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ABSTRACT 

 
This study aims to propose a methodology to estimate the possible financial impact of cancer development and 

treatment over general public as consequence of a radiological event. Asymmetric threats involving radioactive 

materials and its consequences are being studied by some groups worldwide but without using the concept of 

methodology of convergence. This concept is based on combining single platforms into a package in order to 

effectively support the decision-making process during an emergency. A Radiological Dispersive Device (RDD) 

can be built of small amounts of explosive and radioactive material which are packed together. A fictional scenario 

was modeled using cesium-137. The venue is the Athletes Park, located in the city of Rio de Janeiro which will 

host large events such as Olympics .The RDD explosion was modeled using the HotSpot Health Physics Codes 

3.0, which provided radioactive isodoses over the affected location with thresholds in agreement with those 

recommended by Brazilian National Nuclear Energy Commission (CNEN). Also included in the results, Hotspot 

simulated the contaminated area and, the total effective dose for individuals. Estimative about excess relative risk 

(ERR) were performed by using Biological Effects of Ionizing Radiation V (BEIR V) report and TECDOC-870 

(IAEA - Methods for Estimating the Probability of Cancer from Occupation Radiation Exposure). Leukemia was 

considered as morbidity for this study due to its short period of latency. The Total Body Irradiation was considered 

as a treatment and the financial impact was roughly estimated about coasts excluding logistical issues which 

should be calculated for each specific demand in further studies. 

 

 

1. INTRODUCTION 

 

Convergence methodology can be understood as the addition of independent capabilities, 

converging methodologies and/or platforms for troubleshooting apparently isolated. Intensive 

studies in computational and mathematical modeling can help decisions and provide means for 

new discoveries. The application of the convergence methodology in assistance to decision is 

current possibility of solution for such a complex scenario. 
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The innovative nature of this proposal is the idea of convergence of objectives, which seeks to 

integrate computing platforms and predictive models towards a common goal. Efforts in this 

direction, though not under the same methodological basis, are being made by the 

Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO), under the jurisdiction of the 

United Nations (UN), which since 2012 seeks to integrate a computing platform that gather 

field data from several sources providing support to decision-making about whether or not a 

Underground Nuclear Explosion (UNE) took place. 

 

This study aims to develop a methodology for modeling the main consequences of a RDD with 

impacts on finances, taking into account radiation induced cancer, particularly leukemia. The 

convergence of a modeling platform (HotSpot 3.0) and the analysis of relative risks to exposed 

public (BEIR V) were used as a tool.. 

 

 
2. MATERIALS AND METHODS 

 

2.1. HotSpot Health Physics Codes 3.0 

 

The HotSpot provides approximation of the effects of ionizing radiation when radioactive 

materials are released into the atmosphere. HotSpot was developed to prepare technicians and 

planners with a portable set of computational tools to evaluate emergency involving radioactive 

materials dispersed in the atmosphere (HOMMAN, 2013). 

 

HotSpot uses algorithms where the radiation dose is usually overestimated, accordingly to 

Gaussian models to simulate the dispersion of radionuclides in the environment (HOMANN, 

2013). This model usually produces results that agree reasonably with experimental data 

(YVES et al., 2012). The equation of Gaussian model can determine the atmospheric 

concentration of a gas or aerosol any point in space, however, in the HotSpot simulation the 

origin of the dispersion is located at ground level, with the release coordinates of the 

radionuclide in (x = 0, y = 0, z = 0), according to the following model: 
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Where, (1) C, the atmospheric concentration integrated in time (Ci.s/m³); (2) Q, the activity 

radioactive source (Ci); (3) H, the effective release height (m); (4) λ, the radioactive decay 

constant (s-1); (5) x, the distance downwind (m); (6) y, the perpendicular distance to the 

direction of the wind (m); (7) z, the distance from the vertical axis (m); (8) σy, the standard 

deviation of the integrated concentration distribution in the direction perpendicular to the wind 

(m); (9) σz, the standard deviation of the integrated concentration distribution in the vertical 

direction (m); (10) u, the average speed of wind in the height of effective  release material (m/s) 

and; (11) DF (x), the plume depletion factor, calculated by the following relationship: 
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Where, (12) v is the deposition speed of radioactive material (m/s), (13) σz (x) is the standard 

deviation of the concentration distribution of air in the vertical direction (z axis) to any standard 

ground (adjusted for surface roughness height, if any) in the city or terrain analysis, the 

remaining variables are in accordance with equation 1. 

 

The HotSpot estimate isodose plumes, defining elements such as the contaminated superficial 

area and the total effective dose (TED). The wind speed was considered as a drag factor of 

radioactive material released into the environment and modeled a static scenario post 

deflagration of RDD as purposes of this study. 

 

2.2. Biological Effects of Ionizing Radiation: Health Effects of Exposure to Low Levels of 

Ionizing Radiation (BEIR V) 

 

The BEIR V report is a risk analysis models for cancers that depend on the effective dose, 

gender, age and morbidity latency period for individuals exposed to ionizing radiation, taking 

as a principle the epidemiological study on survivors of the nuclear bombings on Japan by the 

end of the 2nd World War, standardized to the American population. 

 

The proposed study on leukemia was due to its short latency period, about 2 to 3 years after 

exposure to ionizing radiation (KATO, SHIMIZU, 1992; Preston et al., 1994;. PRESTON et 

al, 2004), may cause immediate financial impact when considering its treatment’s coast. 

 

The International Atomic Energy Agency (IAEA) classifies the generalized functions of the 

BEIR V according to gender, age and latency period, in accordance with TECDOC 870 (IAEA, 

1996). Table 1 shows the functions for determining the Excess of Relative Risk (ERR) for 

leukemia. 

 

Table 1: Functions for the ERR calculation for leukemia (IAEA, 1996). 

 

Male    

ERR(D,t,e,s) = F(D)β(t,e,s) = 0.33(D+0.79D²)exp[-0.17(t-25)] ; e < 20 (3) 

ERR(D,t,e,s) = F(D)β(t,e,s) = 0.48(D+0.79D²)exp[-0.13(t-25)] ; 20 ≤ e < 40 (4) 

ERR(D,t,e,s) = F(D)β(t,e,s) = 1.31(D+0,79D²)exp[-0.07(t-25)] ; e ≥ 40 (5) 

Female    

ERR(D,t,e,s) = F(D)β(t,e,s) = 0.66(D+0.79D²)exp[-0.07(t-25)] ; e < 20 (6) 

ERR(D,t,e,s) = F(D)β(t,e,s) = 0.97(D+0.79D²)exp[-0.03(t-25)] ; 20 ≤ e < 40 (7) 

ERR(D,t,e,s) = F(D)β(t,e,s) = 2.64(D+0.79D²)exp[0.03(t-25)] ; e ≥ 40 (8) 

 

Where: ERR(D,t,e,s), or ERR, is the excess of relative risk, depending on the total effective 

dose (D, in sieverts), latency (t, in years), age of the foregoing (e, in years) and gender of the 

individual; F(D) is the linear-quadratic function (leukemia) depending on the dose equivalent; 

β(t,e,s) is the relative risk due to the latency, the age at which the individual was exposed to 

ionizing radiation and gender. 

 

 

3. DEVELOPMENT 

 

This work aims the simulation and study of consequences in an emergency radiological 

scenario caused by asymmetrical actions using an RDD. Asymmetric actions (or 4th generation 
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warfare or unconventional) are practices that employ methods of nonlinear conflict and, in most 

cases, with simple techniques, but with emphasis on the psychological level, strategic and 

ideological appeals (SPENCER, LIGHTFOOT, 2001). 

 

Deflagration point chosen was the Athletes Park, located at Rio de Janeiro, RJ - Brazil (22º 58 

'48.78 "(S); 43 24' 29.02" (O)). Data on weather conditions and local population were collected 

database from Brazilian official agencies.The terrain, weather conditions, the radiological 

material and its activity were analyzed as input data. 

 

TED values were given by HotSpot resulting the dose contour plumes. TED values were used 

in the equations of the BEIR V (see Table 2) and separated by gender, age and latency period 

in order to obtain ERR values. 

  

Table 2: Input data of HotSpot software. 

 

Source terms Parameters  

Source material 

Material-at-risk 

Wind speed (h=10 m) 

Wind direction 

Distance coordinates 

High explosive 

Stability Class (city) 

Receptor height 

Sample time 

Inner contour dose 

Middle contour dose 

Outer contour dose 

Dose conversion data 

Exposure time 

Cs-137, half-life: 30.0 years 

3.7E+14 Bq 

3.0 m/s 

130° SE 

All distances are on the Plume Centerline 

10.0 lb of trinitrotoluene (TNT) 

E 

1.7 m 

0.1 min 

100 mSv 

50 mSv 

1 mSv 

Federal Guidance Report No. 13 (FGR-13, 1999) 

Start: 0.0 h; Duration: 24.0 h 

 

A function involving the predefined costs by legislation and values of new cases of cancer (NC) 

was required for the estimation of remediation costs and attention to the population in a public 

health case. Such approximation of a cost excessive function is proposed, considering the 

number of new cases due to exposure to ionizing radiation during RDD scenario: 

 

EC = (CI.TED + CT + CL).NC                                          (9) 
 

Where, (1) EC the excess of cost estimated in American dollars; (2) CI the initial cost, stipulated 

by the norm CNEN-NN-3.01 (CNEN, 2011) of Brazilian National Nuclear Energy Comission 

(CNEN), which states that in quantitative optimization assessments, the value of the monetary 

coefficient by collective dose unit (man-sieverts) should not be less then, in national currency, 

the equivalent values US$ 10,000; (3) TED is the total effective dose in the exposed individual, 

in sieverts; (4) CT is the cost of treatment; (5) CL is the logistics costs; and, (6) NC, the number 

of new cases above the baseline values estimated from the ERR. 

 

To estimate the CT value the treatment of leukemia called Total Body Irradiation (TBI), as a 

pre bone marrow transplantation, was considered as six sessions of 2.0 Gy (Gordon et al., 

1997). The Brazilian Society of Radiotherapy (SBR), estimated the average cost for this type 
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of treatment is R$ 2,250.00 per individual (R$ 375.00 per session) (SBR, 2010). In American 

dollars, this value would be around US$ 729.57 per person (US$ 121.59 per session), on 19 

June 2015. 

 

The logistics cost (CL) depends on the nature of the event and should be calculated or estimated 

for each case. 

 

 
4. RESULTS AND DISCUSSION 

 

After data from table 2 are inserted into HotSpot, TED values and isodose plumes on the site 

are estimated. For the modeled scenario, they used established doses by CNEN in emergencies, 

evacuation and doses to the public individuals who assume the values of 100 mSv, 50 mSv and 

1 mSv (CNEN, 2011), respectively. Figure 1 shows the contamination plumes generated by 

HotSpot. 

 

 
 

Figure 1: Contamination plume generated by the HotSpot. 

 

Table 3 shows calculated values of ERR organized by plume, gender and age, and the number 

of new estimated cases from demographic data for the location(IBGE, 2010), and the incidence 

of leukemia (baseline) for Rio de Janeiro in 2014, estimated by National Institute of Cancer 

(INCA) which is  180 (male) and 210 (female) (INCA, 2014). 
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Table 3: ERR, NC and EC values, divided by gender, plumes and age. 

  

Gender Plume Age (years) Dose (Sv) ERR NC EC (US$) 

Male 

Inner 

e < 20 0.100 1.632 293.754 472,321.54 

20 ≤ e < 40 0.100 0.965 173.719 279,318.70 

e ≥ 40 0.100 0.683 122.908 197,620.74 

Middle 

e < 20 0.050 0.786 141.500 165,375.03 

20 ≤ e < 40 0.050 0.465 83.680 97,798.50 

e ≥ 40 0.050 0.329 59.204 69,193.40 

Outer 

e < 20 0.001 0.015 2.725 2,011.74 

20 ≤ e < 40 0.001 0.009 1.611 1,189.69 

e ≥ 40 0.001 0.006 1.140 841.72 

Female 

Inner 

e < 20 0.100 0.344 72.243 116,158.76 

20 ≤ e < 40 0.100 0.206 43.168 69,408.83 

e ≥ 40 0.100 0.145 30.458 48,972.17 

Middle 

e < 20 0.050 0.166 34.799 40,670.93 

20 ≤ e < 40 0.050 0.099 20.794 24,302.27 

e ≥ 40 0.050 0.070 14.671 17,146.74 

Outer 

e < 20 0.001 0.003 0.670 494.75 

20 ≤ e < 40 0.001 0.002 0.400 295.63 

e ≥ 40 0.001 0.001 0.282 208.58 

          Total: US$ 1,603,329.71 

 

The baseline cost (CBL), given by the product of baseline and the amount paid by Brazilian 

Unified Health System (SUS) for treatment leukemia by TBI (around US$ 729.57), and EC 

values are summarized in Table 4 which also shows the equivalence between them. 

 

Table 4: Cost by baseline (CBL) and by ERR (EC). 

 

Gender CBL (US$) EC (US$) 

Male 131,322.96 1,285,671.05 

Female 153,210.12 317,658.66 

Total 284,533.08 1,603,329.71 

Equivalence EC = 5.63 CBL 

 

The EC is about 560% of CBL for the scenario. This estimate can help the budget platform when 

complemented with CL values. Figure 2 shows the relation between the EC values, CBL and the 

their sum according to the TED. 
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Figure 2: Costs due to TED in irradiated individuals. 

 

The value of CBL remains constant because it does not considered in event, while EC has 

dependence on TED. The sum (EC + CBL) represents the total estimated cost, considering the 

occurrence rate for leukemia and the estimated cost for the scenario. 

 

 

5. CONCLUSIONS 

 

The methodology of actions for financial impact estimate was suggested to only one morbidity, 

however, has the knowledge to a more complex situation, various neoplasms should be 

analyzed, where victims and casualties arising from the deflagration itself (if any) should be 

considered. Because it is a static scenario, only the situation at the time of deflagration was 

taken into account, so the contamination plumes refer to the worst expected scenario, i.e., the 

most conservative. 

 

The financial impact was obtained by the value that the SUS provides for treatment of 

leukemia, as well as the optimization value determined by CNEN. Such amounts may be 

modified in accordance with the determination of these organs, but in the case of methodologies 

and not just results, it is important knowledge of the equivalence of costs based for baseline 

and costs from new cases. In the scenario in question, it was estimated that the EC is about 

560% greater than the value that would probably be worn by the baseline. 

 

The presented methodology can advise the decision-making process in the event of radiological 

incidents (RDD),foreseeing coasts. This approach sets up a modern example of platform 

integration (convergence methodology) for a common goal, speeding up and giving scientific 

basis for policy response actions to such emergencies. 
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