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Abstract. The proposed four-compartment mathematical model describes transport kinetics of
99m-technetium radiotracers at intravenous administration process with taking into account
radiopharmaceutical accumulation, elimination and radioactive decay. The dependencies of the
tracer concentration versus the time are analyzed. The obtained data can be used to determine the
transport coefficients. The model can be used for individual transport parameter calculation at
administration of diagnostic/therapeutic dose loads.
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The term “radiopharmaceutical” denotes the association of a radionuclide and pharmaceutical,
i.e. symbiosis of biological, chemical and physical properties. Radiopharmaceuticals are approved
for use in humans for diagnostic purposes chemical compounds whose molecules contain
radionuclides. The method of diagnostics or radionuclide study of morphological and functional
condition of the body using radionuclides or radionuclide-labeled indicators is one of the most
common methods of detecting cancer. Radiopharmaceuticals are selected with consideration of its
radiopharmaceutical dynamic and nuclear-physical properties. Dynamics of radiopharmaceuticals is
defined by a chemical compound that is the basis for radiopharmaceutical preparation. Registration
of radiopharmaceutical is determined by the type of decay of the nuclide, by which it is marked. Some
radiopharmaceuticals are called “radiotracers” because they are used only to diagnose (“trace”)
dysfunctions in body tissues [1]. A radiopharmaceutical introduced into the body is firstly uniformly
distributed in the blood [2], and then selectively trapped by certain organs and tissues.
Radiopharmaceuticals selectively accumulating in tumor tissues are called the tumor-imaging agents.
They are mainly included in cells with a high mitotic and metabolic activity. Due to high
concentration of radiopharmaceuticals a tumor area will emerge on a scintigram — the graphic record
obtained by scintigraphy — as a hot site. Areas with increased accumulation of a radiotracer are called
hot areas; usually they correspond to overactive functioning body areas - areas of hyperplasia, some

types of tumors, inflammatory tissue changes [3-4]. Radiopharmaceutical choice is caused by its
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pharmaceutical peculiarities and depends on tumor localization [3]. Radiopharmaceuticals are used
in nuclear medicine as tracers for diagnostics and therapy of many diseases. Technetium 99m (°**™Tc)
serves as gamma-rays-emitting tracer nuclide for many radiopharmaceuticals. More than 30 different
9mTc based radiopharmaceuticals are known, which are used for imaging and functional studies in
various organs.

Radiotracer dynamics are caused by different ways of radiotracer administration (intravenous,
intradermal/subcutaneous, intratumoral, intraperitoneal). In the case of intravenous administration
radiotracers are captured by the blood vessel, then depending on the size they move to the interstitium
[6] and into the lymphatic system and are trapped by a sentinel lymph node (SLN) of the lymphatic
system. The size of a radiotracer is an essential parameter. If a size of a radiotracer is less than 4-5
nm, it penetrates capillary membranes without retention in SLN, if a radiotracer size is 100-200 nm,
it penetrates fast in SLN.

The interstitium or the interstitial space is a contiguous fluid-filled space existing between a
structural barrier, such as a cell wall or the skin, and internal structures, such as organs, including
muscles and the circulatory system [6]. The fluid in this space is called interstitial fluid, comprises
water and solutes, and drains into the lymph system. The interstitial compartment is composed of
connective and supporting tissues within the body — called the extracellular matrix — that are situated
outside the blood and lymphatic vessels and the parenchyma of organs. The interstitium/interstitial
space is similar in all tissues. The structure and elements of the interstitial space are described in
details in [5]. Entry of extracellular fluid and protein into the initial lymphatic vessel occurs through
interendothelial openings and by vesicular transport through the endothelial cells. Interendothelial
openings may allow cells (macrophages, lymphocytes, erythrocytes) and cellular debris to directly
enter lymphatic vessels. Mechanisms of particle transport into/inside of the lymphatic vessels are
reviewed in [5]. Role of a particle size is very important.

Most radionuclide lymphatic flow studies use different agents: 99mTc-sulfur colloids,
99mTc-nano- and microaggregated albumin, 99mTc-antimonysulfide, 99mTc — phytate, colloidal
gold particles, liposomes, and emulsions administered into the interstitial space of animals and
humans. Particles smaller than a few nanometers usually leak into blood capillaries whereas larger
particles (up to about 100 nm) can enter the lymphatic capillaries and be transported to lymph nodes.

Mathematical model of radiotracer transport Kinetics

A correct mathematical model of radiotracer dynamics has to take into account a very
complicated anatomical structure of an organism and different physiological/ pathologic(al)

processes, as well as physical and chemical processes, namely diffusion, accumulation, elimination
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and radioactive decay of radiotracers. After bolus intravenous administration of the radiotracers the
process of transferring the radiotracers by blood vessels is begun and the so-called radiotracer
“dilution” process is realized, namely the absorption of radiotracers by other organs and tissues and
radiotracer decay. The part of radiopharmaceuticals which is absorbed by cells is immediately
metabolized, and metabolic products quickly returned to the general blood circulation. The processes
taken into account in the model are the following ones: 1) radioactive decay of pharmaceuticals; 2)
accumulation of pharmaceuticals in the interstitium; 3) accumulation of pharmaceuticals in the
lymphatic system; 4) transport of pharmaceuticals from the blood vessels; 5) transport of
pharmaceuticals and metabolites from the interstitium in the blood vessels, 6) transport of
pharmaceuticals from the lymphatic system to the blood vessels.

The model of transport kinetics of radiotracers is described by a system of differential
equations of the 1st order for radiotracer concentration levels in the blood-vascular system, in the
interstitium, in the lymphatic system and in the urinary system. The system of equations describes
the processes of accumulation/retention of radiotracers in the cells, the radiotracer
elimination/washout, and radiotracer radioactive decay. This system is similar to four-compartment

models, where the amount of radiotracers in each compartment is proportional to the radiotracer

concentration:
% = —2x(£) = By X() + By (1)
%= 0= (o + Ba)20+ P ()
‘;_V: = —Aw(t) = Bz () + By x(0)
du _ —Au(t) + B, z(t)
dt

where A is the radioactive decay constant of radiotracers, x(#) is the concentration of radiotracers in
the interstitium, z(¢) is the concentration of radiotracers in blood vessels, W(f) is the radiotracer
concentration in the lymphatic system, u(?) is the radiotracer concentration in the urinary system,
B.x1s the rate of radiotracer capture by interstitial cells, 3, is the elimination rate of radiotracers
from the lymphatic system in the bloodstream, f,,, is the rate of radiotracer movement from the
interstitium to the lymphatic system, 3., isthe elimination rate of radiotracers from the bloodstream.

Thus, the simple system of differential equations (1) has been used to model the kinetics of

radiotracers. The initial conditions are the following ones: x(0) = 0,z(0) =1,w(0) = 0,u(0) = 0. Half-
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decay period of *™Tc-radiotracers is equal to 7j,, =6 hours. Functions of activity retention

x(t), z(¢), w(t),u(t) are presented in the reduced units (normalized on unit of the injected activity).

Results

Radiotracer simulation is one of the main methods of interpretation of radionuclide research
results. Quantitative data of radiotracer transport kinetics in a body are presented in the form of
“activity-time” or “concentration-time”, which reflects the spatial and temporal processes of change
in the concentration of radioactive indicator in the “regions of interest” and characterizes the rate of
9mTc_radiotracers retention and washout in the organ/tissue. The case of intravenous administration
of radiotracers was considered in the model. The aim of the paper is to describe radiotracer transport
in the frame of four compartment models: the circulatory system, the lymphatic system, the

interstitium, and the urinary system.
The “time-activity” curves of radiotracer transport kinetic 7(f)in the frame of four-

compartment model describe four processes: The intake of the radiotracers by the systemic blood

system and the process of radiotracer distribution in the body (Fig. 1a). The vascular curve is
characterized by the rapid growth of the concentration curve in the circulatory system z(?) in the first

seconds after injection of radiotracers, which reflects the intake of the radiotracers by the systemic

blood system and beginning the process of radiotracer accumulation. The concentration-time
dependency in the interstitium Xx(#) corresponds to the smooth amplitude growing up to the

maximum value, and then entering the plateau phase, which reflects the processes of the radiotracer
accumulation and retention in the interstitium (Fig.1b). The concentration-time dependency in the
lymphatic system interstitium corresponds to the smooth amplitude growing up to the maximum
value, and then entering the plateau phase, which reflects the processes of the radiotracer

accumulation and retention in the lymphatic system (x(¢)). The concentration-time dependency in

the urinary system u(?) is characterizing by rapid growth and practically linear decreasing, reflecting

the process of radiotracer washout.

The case of intravenous administration of radiotracers was considered in the model. The
model can be easily verified by the radioactive tracer concentration data in the circulatory/lymphatic
system measured at some time points, and the obtained data can be used to determine of the transport
coefficients. Time-activity dependencies were obtained and analyzed for each compartment. The
proposed model can be classified as a simple model taking into account the main circulation process
of radiotracers in a body. It can by improved by introduction of the additional compartments. The

model can be transformed for different ways of radiotracer administration. This model allows to
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estimate the transport coefficients for individual patients and forecast absorbed radiation doses in

each chamber.

Figure la. Concentration versus time dependence, Figure 1b. Concentration versus time dependence,
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Figure 1. Concentration-time dependence. 1. The lymphatic system. 2. The interstitium. 3. The urinary system.

4. The circulatory system.

Conclusions
The proposed four-compartment mathematical model describes transport kinetics of 99m-technetium

radiotracers at intravenous administration process with taking into account radiopharmaceutical
accumulation, elimination and radioactive decay. Analytical solution of the model in a form of the

well-known sum-of exponential solution was obtained. The dependencies of the tracer concentration
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versus the time are analyzed. The model can be easily verified by the radioactive tracer concentration
data in the circulatory/lymphatic system measured at some time points, and the obtained data can be
used to determine of the transport coefficients. Time-activity dependencies were obtained and
analyzed for each compartment. The model can be used for individual transport parameter calculation

at administration by therapeutic dose loads.
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Bceryn. HeonaranbHuii cercuc € OMHIEr0 3 MPUYUH CMEPTI AiTeil. BuokpemMieHHs KIIIHIYHUX
CUMITOMIB Ma€ HM3bKY 1H(OOPMATHUBHICTh y MAIarHOCTHUIl CEICUCY HOBOHAPOIXKEHUX, TOMY
3alPONOHOBAHO BUKOPHUCTAHHS iX Y KOMILIEKCI ISl OI[IHKH TSDKKOCTI MOPYIICHHS CTaHy XBOPHX Ta
BU3HAUEHHsI IPOT'HO3Y 3aXBOPIOBAHHS.
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