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Abstract. A substantial increase of childhood cancer cases observed in Belarus, Ukraine and Russia after the 
Chernobyl accident has been associated with thyroid exposure to radioiodines following the accident. A large 
number of direct thyroid measurements (i.e. measurement of the exposure rate near the thyroid of the subject) 
were conducted in Belarus during a few weeks after the accident. Individual thyroid doses based on results of the 
direct thyroid measurements were estimated for about 126,000 Belarusian residents and settlement-average 
thyroid doses for adults were calculated for 426 contaminated settlements in Gomel and Mogilev Oblasts. 
Another set of settlement-average thyroid doses for adults was estimated based on results of activity 
measurements in milk samples for 28 settlements (with not less than 2 spectrometric measurements) and 155 
settlements (with not less than 5 total beta-activity measurements) in Gomel and Mogilev Oblasts. 
Concentrations of 131I in milk were derived from these measurements. In the estimation of this set of thyroid 
doses, it was assumed that adults consumed 0.5 L d-1 of milk locally produced. The two sets of dose estimates 
were compared for 47 settlements, for which simultaneously were available a dose estimate based on thyroid 
measurements and a dose estimate based either on spectrometric or radiometric milk data. The settlement-
average thyroid doses based on milk activity measurements were higher than those based on direct thyroid 
measurements by a factor of 1.8 for total beta-activity measurements (30 settlements were compared) and by a 
factor of 2.4 for spectrometric measurements (17 settlements). This systematic difference can be explained by 
overestimation of the milk consumption rate used in the calculation of the milk-based thyroid doses and/or by 
application of individual countermeasures by people. 
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1. Introduction 
 
A substantial increase of childhood cancer cases was observed in Belarus, Ukraine and Russia after 
the Chernobyl accident [1-3]. This increase has been associated with thyroid exposure to radioiodines 
following the accident. The main contributor to thyroid exposure for the general population was 
drinking fresh cows’ milk containing 131I [4]. A large number of direct thyroid measurements (i.e. 
measurement of the exposure rate near the thyroid of the subject) were conducted in Belarus during a 
few weeks after the accident. This allowed for estimating individual thyroid dose based on in-vivo 
measurement of 131I thyroidal content for the measured resident. Uncertainty associated with the 
estimate of such individual thyroid dose is substantially less than those associated with the 
corresponding estimates obtained by the other methods which do not use the results of direct thyroid 
measurements. It is worth noting that a large number of milk samples was measured in Belarus for 
their total beta activities in May-June 1986 [5]. In addition, a restricted number of spectrometric 
measurements of the 131I concentration in milk were carried out mainly in the most contaminated 
areas in Belarus during that time [6]. Taking into account that the main contributor to the thyroid 
exposure for the residents who lived in rural areas was the consumption of locally produced cows’ 
milk, it is important to check the consistency of the estimates of thyroid dose based on direct thyroid 
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measurements for the rural residents with corresponding estimates derived from the measurements of 
the 131I concentration in milk. The purpose of the paper is to present the results of this comparison. 
 
2. Materials and methods 
 
2.1 Description of the data planned to be used in the comparison 
 
Three sets of data were considered for their possible use in comparison: 
(1) about 126,000 individual estimates of “measured” thyroid dose derived from the direct thyroid 

measurements that were performed on the Belarusian residents from April through the beginning 
of June 1986. 

(2) 161 spectrometric measurements of 131I and 137Cs concentration in cows’ milk for Gomel, 
Mogilev, Brest, Minsk and Grodno Oblasts carried out from May 1 to June 23, 1986; 

(3) 20,978 estimates of 131I concentration in cows’ milk derived from total beta-activity 
measurements for Gomel and Mogilev Oblasts conducted from April 29 to June 30, 1986. 

 
2.2 Methods to assess thyroid dose estimates 
 
The average estimates of “measured” dose in the Belarusian settlements that are considered were 
derived from direct thyroid measurements and information on residence history and dietary habits 
that were typical for the residents in those settlements. This information was received from the 
individuals whose residence histories and dietary habits were obtained by means of personal 
interviews conducted in 1988. The description of the methods used in individual dose assessment is 
given in [7-9].  
 
Taking into account that an adult age-group was that mostly measured compared to any children age-
group, we used for the purpose of comparison the dose estimates for adult population. The geometric 
mean estimate of individual thyroid doses for adult population in a settlement was used in further 
comparison. The geometric mean being robust estimate is preferable estimate compared to the 
arithmetic mean. 
 
A detailed description of assessing the 131I concentration in milk based on the measurements of total 
beta-activity of milk samples is given in [5]. The same method to assess the time-integrated activity 
in milk and the settlement-average thyroid dose for a specific age-group is used in this paper for both 
input data: (1) spectrometric measurements of the 131I concentration in milk and (2) estimates of the 
131I concentration in milk derived from the total beta-activity measurements. Based on the estimate of 
the 131I concentration in milk at a given date (date of sampling) the time-integrated concentration of 
131I in milk in the considered settlement was assessed assuming that pasture grass was the only source 
of contamination of the cows’ intake. Thyroid dose was calculated on the basis of the time-integrated 
concentration of 131I, dose factor and milk consumption rate for adults assuming typical life-style of 
the population in a given settlement in April-June 1986. 
 
The concentration of 131I, Cm,131(t), in milk at any time t based on the measured (estimated) 
concentration of 131I in milk at the date of sampling Cm,131(ts) is calculated as follows: 
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where Cm,131(t) is the concentration of 131I in milk at any time t, Bq L-1; 
           Cm,131(ts) is the concentration of 131I in milk at time of sampling, ts, Bq L-1; 
           λgrass is the effective clearance rate of grass from 131I (λgrass = 0.15 d-1 [10]); 
           λcow is the effective clearance rate of cows’ milk from 131I (λcow = 0.63 d-1 [10]). 
 
The time-integrated concentration of 131I, Cm,131(T), in milk during a time period T is estimated as: 
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In case of T=∞, equation (2) can be re-written as follows: 
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Equation to assess the settlement-average thyroid dose for adults Dad on the basis of the geometric 
mean estimate, Cmilk(∞), of the distribution of the time-integrated concentrations of 131I in milk is as 
follows: 
 

Dad = Cmilk(∞) × Vad × kT × Fing,ad                                                                           (4) 
where  Cmilk(∞) is a geometric mean estimate of the distribution of the time-integrated concentrations 

of 131I in milk available for a given settlement, Bq d L-1; 
             Vad is a geometric mean of the distribution of the milk consumption rates by adults (assumed 

to be equal to 0.5 L d-1); 
             kT is a coefficient accounting for limited period of time of milk consumption (for evacuated 

settlements kT = 0.54, for the non-evacuated settlements of Bragin, Narovlya and 
Khoinki raions kT = 0.86, for the others kT = 1), dimensionless; 

          Fing,ad is ingestion dose factor for an adult, (assumed to be equal to 4.4×10-7 Gy Bq-1 [11]). 
 
2.3 Analysis of the input data with respect to possible limitation of their use in the 
comparative assessment 
 
2.3.1 Dose estimates derived from direct thyroid measurements 
 
Of all settlement-average dose estimates for rural adult population based on direct thyroid 
measurements only those were selected for which more than or equal to 10 measured thyroid doses 
for adults are available. This criterion has been met for 426 contaminated settlements in Gomel and 
Mogilev Oblasts. 
 
2.3.2 Dose estimates derived from spectrometric measurements 
 
Of 161 spectrometric measurements of 131I and 137Cs concentration in cows’ milk available for 
Gomel, Mogilev, Brest, Minsk and Grodno Oblasts that were sampled from May 1 to June 23, 1986, 
only 126 spectrometric measurements related to the rural settlements in Gomel and Mogilev Oblasts 
can be used in the comparative analysis. As a rule milk samples taken from cows were measured on 
the same day or a few days later. The database contains the measurements of cows’ milk taken from 
both farms collective and private. Of selected 126 measurements only one measurement was 
conducted on June 23, 1986, while the other 125 measurements were carried out not later that June 4, 
1986. Analysis of the concentration of 131I in milk of several measurements available for one 
settlement and recalculated to the same reference date shows that the variation of the 131I 
concentration in milk can be characterized by a geometric standard deviation (GSD) of up to 2.5 with 
a median value of 1.7. It means that the variation of the 131I concentration in milk within one day in 
one settlement in the 95% confidence interval can be as high as an order of magnitude (GSD4=8.4 for 
GSD=1.7). This high variation can be explained by uneven contamination of the vicinities of a given 
settlement as well as application of individual countermeasures to private cows. Thus, single 
spectrometric measurement can be non-representative for a settlement. 
 
Time variation of the estimates of the 131I concentration in milk at the date of sampling, Cm,131(ts), 
derived from spectrometric measurements available for the same settlement is given in Fig. 1(a). This 
variation is shown for three settlements: (1) Bragin town, 5 measurements were conducted with 
sampling dates in the range from May 7 to June 4; (2) Dernovichi village of Narovlya raion, 7 
measurements were conducted in milk sampled from May 1 to May 28; and (3) Strelichevo village of 
Khoiniki raion, 7 measurements were conducted with sampling dates ranging from May 5 to May 30. 
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There is an obvious decrease of the 131I concentration in milk with time for the measurements in each 
settlement. However, it is more sensitive to analyze the estimates of integrated concentration of 131I 
in milk, Cmilk(∞), for one settlement (or the 131I concentration in milk decay-corrected to a reference 
date). Time variation of the estimates of integrated concentration of 131I in milk versus the date of 
sampling for the above mentioned settlements is given in Fig. 1(b). Analysis of the data in Fig. 1(b) 
shows that there is no tendency to increase the estimates of Cmilk(∞) with time due to overestimating 
the 131I concentration at late dates due to measurement errors. It might be because time span is not 
prolonged and spectrometric measurements were sensitive enough for measured level of 131I. 
However, for two of three settlements (Bragin and Strelichevo) there is a tendency of decreasing the 
estimates of Cmilk(∞) with time of sampling. For Strelichevo village the three earliest measurements 
were conducted for cows’ milk taken from collective farm while the other four measurements were 
conducted for cows’ milk taken from private farms. May be some of the countermeasures applied for 
cows in collective farms and in private farms were different. For Bragin town the estimates of 
Cmilk(∞) for two late measurements conducted on June 4 are less by a factor of about 3 than the 
estimates for earlier measurements. This difference can be explained by the observed variation of the 
131I concentration in milk for one settlement. Thus, there is no reason to exclude spectrometric 
measurements related to various dates of sampling and measurements. The settlement-average 
thyroid doses for adults based on spectrometric measurements of 131I in milk samples conducted in 
Gomel and Mogilev Oblasts (not less than 2 measurements for a given settlement) were estimated for 
28 settlements.  
 
2.3.3 Dose estimates derived from total beta-activity measurements 
 
Of 20,978 estimates of the 131I concentration in cows’ milk derived from total beta-activity 
measurements for Gomel and Mogilev Oblasts conducted from April 29 to June 30, 1986, the name 
of settlement was not identified for 4,045 measurements (only the name of collective farm is known). 
In addition, for 10,983 measurements the result of the estimate of the 131I concentration in cows’ milk 
is below minimum detectable activity (MDA). It was decided to exclude from consideration the 
measurements with unknown name of settlement and with the estimate of the 131I concentration 
below MDA. So, further analysis was only applied to the remaining 7,908 estimates of the 131I 
concentration in cows’ milk. 
 
Analysis of total beta-activity measurements was conducted in the same way as it was done for 
spectrometric measurements. Time variation of the estimates of the 131I concentration in milk at the 
date of sampling, Cm,131(ts), and of the estimates of integrated concentration of 131I in milk, Cmilk(∞), 
for one settlement was analyzed. As an example, Fig. 2(a,b) presents the above mentioned time 
variation for Strelichevo village of Khoiniki raion. An obvious tendency is seen that the estimate of 
the integrated concentration of 131I in milk increases from late May. This tendency has been revealed 
to be a typical one for total beta-activity measurements carried out for a given settlement. It can be 
explained by overestimation of the results of total beta-activity measurements at low levels occurred 
at late dates of measurement. In turn, this resulted in overestimation of the assessment of the 131I 
concentration in milk derived from total beta-activity measurements conducted at late dates. In order 
to eliminate the revealed bias in the estimates of the 131I concentration in milk all measurements 
conducted after May 20, 1986 were excluded. After that 3,460 measurements were left for further 
analysis. The settlement-average thyroid doses for adults derived from total beta-activity 
measurements of milk samples conducted in Gomel and Mogilev Oblasts (not less than 5 
measurements for a given settlement) were estimated for 155 settlements. 
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Figure 1: Time variation of the estimates of (a) the 131I concentration in milk and (b) integrated 
concentration of 131I in milk versus the date of sampling within the framework of one settlement 
derived from spectrometric measurements. 
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Figure 2: Time variation of the estimates of (a) the 131I concentration in milk and (b) integrated 
concentration of 131I in milk versus the date of sampling for Strelichevo village of Khoiniki raion of 
Gomel Oblast derived from total beta-activity measurements.  
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2.3.4 Comparative analysis of dose estimates derived from spectrometric measurements versus those 
based on total beta-activity measurements 
 
Comparison of the settlement-average dose estimates derived from spectrometric measurements, Dspec, 
(not less than 2 measurements for a settlement) and total beta-activity measurements, Dbeta, (not less than 5 
measurements for a settlement) is given in Table 1. All five settlements are located in Gomel Oblast. 
Statistical processing of the ratio of Dbeta/Dspec resulted in the following estimates: GM of this ratio is equal 
to 0.65 with GSD of 1.33. This comparison showed that there is a correlation between the settlement-
average dose estimates derived from spectrometric and total beta-activity measurements. At the same time 
the estimates based on total beta-activity measurements are less by a factor of about 1.5 than the estimates 
based on spectrometric measurements. The revealed correlation encourages us to use both spectrometric 
and total beta-activity (conducted not later than 20 May) measurements in the further comparative 
analysis with average doses based on direct thyroid measurements. 
 
Table 1: Comparison of the settlement-average dose estimates derived from spectrometric 
measurements, Dspec, and total beta-activity measurements, Dbeta for settlements with not less than 2 
spectrometric measurements and not less than 5 radiometric measurements. 

Total beta-activity 
measurements 

Spectrometric 
measurements Raion Settlement 

N Dbeta, Gy GSD N Dspec, Gy GSD 

Ratio of 
Dbeta/Dspec 

Bragin Bragin 50 0.48 1.84 5 0.51 1.85 0.96 
Kalinkovichi Ozarichi 5 0.10 2.37 2 0.21 1 0.47 

Dernovichi 10 0.63 1.78 7 0.82 1.74 0.77 Narovlya 
Narovlya 77 0.21 3.37 2 0.33 1.51 0.64 

Khoiniki Strelichevo 31 0.48 1.8 7 0.92 2.38 0.52 
 
3. Results and discussion 
 
Results of comparison of the settlement-average thyroid doses based on direct thyroid measurements 
and derived from milk data are given in Table 2 (for spectrometric measurements) and in Table 3 (for 
total-beta activity measurements). 
 
Table 2: Comparison of the settlement-average thyroid doses based on direct thyroid measurements, 
Dthyr, and derived from spectrometric measurements of milk, Dspec. All settlements are from Gomel 
Oblast. 

Thyroid measurements Spectrometric 
measurements Raion Settlement 

N Dthyr,  
Gy GSD N Dspec,  

Gy GSD 

Ratio of 
Dspec/Dthyr 

Bragin 1162 0.18 2.47 5 0.51 1.85 2.9 
Vygrebnaya Sloboda 216 0.94 2.21 3 1.78 1.89 1.9 
Ostroglyady 368 0.30 2.98 2 0.34 2.38 1.1 
Rudnya Zhuravleva 141 0.40 2.21 3 1.02 1.1 2.6 
Savichi 549 0.24 2.37 4 0.94 1.75 4.0 

Bragin 

Yaseni 327 0.22 2.59 2 0.40 1.97 1.8 
Narovlya 3678 0.15 2.67 2 0.33 1.51 2.3 
Dernovichi 206 0.15 2.97 7 0.82 1.74 5.6 
Kirov 85 0.19 2.45 3 0.58 1.21 3.1 

Narovlya 

Ugly 450 0.25 2.38 2 0.37 3.52 1.5 
Amelykovshchina 234 0.24 2.27 2 0.29 1.75 1.2 
Babchin 386 0.45 2.73 6 0.61 1.77 1.4 
Glinishche 421 0.38 1.97 2 1.85 1.13 4.9 
Kozhushki 277 0.28 2.55 3 0.66 1.64 2.3 
Rudnoe 431 0.14 2.32 2 0.68 2.64 4.8 
Strelichevo 191 0.18 2.96 7 0.92 2.38 5.2 

Khoiniki 

Tulygovichi 290 0.44 2.55 5 0.60 2.09 1.4 
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Table 3. Comparison of the settlement-average thyroid doses based on direct thyroid measurements, 
Dthyr, and derived from total beta-activity measurements of milk, Dbeta. Settlements are from Gomel 
and Mogilev Oblasts. 

Thyroid measurements 
Radiometric 

measurements 
Raion Settlement 

N 
Dthyr,  
Gy 

GSD N 
Dbeta,  
Gy 

GSD 

Ratio of 
Dbeta/Dthyr 

Bragin 1162 0.18 2.47 50 0.48 1.84 2.8 Bragin 
Komarin 1392 0.12 2.14 12 0.61 1.58 5.1 
Buda-Koshelevo 354 0.088 1.58 248 0.12 2.22 1.4 
Duravichi 18 0.12 2.65 8 0.28 1.3 2.2 
Glazovka 12 0.092 1.58 12 0.17 1.51 1.8 
Gubichi 10 0.11 1.45 9 0.12 1.98 1.1 

Buda-Koshelev 

Potapovka 22 0.10 1.58 21 0.16 1.64 1.6 
Borisovshchina 51 0.28 2.91 23 0.51 1.93 1.8 
Khoiniki 3701 0.12 2.52 151 0.32 3.62 2.6 
Strelichevo 191 0.18 2.96 31 0.48 1.8 2.7 
Sudkovo 183 0.26 2.31 36 0.36 2.79 1.4 

Khoiniki 

Velikii Bor 294 0.18 2.55 9 0.30 1.81 1.7 
Korma 138 0.028 1.84 86 0.11 2.62 3.8 Korma 
Litvinovichi 16 0.040 2.42 12 0.14 2.24 3.5 

Loev Loev 1717 0.030 2.62 84 0.049 2 1.6 
Dernovichi 206 0.15 2.97 10 0.63 1.78 4.3 
Dvorishche 74 0.37 2.50 5 0.38 1.35 1.0 
Golovchitsy 536 0.11 2.48 5 0.17 1.61 1.5 
Gridni 36 0.40 2.16 5 0.33 1.62 0.84 
Konotop 201 0.25 2.43 8 0.49 3.94 2.0 
Narovlya 3678 0.15 2.67 77 0.21 3.37 1.5 
Teshkov 75 0.14 2.29 6 0.29 1.62 2.1 

Narovlya 

Zavoity 192 0.11 2.22 13 0.21 2.19 1.9 
Ozershchina 34 0.066 2.44 9 0.13 2.53 2.0 
Rechitsa 1133 0.081 3.07 35 0.11 2.98 1.4 

Rechitsa 

Zaspa 336 0.23 2.57 5 0.44 2.16 1.9 
Chericov 13 0.037 1.77 6 0.024 1.49 0.67 Chericova 
Dubrovka 36 0.059 1.87 6 0.042 1.79 0.71 

Kostyukovichia Kostyukovichi 122 0.034 1.82 15 0.065 1.94 1.9 
Slavgoroda Slavgorod 832 0.024 2.43 84 0.030 1.71 1.2 
a – Those raions are located in Mogilev Oblast, while the others are located in Gomel Oblast. 
 
Statistical processing of the ratio of Dspec/Dthyr in the last column of Table 2 for 17 settlements from 
Gomel Oblast resulted in the estimates: GM of this ratio is equal to 2.4 with GSD of 1.7. 
 
Statistical processing of the ratio of Dbeta/Dthyr in the last column of Table 3 for 30 settlements from 
Gomel and Mogilev Oblasts resulted in the estimates: GM of this ratio is equal to 1.8 with GSD of 
1.6. It is worth noting that separate analysis of the above ratio for 26 settlement from Gomel Oblast 
and 4 settlements from Mogilev Oblast shows obvious difference of the GM of the ratio of Dbeta/Dthyr 
for those areas 1.9 and 1.0, respectively. This difference can be explained as follows. The areas 
located in Gomel Oblast, especially in the south, were identified as radioactively contaminated soon 
after the accident (end of April 1986). Normal life-style and dietary habits of the population in many 
settlements located in south of Gomel Oblast was disturbed. This might have resulted in ban or 
substantial decrease of consumption rate of milk locally produced by many people in settlements in 
Gomel Oblast. So, use in the dose calculation for those settlements of the average milk consumption 
rate by adult population of 0.5 L d-1 might have been a conservative assumption. Also, we assumed 
that there were no individual countermeasures aimed at decreasing milk consumption rate. The other 
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situation was in Mogilev Oblast in April-May 1986. Substantial contamination of part of the territory 
of Mogilev Oblast was revealed rather late. Normal life-style and dietary habits of the population in 
the settlements in Mogilev Oblast in May 1986 was not disturbed as it was in Gomel Oblast. So, the 
average milk consumption rate by adult population might have been higher than that in Gomel 
Oblast. In addition, no individual countermeasures were applied in Mogilev Oblast. That is why there 
is a consistency between the average doses derived from direct thyroid measurements and those 
based on milk data assuming 0.5 L d-1 consumption rate and no countermeasures applied. 
 
4. Conclusions 
 
1. Variation of the 131I concentration in milk within one day in one settlement in the 95% 

confidence interval can be as high as an order of magnitude. This high variation can be explained 
by uneven contamination of the vicinities of a given settlement as well as application of 
individual countermeasures to private cows. Thus, single spectrometric or radiometric 
measurements can be non-representative for a settlement. 

2. Only estimates of the 131I concentration in milk derived from total beta-activity measurements 
conducted until May 20, 1986 were recognized to be reliable on the basis of thorough analysis of 
all available milk data. 

3. There is a correlation between the settlement-average dose estimates derived from spectrometric 
(not less than 2 measurements) and total beta-activity measurements (not less than 5 
measurements). At the same time the estimates based on total beta-activity measurements are less 
by a factor of about 1.5 than the estimates based on spectrometric measurements. 

4. The settlement-average doses based on spectrometric and radiometric milk data are higher than 
those derived from direct thyroid measurements by a factor of 2.4 with GSD of 1.7 for 
spectrometric data and by a factor of 1.8 with GSD of 1.6 for radiometric data. This systematic 
difference can be explained by overestimation of the milk consumption rate used in the 
calculation of the milk-based thyroid doses and/or by application of individual countermeasures 
by people, which were note taken into account in milk-based thyroid doses assessment. This 
conclusion is indirectly supported by a separate analysis of the ratio of settlement-average doses 
based on milk data and on thyroid measurements for Gomel and Mogilev Oblasts, which have 
geometric means of 1.9 and 1.0, respectively. It is known that a normal life-style and dietary 
habits of the population in many settlements in Gomel Oblast was disturbed, while it was not the 
case for the settlements in Mogilev Oblast.  
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