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A relevant task of the single-photon emission computer tomography (SPECT) combined with computer

tomography (CT) is development of quantitative assessment of generated images of pathological regions and

optimization of a protocol of the procedure for patient examination using this method. Solution of these tasks

requires a great number of the studies. Development of the mathematical modeling method is a relevant task

in the field of nuclear medicine concerning ethical limitations due to a radiation load. In order to solve this

task, it is necessary to create the models of the
”
virtual patients“, which describe distribution of a delivered

radiopharmaceutical in the organs and the tissues and its accumulation in pathological foci. The present paper

proposes approaches for creating the mathematical models of the patients (phantoms) to study diagnostics accuracy

of the SPECT method combined with computer tomography (SPECT/CT). Two approaches for creating the models

of the
”
virtual patients“ have been developed. The first approach Constructive Solid Geometry (CSG) based on

the equations of analytical geometry constructs models of an average patient. The second approach creates the

so-called
”
digital twins“ based on segmentation of clinical SPECT/CT images of real patients. The CSG phantoms

were successfully applied in the simulation modelling directed at the studies of and solving the general problems of

SPECT/CT visualization. These problems include the studies of optimum parameters of the data collection protocol

and a problem of a false apical defect in the nuclear cardiology.The
”
digital twins“ can the most accurately model

clinical cases and evaluate errors on reconstructed images. Both the approaches to creation of the models of the

”
virtual patients“ have their own niche of research. The problems to be solved by a large number of tests with

varying several anatomical parameters (for example, a patient habitus, angular orientation, the thickness of the

walls of and the size of myocardium of left ventricle) are the most suitably studied using the geometrical CSG

models.The
”
digital twins“ shall be used when studying real clinical cases as well as for verification of solutions

and conclusions obtained in the studies using the CSG models.
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Introduction

The mathematical modeling becomes an important field

of modern medical science. The models and the methods

developed in mathematical physics and computational math-

ematics are successfully applied for describing phenomena

and processes in a human body which obey laws of physics.

A large variety and complexity of these processes still

make it difficult to create the integrated human model.

The modeling of the human usually include distinguishing

and studying a specific phenomenon and, depending on

a posed problem, using the models with different level

of description (molecular, cellular and organic). The

literature provides the mathematical models which describe

an anatomical human structure with various morphological

characteristics of biological tissues [1–3] as well as the

models which describe mechanics of heart motion and

respiratory excursion [4–6], blood dynamics [7,8], kinetics

of substance distribution (including drugs) in the body [9],

dynamics of pathological processes [10], etc.

Many tasks of medicine modeling require mathematical

representation of anatomy of the human body or its specific

parts. The digital models of anatomy of the human

body (computational phantoms) are used when modeling

physiological processes in the human body and diagnostic

studies of patients, when preparing for surgical operations

as well as in radiation therapy and radionuclide ther-

apy [1–3]. The computational phantoms are created using

various mathematical approaches and methods of computer

engineering. The earlier works created anthropomorphic

phantoms based on combinations of geometrical figures

described by equations of solid geometry. The English publi-

cations refer to this method as Constructive Solid Geometry

(CSG). In the 1960s, in the USA the first phantom was

created under the name MIRD (Medical Internal Radiation

Dose) including 22 organs [11]. Later, in the 80s, using

the CSG technology, the FRG had created the gender-

distinguished phantoms ADAM and EVA close in their

structure to the MIRD phantom [12]. The models of this

type describe the anatomical organs just very schematically

and therefore are called stylized phantoms. The 1990s
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saw active development of nuclear medicine visualization

methods - the single-photon emission computer tomography

(SPECT) and the positron emission tomography (PET). It
required the phantoms created for medical research with

internal radiation sources. Based on the MIRD model,

in these years in the USA’s Northern Caroline University

has developed the first phantom specifically designed for

nuclear cardiology studies MCAT (Mathematical Cardiac-

Torso) [13,14]. In Russia, the MSU’s Skobeltsyn Institute

of Nuclear Physics (Moscow) developed the phantom

including the skeleton models and 19 internal organs [15].
Externally, this phantom was very close to the MIRD phan-

tom. The Institute of Theoretical and Applied Mechanics

(Novosibirsk) developed the mathematical phantoms for

computer modeling in the field of nuclear medicine [16,17].
These phantoms were characterized by a higher level of

anatomical realism as compared to the MIRD-model-based

phantoms.

With developing of technologies of computer tomography

(CT) and magnetic resonance imaging (MRI), for phantom
creation a new method started to be applied by being

based on clinical CT and MRI digital images. In order

to create the 3D-phantoms, the CT and MRI data of

population of patients selected by gender, age and weight

are segmented, and statistically weighed sizes and organ

contours are determined and then the tissue properties

required for research are assigned to these objects. These

anatomical models are named
”
voxel phantoms“. One

of the first developers of the voxel phantoms in the

world was the group led by the professor Maria Zankl

in the Helmholtz Munich — German Research Center for

Environmental Health [18,19]. It included the name voxel

phantoms DONNA, FRANK, HELGA, IRENE, GOLEM,

LAURA. In Russia, in the years 2010−2012 the Nuclear

Power Engineering Institute (Obninsk) has created the voxel

phantoms of specific parts of the human body: a head, a

spinal column, human legs [20].
The similar approach to phantom creation was developed

in the USA under support of National Health Institute

based on photographs of slices of the frozen human body

using the high-resolution optics (Visible Human Project —
VHP) [21,22]. This project had resulted in generally

available three-dimensional images of the male and the

female human body. In Russia, the VHP phantoms

were used in the studies in the group led by Yu. V.

Vasilevskyi [23].
Another method of constructing the computational phan-

toms started in the beginning of the 2000’s in the USA

using the computer graphics technology Boundary REPre-

sentation (BREP). These phantoms are created based on

the method of non-uniform rational B-splines (NURBS). In
the English publications, the human models created by this

method are named BREPphantoms or NURBS-based phan-

toms [24]. The phantoms were built based on the CT data

segmentation. Then the organ boundaries were determined

by a set of control points, on which a smooth surface was

stretched using the splines. One of the most demanded

phantom of this class is the XCAT phantom (eXtended
CArdiac-Torso) [25] for virtual computer experiments in

various medical fields. In Russia, the phantoms of this type

have not been developed.

Until recently, all the above-mentioned methods of phan-

tom construction (except for VHP) were aimed at creating

population-averaged computational phantoms. Usually, the

created phantoms were those of healthy patients. However,

the studies in the field of tumor visualization, preparing

for surgical operations as well as tasks of the radionuclide

therapy require personalized phantoms, which realistically

represent specific patients with pathologies in order to

reflect anatomical variations of real clinical cases and

scenarios. Recently, more and more works appear to create

personalized phantoms —
”
digital twins“, which describe

anatomical structures based on the CT and MRI data of

real patients. However, in the field of nuclear medicine

the phantom shall describe distribution of the delivered

radiopharmaceutical which usually do not coincide with the

anatomical structures. Virtually, no such work exists.

These phantoms are necessitated by development of the

SPECT/CT method. Since appearing in clinics in the

middle of 90’s to about the year 2010 this diagnostical

method had been used for determining presence or absence

of pathological foci without their quantitative assessment.

The quantitative assessment is very important in oncology

since it makes it possible to differentiate malignant and

benign formations and to dynamically assess efficiency of

delivered therapy. Development of mathematical processing

software and measurement technologies in the SPECT

method resulted in possibility of the quantitative assessment.

Another important task is optimization of the examination

protocol in order to reduce a procedure time of patient

immobilization. However, solution of these tasks requires

a great number of the studies. The clinical methods

are limited in such studies due to radiation load and no

reference for evaluating accuracy of the obtained images.

The ideal method for the studies of accuracy of the

quantitative assessment and protocol optimization is the

mathematical simulation modeling using the digital models

of patients. In recent years, the Institute of Theoretical

and Applied Mechanics named after S.A Khristianovich and

Laboratory of modeling in nuclear medicine of Novosibirsk

State University have been developing the software package

(SP)
”
Virtual platform for simulation tests of the SPECT/CT

method“. This SP include the module
”
Virtual Patient“,

which is based on creation of mathematical digital models

of patients. Ten years have been spent on the way

from creation of the CSG phantoms based on analytical

geometry equations to the personalized
”
digital twins“ of

real patients. The present paper proposes approaches for

creating the mathematical models of the patients (phantoms)
to study diagnostics accuracy of the single-photon emission

computer tomography method combined with the computer

tomography (SPECT/CT). The present work is aimed at

presenting various approaches to creation of the mathe-

matical models of patients (phantoms) and demonstrating
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Figure 1. Three-dimensional MMT phantom simulating the anatomical structure of the average male patient in the position with hands

up. Anterior (a), posterior (b).

their successful application in the simulation tests of the

SPECT/CT method, that are carried out with the clinical

studies of the real patients.

1. Methods

1.1. Specifics of model construction of the

”
virtual patients“ (phantoms) in nuclear
medicine

During the diagnostics studies by the SPECT method,

the dedicated radiopharmaceutical (RP) is delivered to the

patient, which is selectively accumulated (or, vice versa, is

not selectively accumulated) in the pathological foci. In

connection with development of the radionuclide therapy,

the relevant task is accurate quantitative assessment of

accumulated activity in the pathological foci. The studies

aimed at solving this task are carried out mainly using

standardized real NEMA phantoms including 6 spheres

of a different diameter which simulate tumor lesions [26].
However, performance of such clinical studies with real

phantoms is limited due to the radiation exposure of

the researchers and the high cost of such experiments.

Moreover, the NEMA phantom foci are represented by

uniform RP distribution, whereas the majority of real

injuries is heterogeneous. That is why the nuclear medicine

has a relevant task of developing the method of simulation

mathematical modeling.

In our studies, we have developed the following general

diagram of constructing the phantom for modeling the

SPECT/CT method. First of all, it includes creation of a

basic anatomical phantom, which describes the anatomical

structure of the patient. RP accumulation in the injury foci

usually does not coincides with the anatomical structures.

This is why in includes additional construction of the

model distribution of the delivered RP in the organs and

tissues which is called an
”
activity map“. Besides, for

calculation of transfer of gamma radiation in the biological

tissue of a different density, a3D-
”
attenuation map“ is

created to describe attenuation coefficients for gamma

quanta with different energy values. The construction of

the
”
activity map“ and the

”
attenuation map“ based on

the basic anatomical phantom is specifics of construction

of the computational phantoms for studies in the field of

diagnostics nuclear medicine unlike CT and MRI. When

developing the software package (SP)
”
Virtual platform

for simulation tests of the SPECT/CT method“ it has

used two approaches to creation of the models of the

”
virtual patients“. The first approach is based on the CSG

technology, while the second one is based on segmentation

of the clinical SPECT/CT images using the software package

3D-Slicer [27]. Actually, both the cases had the digital voxel

phantoms created. The difference is that in the first approach

surfaces (boundaries) separating the anatomical structures

with different characteristics have been constructed based

on the analytical geometry equations. In the second

approach, the boundaries between the organs have been

defined using methods of segmentation of the clinical

SPECT/CT images.

1.2. Development of the models of the
”
virtual

patients“ based on the CGS technology and
their application in the studies

Two basic mathematical CSG models of the
”
virtual pa-

tients“ are created using the analytical geometry equations.

The first model, which is the mathematical model of torso

(MMT) of Fig. 1, describes the organs of the rib cage

19∗ Technical Physics, 2025, Vol. 70, No. 4
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Figure 2. View of specific anatomical structures of the MMT phantom which are constructed based on the analytical geometry equations

(the CSG method). a — the bone system of the rib cage, b — the scapulas (above), the kidneys (below), c — the myocardium of the

left and right ventricles of the heart

а b
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Figure 3. coronary slice of the
”
activity map“, which describes 3D-distribution of RP 99mTc-MIBI in the MMT phantom (a), the

coronary slice of the
”
attenuation map“ of the MMT phantom (b).

of the average male patient in a position with hands up.

The anatomical structures of this phantom were constructed

using the Constructive Solid Geometry (CSG) method,

which is based on using the algebraic equation of the first

and second orders in discrete representation on the grid

128 × 128× 128 in the Cartesian coordinate system. The

MMT model has been created for the studies in the field

nuclear cardiology, so it was important to provide correct

spatial position of and angular orientation of a long axis

of the heart left ventricle (LV). The anatomical parameters,

such as the organ sizes, their position and orientation were

determined by means of the data from Anatomy Atlas [28].
Fig. 2 shows some segment of the MMT phantom: a part of

the bone system, the scapulas, the heart and the kidneys.

An important feature of modeling in nuclear medicine is

that it is necessary to create the
”
activity map“ and the

”
attenuation map“ of the basic phantom. At the same

time, it is necessary to take into account characteristics

and properties of a specific RP. Fig. 3 shows the slices of

three-dimensional maps: the
”
activity map“, which describes

distribution of RP 99mTc-MIBI and the
”
attenuation map“,

as generated based on the MMT model. The
”
activity map“

has been created using the clinical SPECT data from patient

examination. Figure 4 exemplifies some of clinical images

used when constructing the MMT phantom, which are

presented by by National Medical Research Center (NMRC)
for Cardiology named after Chazov. The arrows show

average values of the activity in the units pulse/voxel in

the LV myocardium (a), the liver (b) and in the adipose

tissue (c). These values depend on the delivered RP dose,

the time of data collection at each rotational angle of the

gamma camera. So, when creating the
”
activity map“

relative dimensionless values of activity were given. For

the MMT phantom, these data are given in the work [29].
For the obtained

”
activity map“ the projection data are

calculated so as the total number of gamma quanta recorded

Technical Physics, 2025, Vol. 70, No. 4
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Mean: 1020.8Mean: 735.6

Mean: 133.3

Figure 4. Clinical SPECT/CT images They include axial slices with the specified values of accumulated activity in units pulse/voxel in the

LV myocardium (a), the liver (b) and in the adipose tissue (c). The clinical images are provided by Chazov Cardiology Center (Moscow).
The images are obtained on Philips BrightView XCT SPECT/CT hybrid system.

during modeling is approximately equal to the total number

of gamma quanta recorded in the clinical examination. Thus,

the modeling process gets a value of Poisson noise equal to

the clinical case.

Creation of the
”
attenuation map“ in the MMT phantom

has distinguished four media: air, bones, soft tissue and

adipose tissues. The values of the attenuation coefficients in

these media for gamma quanta with the energy of 140 keV,

emitted by the radionuclide 99mTc, were calculated based

on the composition of materials taken from the report

ICRU-44 [30]. The attenuation coefficients for these materi-

als were calculated by interpolation of tables based on NIST

XCOM [31]. The bone structures attenuation coefficient

was calculated using the data for the material B 100 Bone

Equivalent Plastic, since its attenuation coefficient is selected

so as to match the average attenuation coefficient of the

main bone components - a cortical and a cancellous part

The lungs were modeled as Lung Tissue with the density

equal to the air density. It is the
”
activity map“ and

the
”
attenuation map“ that represent the

”
virtual patient“

in simulation modeling of the examination procedure of

the SPECT/CT method. All the studies in the field of

nuclear cardiology were performed together with radiologist

doctors from NMRS named after the academician E.I.

Chazov [32,33].
The second mode, the Mathematical Model of the whole

Body (MMB) of the
”
virtual patient “ in full height with

hands down on the discrete grid 128 × 128× 384. This

model is shown in Fig. 5, a. Fig. 5, b shows the model

of the skeleton part of the MMB phantom. It should

be noted that the CSG method can modify the created

phantoms for modeling the patients with another anatomical

structure. Fig. 6, a exemplifies the clinical plane image of

the adolescent bone system, as obtained by the scintigraphic

method. This clinical case was modeled by reconstructing

the skeleton of the
”
adult phantom“ of Fig. 5, b and shown

in Fig. 6, b. It is clear that there is substantial difference in

the form of the rib chest between Fig. 5, b and Fig. 6, b,

which correspond to the adult and the adolescent. It

is quite easy to make such anatomical variations in the

phantoms that are built based on the CSG method. It

а b

Figure 5. Three-dimensional MMB phantom constructed based

on the analytical geometry equations — front view (a), the bone

system of the MMB phantom (b).

is necessary to change the coefficients in the analytical

geometry equations that describe the organs and the bones

of such phantoms. In the work [32], when studying the

cause of occurrence of the false apical defect on the clinical

SPECT/CT images in the MMT phantom, the position, the

size and the thickness of the walls of the LV myocardium

were varied. The results of these studies are presented

in the work [32]. The MMT and MMB phantoms were

verified by comparing with the clinical data from Chazov

Cardiology Center and National Medical Research Center

(NMRC) named after the academician E.N. Meshalkin.

Technical Physics, 2025, Vol. 70, No. 4
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Figure 6. Clinical plane image of the adolescent bone system as

obtained in NMRC named after the academician E.N. Meshalkin

via the scintigraphic method (b); for modeling of this clinical case

the skeleton of the
”
adult phantom“ of Fig. 5, a was transformed

into the
”
adolescent skeleton“ (a).

These phantoms were successfully used for studying general

medical problems. However, the tasks of the quantitative

SPECT and radionuclide therapy require the personalized

phantoms, which realistically represent specific patients in

order to reflect the anatomical variations of the real clinical

cases and scenarios.

1.3. Development of personalized models of the

”
virtual patients“ based on segmentation of
the clinical images and their application in
the studies

The realistic simulation studies in the diagnostics nuclear

medicine require representative models of the patients with

pathologies. Section 1.3 contains the method of creation of

personalized computational phantoms — the
”
digital twins“

of the real patients. The method is based on using the

software package 3D Slicer, which is publicly available and

widely used by researcher in the field of medicine [27].
3D Slicer makes it possible to operate directly the clinical

data in the DICOM format. In our studies we manually

segment the SPECT/CT images by means of the Segment

Editor module. The image segmentation is a method of

dividing the digital image into separate subgroups which

are called image segments. Then, the same value (label) is

assigned to all the voxels belonging to the same segment.

The most useful tools of this stage are usual means of

contouring (paint, erase), interlayer filling (fill between

slices) and of evening (smoothing). After that, the

highlighted segments can be used by the mask volume tool

for filling the images with the given values, for example, for

creating the 3D
”
attenuation map“ or the 3D

”
RP activity

map“.

The basic anatomical model was created using the CT

data. The CT images are a three-dimensional matrix of

Hounsfield units (HU) which denote the coefficient of

attenuation of X-ray radiation in a substance. For air

HUP = −1000, for water HU = 0. The soft tissues and

the bones have HU above 0, while the adipose tissues

can have the HU of−150 and higher. The Threshold

tool is designed to specify the lower and upper threshold

values of HU, so, various structures can be distinguished

by means of it. In our studies, using the Threshold tool,

we usually distinguished the lungs, the bones, the adipose

and soft tissues. Based on this model, using the mask

volume module, we have generated the
”
attenuation map“.

The
”
activity map “ was created by means of the SPECT

images. The main problem was determination of boundaries

of the injury foci and specification of their nonuniformity.

Section 1.3 contains the
”
digital twins“ of the patients

as developed for the studies within the software package

”
Virtual platform for simulation tests of the SPECT/CT

method“.

The
”
digital twin“ of the organs of the rib cage of the

patient with peripherical squamous-cell cancer of the upper

portion of the right lung was created based on the clinical

data provided by NMRS named after the academician E.N.

Meshalkin (Novosibirsk). In a department of NMRC named

after the academician E.N. Meshalkin, the patient diagnosed

with
”
Peripherical cancer of the upper portion of the right

lung T3N1Mo IIIAst. DN 2“ was treated by SPECT/CT at

600MBq with 99mTc-MIBI. The study has been performed

on the GE Discovery NM/CT 670 appliance with the

matrix parameters 128× 128 pixels, 30 seconds per frame,

revolution of each detector by 180 ◦ . Fig. 7, a shows the

basic voxel phantom of this patient generated based on the

CT images. In the upper portion of the right lungs, there

is a tumor lesion in blue color. The phantom is specified

on the grid 128 × 128× 128 in the Cartesian coordinate

system. The size of the voxel side in the transverse section

plane was 4.4mm. The digital
”
activity map“ of this

patient was created by means of the clinical SPECT images.

The values of accumulated activity in the units pulse/voxel

were determined from the clinical reconstructed images

of the real patient in the planes (axial, coronal, sagittal)
as average values across the highlighted area (organ).
However, the values of activity and the ratios between the

accumulation values in the various organs (in particular, the

ratio
”
tumor/background“) in the clinical SPECT images

can mismatch the true ratios of accumulation. This is

due to reconstruction errors, especially, of small foci with

RP accumulation surges. The errors result from limitation

Technical Physics, 2025, Vol. 70, No. 4
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Figure 7. The personalized basic phantom means the
”
virtual patient“ that is created based on the SPECT/CT clinical data from scanning

the real patient with tumor injury in an upper portion of the right lung. For clarity, the soft tissues and the lungs are deleted on this

image (a). The
”
activity map“ which describes distribution of the pharmaceutical 99mTc-MIBI in the basic phantom (b). The coronary

slice of the three-dimensional
”
attenuation map“ (c). The clinical SPECT/CT images are provided by NMRC named after the academician

E.N. Meshalkin (Novosibirsk).

of modern algorithms of image reconstruction as well as

absence of corrections for RP gamma radiation scattering

in the body tissues and for effects of a partial volume and

dead time of pulse recording. In this respect, it is more

correct to focus on the clinical measured
”
raw“ data. That

is why from the
”
activity map“ of the phantom the

”
raw“

data were calculated by the Monte Carlo method, and they

were compared to the clinical
”
raw“ data obtained from the

real patient.

The Monte Carlo method implies physically correct

modeling of a projection data collection procedure since it

generates a history of gamma quanta based on the random

number generator. The modeling by the Monte Carlo

method takes into account all main probabalistic processes

that occur with the gamma quantum, starting from the time

and the direction of its emittance and ending with processes

of scattering, absorption and recording by the detector. From

the generated history of the set of gamma quanta, the

projection data are formed by statistical processing, which

are now considered to be the most approximate to the

clinical tests. More details about the application of the

Monte Carlo method are given in the work [29].

Based on the results of comparison of the clinical and

modeled projection data, the
”
activity map“ was corre-

spondingly corrected. The
”
raw“ were mainly used for such

estimates, since they have not reconstruction errors. The

value of such corrections was evaluated by the average value

of activity in the interest regions and heavily depended on

the size of these regions. Thus, for the tumor formation

in the upper portion of the right lung, on the phantom

presented in the work [34] and in Fig. 7, a, we had to

increase the activity in ∼ 5 times. But in large regions,

like the liver, usually no correction is needed.

Fig. 7, b shows the
”
activity map“ with the tumor lesion

in the upper portion of the right lung. In order to create the

”
attenuation map“ 5 types of the structures were selected in

the basic digital phantom: air, lungs, bones, soft and adipose

tissues. Fig. 7, c shows the coronary slice of the three-

dimensional
”
attenuation map“. The studies with application

of this phantom and the obtained results are described in the

work [34].

The next
”
digital twin“ was developed for the case of the

patient with injury of the bone system. Fig. 8 shows the

basic anatomical phantom, its three-dimensional
”
activity

map“ and one of the coronary slices of the
”
attenuation

map“. This phantom was created based on the clinical

data provided by NMRC named after the academician

E.N. Meshalkin. The patient was treated with SPECT/CT

with RP pyrfotech — 99mTc. After intravascular injection,

this pharmaceutical is actively absorbed in the bones with

accumulation in foci of pathological changes of the skeleton,

so almost no soft tissue is visible on the image of the

three-dimensional
”
activity map“ (Fig. 8, b). The first

preliminary results of modeling showed good compliance

between the clinically-reconstructed SPECT images of the

real patient and the images obtained in the imitation

modeling using the developed phantom. Fig. 9 provides

comparison of two coronary sections of the reconstructed

images obtained in the clinical SPECT/CT studies and the

virtual tests.

Creation of the models of the
”
virtual patients“ in

pediatrics is of great importance for studying problems

related to quantitative estimates of accumulated activ-

ity in the foci during SPECT examination with 123I-

MIBG as well as for calculation of absorbed doses.

Using the above-described technology, based on the

software package 3D Slicer the
”
digital twin“ of the

4 years old patient was created. The clinical data

are provided by Dmitry Rogachev National Medical Re-

search Center of Pediatric Hematology, Oncology and

Technical Physics, 2025, Vol. 70, No. 4
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Figure 8.
”
Digital twin“ of the patient with metastatic injury of the bone system. Appearance of the basic anatomical phantom is

shown (a), so is its three-dimensional
”
activity map“, describing distribution of the pyrfotech pharmaceutical 99mTc (b), so is one of the

coronary slices of the
”
attenuation map“ (c). The clinical SPECT/CT images are provided by NMRC named after the academician E.N.

Meshalkin (Novosibirsk).

B: 17: Transaxial

B: Reconstraction

B: 17: Transaxial

B: Reconstraction

B: 17: Transaxial

B: Reconstraction

Figure 9. Comparison of the reconstructed images obtained in the clinical SPECT/CT studies and the virtual tests. The clinical images

in three highlighted coronary sections are shown in the upper row, while the results of modeling in the same sections are shown in the

lower row.

Immunology; Fig. 10 shows the
”
activity map“ de-

scribes distribution of the pharmaceutical 123I-MIBG in

the organs of the
”
virtual patient“ and its

”
attenuation

map“. Fig. 11 shows comparison of the images in

the same coronary section that are obtained during clin-

ical examination of the real patient and when recon-

structing the raw data calculated for the
”
virtual pa-

tient“.

2. Results and discussion

The modern trend in development of the SPECT/CT

methods consists of transition from qualitative to quanti-

tative assessments of accumulated activities in injury foci.

The quantitative approach becomes a powerful tool in

assessment of a disease stage and patient management.

However, for transition to the quantitative SPECT the
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B: Activity map B: 3: CTsoft 0.625 mm

а b

Figure 10.
”
Digital twin“ of the patient in nuclear pediatrics. It shows the coronary slice of the three-dimensional

”
activity map“, which

describes distribution of the pharmaceutical 123I-MIBG (a) and the coronary slice of the
”
attenuation map“ (b). The clinical SPECT/CT

images are provided by Dmitry Rogachev National Medical Research Center of Pediatric Hematology, Oncology and Immunology

(Moscow).

B: RR_ACSC TOMO B: fg-rec-no smoothing

а b

Figure 11. Comparison of the reconstructed images obtained in the clinical SPECT/CT studies and the virtual tests. The clinical image

in the highlighted coronary section (a), the results of modeling in the same section (b).

standard calibration of the SPECT system is insufficient for

a specific radionuclide. There are mathematical problems

of reconstruction algorithms, which are slightly discussed in

the literature, but without their solution it is impossible to

speak of the diagnostics accuracy of the SPECT quantitative

method. One of the unsolved problems is edge artefacts on

the images of pathological foci. The literature analysis shows

that nowadays the studies of these problems are primarily

performed using real, standardized NEMA phantoms [35].
The phantom includes 6 spheres of a various diameter simu-

lating tumor lesions. However, this phantom does not reflect

the variety of different clinical cases and heterogeneity of the

foci, whereas performance of the measurements is limited

due to radiation load on researchers and high cost. The

mathematical modeling method is a promising alternative

to such experiments. In virtual tests, the real patient is

replaced by its mathematical model. The advantage of the

simulation studies as compared to the clinical tests is that

there is a phantom with the known
”
activity map“, which is

a reference for quantitative assessment of the reconstructed

images.

The present work presents two approaches to creation of

the patient model:

1) development of programs for constructing the pop-

ulation phantoms using the analytical geometry equations

(CSG technologies);

2) development of the personalized models —
”
digital

twins“ — based on segmentation of the clinical data of the

real patients using the software package 3D Slicer.

Both types of the phantoms have been successfully tested

in the simulation modeling close to the clinical practice.

It should be noted that the results of the computational

”
virtual tests“ under the clinical protocol have demonstrated

the same artefacts (errors) that were observed on the clinical

images. The work [32] has studied the false apical defect us-

ing the MMT phantom shown in Fig. 1−3. The false apical
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defect on the LV myocardium images is observed in about

60% of the patients. Then there is a question: on what its

origin depends? There were about a thousand (!) numerical

experiments which simulated a procedure of myocardium

perfusion examination by the SPECT/CT method. In doing

so, the sizes and angular orientation of LV, the thickness of

its wall and the patient habit were varied. These studies are

predominated by the CGS phantoms, which can easily vary

the anatomical parameter by changing coefficients in the

respective equations. The work [33] has used the MMT

phantom to evaluate the diagnostics accuracy of various

approaches of the
”
polar map“ methodology to evaluation

of the LV myocardium state in the nuclear cardiology.

The results and the estimates obtained in the simulation

modeling corresponded to conclusions of leading clinicians

in this field of the studies. The CSG-based mathematical

phantom was used in the work [36] for simulation modeling

of the diagnostics studies by the SPECT/CT method for

single tumor lesions in the nuclear oncology. The modeling

results have revealed occurrence of the edge artefacts similar

to those which were observed on the clinical SPECT images

of the tumor lesions.

The
”
digital twins“ such as those of Fig. 7 allow most

accurately model the clinical cases and evaluate errors on

the reconstructed images, but it is almost impossible to vary

the sizes and the position of the organs in them. Further

methodology for phantom operation can be built up as

follows: the general problems are studied using the averaged

CGS phantoms, while the results and conclusions obtained

in these studies must be verified on the clinical cases using

the
”
digital twins“.

Conclusion

Due to development of the image texture analysis meth-

ods and engineering of software packages of segmentation

of medical images, in recent year the medicine field has

seen a trend of creation of the personalized phantoms —
the

”
digital twins“ — based on the CT and MRI data of

the real patients. These phantoms describe the anatomical

structures with various morphological properties. The

model of the
”
virtual patients“ in the nuclear medicine

significantly differ from the anatomical models of CT and

MRI. The specific of these phantoms is that it is necessary

to create the
”
activity map“, which does not coincide with

the anatomical structure, as well as the
”
attenuation map“.

The present work has developed two approaches to creation

of the models of the
”
virtual patients“ for performing virtual

computer tests of visualization by the SPECT/CT method.

The first approach represents improved CSG phantoms,

which demonstrated good results in the simulation tests,

in which it is necessary to vary the anatomical parameters.

The framework of the second approach includes proposed

methods of constructing the
”
digital twins“ based on the

clinical data of the real patients. In the further studies, the

general problems of the SPECT/CT method (edge artefacts,

quantitative assessments of accumulation of activity in the

pathological foci, etc.) can be studied using the averaged

CSG phantoms, and the results and conclusions obtained in

these studies must be verified on the real clinical cases using

the
”
digital twins“.
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Used terminology

SPECT — single-photon emission computer tomogra-

phy — is a diagnostics method of nuclear medicine based

on visualization of distribution of the delivered radiophar-

maceutical (RP) in the patient body by its gamma radiation.

The RP is specially selected so as it is substantially

accumulated (or, vice versa, not accumulated) in the regions

of pathological changes as compare to the healthy tissues.

The different pathologies are diagnosed by different RPs.

The SPECT images describe pathological foci rather than

the patient anatomy.

CT — X-ray computer tomography — is a diagnostics

method based on visualization of biological tissues with a

various density, so the CN images are detailed anatomical

description of the patient.

SPECT/CT — is a hybrid method combining the SPECT

and the CT. The CT is used for taking into account the

attenuation effect when gamma radiation passes through

biological tissues of the various density as well as for

determining anatomical localization of the pathological foci

recorded by the SPECT method.

The radiopharmaceutical — is a drug compound, which

usually consists of a target molecule and a radioactive

”
label“ linked thereto. The specific target molecule can be
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aimed at interaction (accumulation) with specific types of

pathologies.

The
”
virtual patient“, the anthropomorphic computational

phantom — this term comes out to denote the mathematical

model approximate to certain characteristics of the real

patient. In different fields of medicine, the
”
virtual patient“

(phantom) can be represented in a different way. For

example, during the CT studies the biggest interest is paid

to the patient anatomy, which is expressed in Hounsfield

units (the substance density) for calculating transmission of

X-ray radiation through various biological tissues. In the

SPECT method, the
”
virtual patient“ describes distribution

of internal sources of gamma radiation by the delivered RP

and by the density of various biological tissues for describing

the effects of transmission of gamma radiation.

The simulation tests of the SPECT/CT — are computa-

tional computer experiments approximate to clinical practice

of examination of the patient by the SPECT/CT method.

The pathological focus — is a region of increased of

decreased RP accumulation as compared to normal healthy

tissues.

The accumulated activity — the quantity which charac-

terizes a degree of RP accumulation in the interest region.

It is defined as a number of emitted gamma quanta per unit

time from unit volume.

The
”
raw“ or projection data — are two-dimensional data

obtained usually by means of two gamma cameras which

rotate around the patient body. At certain angles of rotation

each camera stops for a certain time (15−30 s) and registers

gamma radiation from the patient. It is measured in a

number of pulses per pixel.

The image reconstruction algorithms — are means of

mathematical processing of
”
raw“ measured data for ob-

taining the images which describe RP distribution in the

patient organs.

The scintigraphic method — is a method of obtaining

a two-dimensional image by means of gamma radiation

emitted by the RP delivered into the patient body.
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