described in the literature:

A S, score

This approach is the most common and used to generate
polar maps with the 4D-MSPEC [2], ECTb [3], and QPS [4]
software. The pixel with the highest activity is selected on
the polar map and assigned a value of 100%. The remaining
pixels are assigned a percentage value based on their
proportion to the maximum value. The mean uptake values
(in percentage) for each sector are then calculated, as well
as their sum (S,,,), which is an analog of the SRS parameter.

B. S, score

To minimize the impact of false hot spots, the Cedar-
Sinai AutoQUANT QPS/QGS v.7.2 user manual recommends
normalizing polar maps so that the 90th percentile equals
100%. The mean uptake values (in percentage) for each
sector are then calculated, as well as their sum (S,).

C. S, score

In a recent publication, Garcia et al. [22] have presented
recommendations from the authors of the commercial
software 4D-MSPEC [2], ECTb [3], and QPS [4] (2007) for
polar map standardization. The authors recommend using
“the perfusion intensity in the most normal area within the
LV,” rather than the maximum intensity value, as 100%. All
pixel values greater than or equal to the normal intensity are
considered as 100%; the rest are calculated by proportion.
The mean uptake values for each sector are then calculated,
as well as their sum (S,,,,). Okuda et al. [18] have proposed
standardization based on the mean intensity in the normal
area of the myocardium. In this case, a normal area is
defined as a cluster of pixels with intensity in the 80th (+10)
percentile for the entire data sample.

For all three approaches, the mean radiopharmaceutical
uptake was calculated in percentage mode for each sector of
the polar map. Perfusion was assessed using the threshold
values shown in Table 3, which serve as the default template.
Based on the calculated percentages of uptake, each sector
is assigned a score from 0 to 4, and these scores are added
together. As a result, total scores (analogs of the SRS
parameter) are obtained.

Relationship between myocardial perfusion assessment

and correction factors in the reconstruction algorithm

In Russia and worldwide, there are various operational
SPECT systems that do not have CT support. Computer
simulation studies included a comparative analysis of
myocardial perfusion assessment with and without
attenuation correction in the reconstruction algorithm. When
reconstructing images with AC, the value P,‘-’,ft in formula
(2) was calculated individually for each nonzero activity
voxel, taking the attenuation map into account. In computer
simulation without attenuation correction (non-AC), P/'»’,f =1.
For the reconstructed images of the LV myocardium, AC and
non-AC polar maps were generated.
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Table 3. Left ventricular myocardial perfusion assessment
Lesion severity Score Segment perfusion (relative to the maximum)
Normal value 0 >70%
Mild perfusion defect 1 50-69%
Moderate perfusion defect 2 30-49%
Severe perfusion defect 3 10-29%
No perfusion 4 <10%

According to the EANM manual [21], integrating the effect
of “blurring” of a point source image (RR) in the reconstruction
algorithm requires rigorous phantom tests. In this study,
computer simulation studies included a comparative analysis
of polar maps generated in reconstruction modes with and
without image blurring (RR and non-RR, respectively).

RESULTS

Study subjects

Computer simulation studies included two virtual patients:
one with a healthy heart and the other with an ischemic injury
in the anterolateral zone of the LV myocardium. Based on
the MMT model, the virtual patient program specified the
matching #™Tc-MIBI uptake maps or activity maps for these
patients.

In the first case, an MMT phantom with a homogeneous
distribution of "™Tc-MIBI activity in the LV myocardium
was used as a virtual patient. The reference polar map for
this phantom is shown in Fig. 8. It is homogeneous and
independent of the standardization approach. In each sector,
the relative radiopharmaceutical uptake corresponded to
100%, and the reference SRS perfusion score (%) was 0.

In the second case, a virtual patient with an ischemic
injury of the left ventricle (LV) myocardium was studied.
The mTc-MIBI uptake map of the MMT mathematical
phantom included a defect in the anterolateral zone of LV
with decreased radiopharmaceutical uptake. Reference polar
maps generated based on the described standardization
approaches (A, B, and C) (Fig. 12). Reference SRS perfusion
scores for these maps differed slightly:

Sl =6;Sp =5 Snr= 6.

max norm™

O

O

Fig. 8. Reference polar map of left ventricular myocardial
perfusion in a virtual patient with a healthy myocardium (normal

ref
max

value). Summed rest score (SRS): §™ = S;Ef = S;Zfrm =0.
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The general scheme of the computer tests was as
follows. After simulation imaging in virtual patients, image
reconstruction was performed using the OSEM technique
with or without correction factors. On the reconstructed
images, LV segmentation was performed, and three types of
polar maps standardized in accordance with approaches A,
B, and C were generated.

Key study findings

Case 1: a virtual patient with a healthy left

ventricular myocardium

The reference polar map for this case is shown in
Fig. 8; the reference SRS (S) = 0. Figure 9 shows the
polar maps generated using reconstruction with attenuation
correction and resolution recovery (AC/RR). The polar maps
were standardized according to approaches A, B, and C.
The activity distribution no longer appears heterogeneous
because of reconstruction errors. In all three maps, a visible
decrease in activity was noted in the apical region. This
occurrence, known as a false apical defect, is frequently
observed on clinical images. SRS perfusion scores calculated
using various standardization approaches were as follows:
Smax =10, Sep=1,and S,,,,,= 3. So; and S, scores are
within the normal range, whereas S, is overestimated and
provides an incorrect perfusion assessment. Overestimation
of S, corresponds to clinical practice. The software used
in SPECT systems uses polar map normalization by the pixel
with maximum intensity. According to Ansheles [1], “one of
the problems with images is that, for unknown reasons, the
total scores (SSS, SRS) can be significantly overestimated.”

Figure 10 shows polar maps generated by image
reconstruction using the OSEM algorithm without attenuation
correction but with resolution recovery (non-AC/RR). The
images show an artifact in the form of decreased activity at
the bottom of the polar map. This artifact is typical of non-AC
clinical images. Notably, the false apical defect disappeared,
which is common in non-AC images in clinical practice. The
total SRS perfusion scores were as follows: S, = 17, S¢; = 9,
and S, = 4. It is significantly higher than the reference
value (¥ = 0). Non-AC images require a different template
obtained in the same mode.

Figure 11 shows the polar maps generated by image
reconstruction using the OSEM algorithm with attenuation
correction but without resolution recovery (AC/non-RR). The
total SRS perfusion scores were as follows: S, = 9, S¢; = 3,
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Fig. 9. AC/RR. Polar map of the reconstructed image of left ventricular myocardial perfusion. Reconstruction was performed with
attenuation correction (AC) and resolution recovery (RR). Summed rest score (SRS) for three methods of polar map calculation:

a—S,,=10;b—Sy=l;c— S

max norm™

3.

Fig. 10. Non-AC/RR. Polar map of the reconstructed left ventricle. The reconstruction was performed without attenuation correction (non-AC)

but with resolution recovery (RR). Summed rest score (SRS): a — S

17— Sy=9%c— S,

max

4,

norm™

Fig. 11. AC/non-RR. Polar map of the reconstructed image of left ventricular myocardial perfusion. Reconstruction was performed with
attenuation correction (AC) but without resolution recovery (non-RR). Estimated summed rest score (SRS): a — S, ,,=%; b — S¢y=3; ¢ —

S

norm—

4.

Sporm = 4. The AC/RR images in Fig. 9 and the AC/non-RR
images in Fig. 11 look similar; however, the SRS scores in

the AC/RR mode are more accurate.

Case 2: a virtual patient with an ischemic injury

in the LV myocardium

The reference polar map for case 2 is shown in
Fig. 12; the reference SRS scores for the three polar map
standardization approaches differ slightly and amount to
S =6,5 =55 -6. Polar maps generated for AC/

DOl https://doi.org/10.17816/DD595696

RR reconstructed images of a virtual patient with an ischemic
injury are shown in Fig. 13. SRS: S, = 12, Sq; =6, and
Snorm=6'

The reconstructed defect in Fig. 13 corresponds to the
images on the reference polar map in Fig. 12 for all three
polar map standardization approaches on AC/RR images.
However, an artifact from the right ventricle appeared, which
mirrored the true defect.

Figure 14 reveals the polar maps generated by image

reconstruction in the non-AC/RR mode. The defect is smaller
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Fig. 12. Reference polar maps of left ventricular myocardial perfusion with ischemic injury. Summed rest score (SRS): a — S,,,,=6; b —
Se0=9; € — S,pm=b-

norm™

Fig. 13. AC/RR. Polar maps of the reconstructed image of left ventricular myocardial perfusion. Reconstruction was performed
with attenuation correction (AC) and resolution recovery (RR). Estimated summed rest score (SRS): @ — S ,,=12; b — Sq=6;
€ — S,om=6-

norm

Fig. 14. Non-AC/RR. Polar map of the reconstructed image of left ventricular myocardial perfusion. The reconstruction was performed
without attenuation correction (non-AC) but with resolution recovery (RR). Estimated summed rest score (SRS): @ — S,,,=23; b — So=7;
€ — Sporm=2.

norm

Fig. 15. AC/non-RR. Polar map of the reconstructed left ventricle. Reconstruction was performed with attenuation correction (AC) but

without resolution recovery (non-RR). Estimated summed rest score (SRS): a — S, 6.

=21; b — So=10; c — S,

norm™
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than the reference polar map in Fig. 12. A false defect was
observed in the lower right part, whereas the apical defect
was absent.

Figure 15 shows polar maps generated by image
reconstruction in AC/non-RR mode: with attenuation
correction but without resolution recovery. The defect
boundaries roughly correspond to those in the AC/RR mode.
The total SRS scores for various map generation approaches
were as follows: S ,,= 21, So;=10, and S 6.

DISCUSSION

Summary of the key study findings

The findings of the virtual tests were completely consistent
with the clinical data. The polar maps of the reconstructed LV
images of virtual patients showed the same errors (artifacts)
as in the clinical images of real patients. These findings
confirm that the virtual platform for the simulation testing of
SPECT/CT in nuclear cardiology is appropriate for addressing
nuclear cardiology problems. AC/RR mode reconstruction and
polar map standardization by the mean activity in the normal
area of the myocardium yielded perfusion and ischemic focus
assessment results closest to the exact values.

Discussion of the key study findings

LV myocardial perfusion imaging by SPECT/CT is an
outcome of solving the inverse ill-posed problem of image
reconstruction based on Poisson data. Because the theory of
solving ill-posed stochastic problems is a relatively young
branch of mathematics, complex current reconstruction
algorithms “cannot work miracles” [21], and the resulting
solutions are prone to errors (artifacts). The same artifacts
seen in clinical images were observed in mathematical
modeling similar to clinical conditions.

In image reconstruction using the OSEM algorithm in AC
mode, a false apical defect is observed on all polar maps.
According to Ansheles [1], this artifact occurs in ~50% of
clinical cases after reconstruction in AC mode and is rarely
considered a significant defect. In practice, distinguishing
between a false apical defect and minor focal lesion in the
apical region can be challenging. In our simulation studies of
a virtual patient with an ischemic injury of the myocardium,
the lesion partially overlapped the area of the false apical
defect (Fig. 13), leading to overestimation of defect severity.

In non-AC images (Figs. 13 and 14), an artifact in the
form of decreased activity was noted in the bottom of the
polar map. The false apical defect was absent. This is
common for clinical polar maps generated in the non-AC
mode. A visual comparison of polar maps derived from
a mathematical simulation of a case with an ischemic
injury of the LV myocardium reveals that the lesion size
closest to the reference size is observed in AC/RR mode.
In image reconstruction in the non-AC/RR mode, the lesion
is significantly smaller, which corresponds to the clinical
findings. According to Ansheles [23], the SRS scores and area
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of transient ischemia are significantly greater in AC mode
than in non-AC mode.

The simulation approach has the benefit of comparing
semiquantitative assessments for each sector of polar maps,
as well as the total SRS parameters of the reconstructed
image, to a template (polar map of the phantom). A
comparison analysis revealed that the lower LV wall exhibited
falsely increased activity, which could be influenced by liver
activity (an effect not obvious to the doctor and is caused
by the scattering of gamma rays emitted by the liver and
scattered on the lower LV wall). Some of these scattered
photons enter the detector exactly in the image of the left
ventricle, which may cause an error.

In this situation, standardization by the maximum
pixel results in hypoperfusion and increased total SRS
score compared with the reference polar map. Polar map
standardization using the maximum pixel resulted in
overestimation of SRS in all cases. The best results were
obtained when standardization using the mean activity in
the normal area was used. This is consistent with the novel
recommendations by the authors of standard commercial
polar map packages [22].

Furthermore, artifacts caused by limitations in the
reconstruction algorithms are present in images of healthy
subjects. Thus, modern SPECT/CT systems use relative
values based on a polar map of the reconstructed LV and
relative values in comparison to reference databases,
allowing identification of perfusion defects. The findings of
these studies indicate that one should rely on comparative
relative values rather than relative values based on a polar
map of the reconstructed LV. However, this approach has
a significant limitation: all conditions for obtaining clinical
images should be similar to those for creating a reference
database.

CONCLUSION

Our findings demonstrate that computer simulation can
help clinicians better understand the limitations, uncertainties,
and errors in myocardial perfusion assessment. The transition
from relative standardized values of activity accumulation in
the myocardium to absolute quantitative assessments can
eliminate existing limitations and uncertainties and is the
primary condition for improving the diagnostic accuracy of
SPECT/CT imaging in nuclear cardiology.
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