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Este trabalho conduz ao estudo  da cintilografia de perfusão miocárdica, e  investigação da dosimetria 

espacial do TI-201 distribuído no miocárdio. Métodos e Resultados: A manipulação de dados radiológicos 

foi realizado a fim de criar um modelo computacional do voxel do coração. Um conjunto de imagens 

obtidas por angiotomografia da aorta torácica e abdominal forneceu informações anatômicas e funcionais 

para a modelagem do coração no código SISCODES. A distribuição homogênea do TI-201 foi assumido no 

músculo cardíaco. Simulações do transporte de partículas através dos voxels e a interação com os tecidos 

do coração foram realizadas através do  MCNP – Código Monte Carlo. A distribuição espacial de dose no 

modelo de coração é apresentado, bem como o histograma dose versus volume no músculo cardíaco. Para 

validação do estudo foi utilizado um modelo analítico. Conclusão: A  presente ferramenta computacional   

gerou distribuição de dose espacial na cintilografia de perfusão do miocárdio. Especialmente, a dosimetria 

realizada elucida a dose transmitida no músculo cardíaco  por unidade de atividade injetada de Tl-201, o 

que pode contribuir para futuras investigações de efeitos determinísticos no coração. 
Palavras-chave: dosimetria, tálio 201, miocárdio. 

 

Background: This paper conducts a recalling in myocardial perfusion imaging (MPI) followed by a spatial 

dosimetric investigation of the 201Tl distributed at the myocardium.  Methods and Results: Radiological 

data manipulation was prepared and a computational heart voxelized model was assembled. A set of images 

from abdominal aorta and angiotomography of the thorax was set up providing anatomic and functional 

information for heart modeling in SISCODES code. A homogeneous distribution of Tl-201 was assumed 

into the heart wall. MCNP – Monte Carlo Code was used to provide the photon transport into the heart 

model taking into consideration the interactions into the tissues.  The spatial dose distribution and 

histogram dose versus volume are presented. An analytical alternative model was addressed to the data 

validation. Conclusion: The presently developed tools can produce spatial dose distribution in MPI. 

Especially, the dosimetry performed elucidates imparted dose in the myocardial muscle per unit of injected 

Tl-201 activity, which can contribute to future deterministic effect investigations. 
Keywords: dosimetry, thallium 201, myocardial 

1. INTRODUCTION  

   Myocardial perfusion imaging (MPI) becomes an important tool in diagnosis and monitoring 

patients with cardiovascular disease (CVD).[1-3]  On MPIs, a radiopharmaceutical is injected into a 

peripheral vein and is subsequently captured by myocyte cells of the heart. The uptake 

radioisotope emits radiation that is converted into a scintigraphic image, generated through a 

cardiac CT. The images are obtained in two physical patient stages: rest and stress with blood 

flow increased into the heart. Radiopharmaceuticals accumulate to the heart muscle in function of 

the flow of blood, which is analyzed according to a decrease in the intensity of radioisotope 

uptake in some part of the heart muscle. When this uptake is transient, coronary ischemia is 

pointed out; when it is persistent, fibrosis is the situation. Thus, myocardial perfusion imaging 

allows the physicians to search the viable areas, separating them from unviable ones. In this case, 

this procedure is called myocardial viability. [4]  

http://www.scientiaplena.org.br/
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     The first MPI was performed in 1944 by Carr, based on Cesium-131, Potassium-43 was used 

in 1973 by Zaret et al. [4-6] It was possible to visualize the myocardial ischemia on induced 

stress. Analogue of potassium, thallium-201 (Tl-201) was presented in 1974. Such radionuclide 

has been applied for 30 years satisfactorily. In the 90th, innovative chemical compounds target 

with technetium-99m (Tc-99m) holding new biological features were presented to assess MPI. 

Thus, a variety of perfusion compounds can be applied to image the blood flow distribution in the 

myocardium. Also, an exact value of blood flow at myocardium cannot be estimated with CT 

images and Single Photon Emission Tomography (SPECT); however, it is performed with 

Positron Emission Tomography - PET. [4] 

     The most important clinical application of MPI on stress is the evaluation of ischemic heart.  

The Tl-201 or Tc-99m targeted compounds are used in this diagnosis. Generally, the correlation 

between the MPIs in stress condition and angiography findings of the coronary artery with 

contrast is good. There is sufficient evidence that the finding in MPIs with stress reflects the 

hemodynamic and functional stenosis of the coronary artery, providing important prognostic 

information. [5] Regarding the images in stress, 25% were generated with Tl-201 and 75% with 

Tc-99m target agents.  SPECT was often used in more than 90% of the studies. [5]  

      Thallium-201 chloride, as a flow tracer, once injected intravenously, is distributed to almost 

all body tissues (except brain, due to their failure to transpose the blood-brain barrier) in function 

of the blood flow in locus and accumulates mainly in the cardiac muscle, kidneys, liver, intestines 

and skeletal muscles. [7] As observed in the study, quantitative analysis of a Tl-201 washout and 

redistribution parameters, as presented by the authors, allows discriminating between coronary 

artery pathology with non-early infarction in myocardium   (based on the T1-201 redistribution) 

and with an early infarction of myocardium (considering non-T1-201 redistribution). [39] 

     Despite the long-term application of MPI, spatial dose distribution at the myocardium during 

this procedure is poorly understood, due to the complex of radiopharmaceutical dynamics in such 

anatomic dynamic structure. Since 201 Tl is a good tracer for MPI, it has been applied in clinic for 

more than 20 years. [40] The present paper conducts a heart dosimetric investigation in MPI with 

Tl-201 radiopharmaceutical in order to elucidate the myocardium spatial imparted dose 

distribution. This investigation is justified by the possible induced-radiation deterministic effects, 

especially in the microvasculature of the heart muscles and the modulation of matrix 

metalloproteinases and citocines. [35] 

 

2. MATERIALS AND METHODS 

Heart model for perfusion image 

     A set of sixty normal heart CT sections of an adult´s chest was used. Each section reproduced 
a 2 mm layer. Thus, 355 axial CT sections, including heart and mediastinum were included. [8]  
    SISCODES code converted this set of images into a voxelized tissue model. [9-12] The 
chemical composition and mass density were previously digitalized into SISCODES database. 
Also, the nuclear data, from ICRU-46, was introduced in the data bank [13]. Each tissue was 
represented by a color. 
     SOFT-RT software developed in-house by NRI group, provided the 3D-visualization of the 

model. [15, 16] It is made by OpenGL routines, which can render 3D views of the SISCODE 

models. 

    Each tissue and organ was identified previously. Thus, dosimetric protocol can be simulated.  

Later, information of the radioactive sources is incorporated. Each voxel from myocardial muscle 

received a distributed source of Tl-201. Thus the activity per unit of mass was homogeneous at all 

heart muscle, which is a simplification of the complex Tl-201 dynamic at the heart. The gamma 

spectrum from Tl-201 was specified from literature (Decay Data from ENSDF or Medical 

Internal Radiation Dose- MIRD) [21] Thallium – Tl-201 is provided by circular accelerators and 

presents 72.912 h of half-life.  In their process of electronic capture decay, the X-ray radiation of 

9.98 (16.9%, Hg Lα1), 68.89 (27.0%, Hg Kα2), 70.81 (46.0%, Hg Kα1), 80.25 (10.5%, Hg Kβ1), 
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plus a gamma radiation of 167.43 keV (10%) and 135.34 keV (2.5 %) are emitted predominantly. 

[17]  

    Thus, the data are transferred to an MCNP file. The file was treated in the MCNP5 code [14]. 

The Monte Carlo (MC) method can be used to simulate theoretically a stochastic process, as the 

particle interaction with bone and soft tissue, and is particularly interesting for solving complex 

problems of nuclear transport that cannot be evaluated by codes based on deterministic 

formulations. In MC particle transmission, each of many particles emitted by Tl-201 is followed 

throughout its interaction until escape or absorption events, among others, finalized the transport. 

The simulations account for scattering effects near the chest and the lungs, which play an 

important role in case of Tl-201.  Thus, the output was transferred to SISCODES code. The 

isodose curves of the spatial dose distribution were generated.  Dose versus volume histograms 

was prepared. 

Imparted dose evaluation  

   The imparted dose on each voxel of the heart can be obtained multiplying the MCNP simulation 
result (r), in Gy per transition, by patient´s injected activity (A) in Bq, and by the integral of the 
percentage of the heart uptake over time, defined by p (t), namely time integral factor. Therefore, 
the dose is expressed as: 

       (1) 

    The function p (t) is influenced by two separated mechanisms: the Tl-201 radioactive decay 
and the thallium radiopharmaceutical clinic dynamics. Both mechanisms have exponential 
behavior, so, p(t) can be expressed as a biexponential function [18]: 

           (2) 

where C1 and C3 are constants relatives to half-life of the radiopharmaceutical dynamics and the 
radioactive decay, and C0 and C2 are the weights of each exponential term. 

Validation 

    Due to the difficulty in taking in vivo dose´s measurements at the cardiac muscle directly, 
validations with experimental results could not be performed. Therefore, let us compare imparted 
doses from the computational method and from an analytical method of calculation. Thus the 
average dose rate of the MCNP voxel´s model shall be compared to a value evaluated analytically 
based on a simplified model of the heart.   

    For a uniformly distributed gamma-emitting isotope, the dose rate DR at the center of a sphere 
volume like-heart filled to a radionuclide is 

            (3) 

in which C is the concentration of the radioisotope in unit of Bq.cm-3, Γ  is the specific gamma-
ray emission, and S the geometric factor in unit of meter. [18] 

              (4) 
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in which µ is the linear energy absorption coefficient and r the sphere´s radius. [19] 

The Γ factor relates activity and exposure rate at a specific radionuclide. This factor Γ is defined 
as 

              (5) 

in which (dKair/dt)δ represents the air kerma rate from photons of energy greater than δ, at a 
distance l taken from a point source of A activity. The Γδ has SI units of J m2 kg−1, which becomes 
Gy m2 s−1 Bq−1, after conversion. Replacing air kerma in Eq.5, Γ can be written as 

       (6) 

in which ρ is the mass density, pi is the probability of photon emission and Eli the photon energy 
for the ith emitting on the Tl-201 decaying, summed by all photon emitting. Γδ was calculated 
based on the air mass energy-transfer coefficients and the photon emission yield in the decay of 
the Tl-201 radionuclide. The subscript δ implies that only photons with energy greater than 10 
keV are included in the calculation.  

 

3. RESULTS 

 
Heart model 

  

     The tissues from the voxel model of the heart were previously inserted in the SISCODES 

database. Such data table has already been published [22]. Figure 1 shows, respectively, the 

cardiac tomography imaging and the heart voxel model, in two and three-dimensional views. In 

this Figure 1, some sections of the voxel model of the heart are presented at XY-plane from the 

SISCODES interface. Also, 3D-dimensional images were depicted from SOFT-RT on three 

distinct perspectives.   
 

 

  

Figure 1: The cardiac tomography imaging and the heart voxel model  

       Figure 2 depicts three sections of the heart voxel model generated by the MCNP5, after 

transferring data of the model to the MCNP code, in which simulations were performed. As a 

result of these simulations, the isodose curves in the voxel model of the heart are presented, as 

well as the dose versus a volume histogram of the heart. 
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Figure 2: Sections of the voxel model generated by MCNP5, after transferring data of the heart model to 

the MCNP code.  

Imparted dose 

 

     Figure 3 presents the percentage isodose areas in the heart sections, following by the value 

distribution. The percentage of absorbed dose represented by isodose curves is based on a 

maximum value, which in this case was 2.11x10-11Gy per radionuclide emitting.  All values are 

normalized to the maximum value.  The look-up table – LUT, as well as the percentile ranges 

assigned to each color, was chosen to generate images similar to those obtained from myocardial 

imaging on SPECT.  

 

 
Figure 3: The percentage isodose areas on the heart sections, following by the value distribution. 

 
 

Figure 4 present the same images after applying a blur filter and converting to grayscale with 

contrast enhance. In order to obtain imparted dose, the Eq.1 was applied. The C0, C1, C2 and C3 

in Eq.2 were obtained by non-linear fit to experimental data on the heart uptake as a function of 

time, presented by Bradley-Moore et al. [23]. These data are shown in Table 1. 

The values obtained were: C0 = 3.32053; C1 = 17637.7; C2 = 0.479739; and C3 = 252497. 

Therefore the dose imparted on this procedure was evaluated as follows: 
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      The term 100-1 exists because experimental data are expressed in percentile of total injected 

activity. The integral limits ti and tf taken are ti= 0 s, at the moment of Tl-201 injection, and tf = 

2624832 s corresponds to ten Tl-201 half-lives. The integral result was 259121.36 s.  

     One can see from Fig. 3 that the isodose curves are so dispersed on the heart muscle that it 

cannot be easily interpreted. Therefore, a histogram dose versus volume may be helpful. 
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Figure4: Images after applying a blur filter and converting to grayscale with contrast enhance 

 

 
         

Table 1 - Experimental data from Bradley-Moore et al. [23] of the thallium heart uptake as a  function of 

time. 

 

Time after thallium 

injection (s) 

Heart uptake  

(% of injected activity) 

600 3.65 

1500 3.70 

6300 3.00 

7800 2.96 

72000 0.58 

230400 0.27 

604800 0.08 

 

 

      

     Figure 5 represents the histogram that shows the relationship between absorbed doses to the 

volume percentage. Considering an injection of 148 MBq (4 mCi) of Tl-201, almost 100% of 

heart volume received, at least, 0.1 mGy, about 90% of the heart muscle and 75% of the coronary 

artery received 0.4 mGy or more, about 70% of the heart muscle and 55% of the coronary artery 

received 0.6 mGy or more, and less than 10% of the heart muscle and 5% of the coronary artery 

received doses over 1 mGy. The maximum punctual absorbed dose in the heart muscle was 2.64 

mGy and on coronary artery was 1.23 mGy. The heart muscle received a greater dose when 

compared to dose received by the coronary artery. 
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Figure 5: The histogram that shows the relationship between absorbed doses to the volume percentage. 

 

Validation 

     A tissue-filled sphere of 4.5 cm radius and a mass of 0.4 kg represented the heart, with the 

thallium radionuclide distributed homogeneously. The ( / is 0.0280 cm2.g-1 at 70 keV (gamma 

with maximum emitting percentage of 37%), heart muscle mass density  was adopted 1.05 g.cm-

3.  From Eq.6, the specific gamma-ray constant for 201Tl was 4.7 R. h-1.mCi -1 at 1 cm. Thus, the 

mass energy-absorption coefficient of the heart muscle,  was 0.0294 cm-1; and, the S factor (Eq. 

4) was 52.97 cm. 

    Therefore, from Eq. 3, the dose rate DR was evaluated multiplying:  4.7 R.cm2.h-1.mCi -1 , 

52.97 cm and 0.0003877 mCi.cm-3 that means DR of 0.09657 R.h-1. In order to convert DR unit 

to Gy, the relation R/Gy equal to 0.00877 was applied. So, DR was 0.0008469 Gy.h-1.  

     Imparted dose D can be found multiplying DR by the integral time factor, as shown in Eq.1.  

Assuming the heart uptake of 3.7% of the injected activity of 148 MBq, equivalent to 4 mCi, D 

can be found, multiplying 0.0008469 Gy.h-1 to 2591.2136 s and converting factor of h.3600-1 s-1, 

providing 0.6095 mGy of imparted dose. 

    Thus, the dose obtained from analytical calculus was 0.6095 mGy. From histogram, the 

average dose from the heart voxel model was 0.670 mGy. Those values are in the same order of 

magnitude and differentiate into 9%.   

 

4. DISCUSSION 

    The myocardial uptake of thallium-201 is rapid at rest individuals, with about 90% of the 

uptake occurring in the first pass. Its condition is reproduced by the time integral factor assumed 

in our calculations. During exercise, new uptake condition, which means new parameters C0 up 

to C4, shall be investigated. Tl-201 uses active transport mechanisms by the sodium-potassium 

pump and passive diffusion dependent on the transmembrane electric potential gradient. Rest or 

exercise condition changes the uptake and eliminating functions. [4] When compared to the 

agents labeled with technetium-99m, the extraction of thallium-201 myocardial correlates more 

linearly with the increase in the coronary flow. The present studies can be reproduced to Tc-99m 

MIB changing the kinetics function.  

     Traditionally used in myocardial perfusion imaging thallium-201 has recently been employed 

less as a result of its unfavourable energy profile and of its long physical half-life that limits the 

injected concentration, with advantages for agents labeled with technetium-99m. However, it is 

still used in ischemic heart disease due to the long experience, especially in Brazil. In some 

centers, this agent is of first choice. [3] Thus the present study is relevant not only to present 

imparted dose in the heart but due to the presentation of a new methodology to dose calculation, 

which may be followed to investigate Tc-99m and F-18 radiopharmaceuticals. 



J.M. Toledo; B.M. Trindade; T.P.R. Campos, Scientia Plena 13, 034101 (2017)                       8 

      The MIRD committees of the Society of Nuclear Medicine, coin MIRD schema [20, 38], 

developed a widely used method for internal dose evaluation. The International Commission on 

Radiological Protection (ICRP) adopted such methodology following similar reference data [21]. 

The MIRD schema adopted a 70-kg adult anthropomorphic model and performed dosimetry by 

multiplying absorption and transmitting factors for each organ and radionuclide type, which is 

proportional to the uptake function according to the established target and source. MIRDOSE 

[24], DOSCAL [25], MABDOS [26] are software that helps to apply MIRD method in nuclear 

medicine. [28] MIRD provides an average equivalent dose in the target organ. The method does 

not address the maximum dose. Herein, spatial dose distribution can be achieved by the voxels 

model simulation discriminating dose in a specific part of the organ such as the coronary artery, 

as an example. Such improvement can contribute to better specify the deterministic effects of 

radiation in the myocardium muscle, especially in relation to the modulation of MMPs.  

       Atkins et al. [29] and Krahwinkel et al. [30] provided the maximum Tl-201 uptake in human 

organs, presenting 0.15 – 3% of the administered activity. However, Gupta et al [30] and Hosain 

[31] demonstrated high values for testicular uptake at 14 h of 0.8 % - 1 %. These high doses to 

tests resulted in some concern for younger over Tl-201 application. In the near future, the present 

modeling can be applied to test and validate such findings.   

       Contaminants such as Tl-200, Tl-202, and Pb-203 radionuclides may bring concerns in 

relation to image; however, such contaminants contributed very little for the imparted dose to the 

heart.  Indeed, such contaminants will contribute 1.0% for Tl-200 and Tl-202 and 0.1% for Pb-

203 to the imparted dose. So, such contaminants were not included in the present results.  

       The present calculations provided the imparted dose in units of Gy. The effective dose in 

units of Sv was not evaluated. In this case, weighting factors shall be used. MIRD scheme 

presents the effective dose in Sv and many authors follow it. From MIRD schema, heart wall 

presented 0.23; 0.28 and 0.25 mSv by ICRP [32], RIDIC [33] and Thomas et al. [34] 

       The present study does not address the average organ effective dose, but the spatial absorbed 

dose distribution at the myocardium. Therefore it shall contribute to elucidate dose at this tissue 

and relation to deterministic effects. Herein, the dose was evaluated at the myocardium due to the 

source activity in this organ. In the near future, the dose contribution from other organs will be 

added to the study. 

       According to Einstein et al., [35] a high cumulative effective dose to various individuals 

undergoing myocardium perfusion image was revealed, mainly for those undergoing repeating 

tests. More than 30% of the individuals received 100 mSv as the cumulative effective dose. MPI 

alone, the median cumulative effective dose was 28.9 mSv (IQR, 27.9-55.6 mSv; mean [range], 

44.6 [6.5-406.9] mSv).  Those high cumulative dose values shall bring concerns to the stochastic 

risk. The present methodology does not deal with risk assessment but the deals with absorbed 

dose in myocardium voxels. Indeed, the method provides a spatially discriminated absorbed dose 

in the myocardium, which can be correlated to an average effective dose at the organ.  

       Heart disease induced by radiation is a potential deterministic effect of ionizing radiation at 

the heart exposition with doses provided by scattering radiation from external radiation beam 

therapy. [36] The clinical effects may be present many years after irradiation.  Their symptoms 

are pericardial and myocardial fibrosis, accelerated atherosclerosis, injury to cardiac valves, and 

conduction abnormalities. [36]  

      MPI may not induce a potential radiation-induced effects due to its very small imparted dose; 

however, ionizing radiation in a small dose is involved in the reduction of microscopic 

myocardial capillary density, increasing the activity of matrix metalloproteinase’s (MMPs) in 

heart, interstitial collagen degradation, and endothelial dysfunction mediated by of TGF- may be 

present. [37, 38]  After spatial dose discrimination at the myocardium, further investigation about 

radiobiological effects shall be requested. 

5. CONCLUSION 

As a conclusion, the present computational tool is capable of generating spatial dose 

distribution at myocardial perfusion imaging protocol. Further studies involving differential 
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uptakes from patient´s images shall be made to obtain dosimetric data for each clinical situation. 

Especially, the performed dosimetry elucidates spatial imparted dose distribution in the 

myocardial muscle per unit of injected Tl-201 activity. 
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