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Abstract. Radiation doses from diagnostic radiology are the largest contribution to the collective dose and the 
use of guidance (reference levels) has proven to be a tool for optimization of protection.  Recently, with the 
support of the International Atomic Energy Agency (IAEA), eight countries of the Latin-American region have 
been working together on a programme to test methodologies for determining preliminary values of guidance 
levels for X-ray chest, lumbar spine and breast examinations. The approach used was to obtain entrance surface 
air kerma from measurements of X-ray tube outputs, corrected for distance and backscatter and later for real 
exposure parameters used with patients. For quality control, some of these values for a reduced number of patients 
were compared with direct TLD measurements directly placed on the patient during exposure. Given the number 
of parameters involved in the two methods, relatively large differences are deemed to be found in the comparison. 
The only way of deciding if measurements and calculations are outliers, for example, due to a systematic error or 
a mistake, is to compare these differences with the combined uncertainty. The aim of this paper is to present – in a 
detailed way – the methodology used in the pilot program ARCAL LXXV, the analyses of data performed within 
the survey and the estimated uncertainty. The parameters analyzed were: precision of the readings, positioning of 
the detector, reproducibility of the mAs and kV, long term stability of the instrument, radiation quality, kerma 
rate, radiation incidence, field size and field homogeneity, calibration factor of the equipment, temperature and 
pressure measurement, X-ray tube output curve adjustment, backscatter factor and focus-patient distance. The 
combined standard uncertainty for Ke in chest radiography in adult patients of standard complexion, was 12%, 
and the expanded uncertainty (k=2) was 24%. 
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1. Introduction 
 
Radiation doses from diagnostic radiology are the largest contribution to the collective dose and the use 
of guidance (reference levels) has proven to be a tool for optimization of protection.  Recently, with the 
support of the International Atomic Energy Agency (IAEA) in the framework of ARCAL LXXV: 
Guidance Levels Determination for Conventional Radiology and Interventionism, eleven countries of 
the Latin-American region have been working together on a programme to test methodologies for 
determining preliminary values of guidance levels for X-ray chest, lumbar spine and breast 
examinations. 
Therefore, if the results obtained for a sample taken in a radiology room are above the reference levels, 
studies must been done in order to determinate the factors that contribute to those high doses as a means 
to guarantee the optimized protection of the patients and maintain the appropriate levels of a good 
practise.  
The measurements and calculations’ results done for the dose estimation in such examinations are 
presented with their correspondent uncertainties as a way to know the quality and the reliability of 
them. 
The objective of the present paper is to study the management of the associated uncertainties to the 
measurements and calculations done by the participating countries.  It was taken as an example for this 
paper chest radiography studies. 
 
2. Materials and Methods 
 
The quantity used for the dosimetry of the patient in general radiology is the ESAK (entrance surface 
air kerma) which is a reliable indicator of the patient exposure in conventional radiography studies. This 
magnitude can be used to compare with the orientative or reference levels for such studies. 
 
2.1 Description of the methodology used for the estimation of the ESAK 
 
The approach used was to obtain entrance surface air kerma from measurements of X-ray tube outputs, 
corrected for distance and backscatter and later for real exposure parameters used with patients.   
The methodology used was based on the tube output expressed in incident kerma in air (Ki), without 
backscatter, at the reference distance (dref) - for e.g. at 1 meter- for unit of the tube charge (PIt), and for a 
representative group of values of kVp (U). The unit is the Gy(mAs)-1 or mGy(mAs)-1. 
The calculation is done by correcting the output with the inverse squared law for the distance focus to 
patient surface (dfs) and by multiplying the product current-time in mAs used in the patient to obtain 
such image and the backscatter factor (B). The output values for each kVp are adjusted to a potential 
function and it is necessary to obtain the adjustment parameters (a and b) that will allow determining 
the Ki and the patient’s ESAK. From the exposure parameters recorded for each patient and the X-ray 
tube output is calculated the ESAK using the following equations: 
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where: 
 
M   Average reading of the dosimeter in air at 1 meter distance 
N    Calibration factor 
k     Radiation quality correction factor 
f      P y T correction factor 
 
With the aim of knowing the uncertainty associated to the ESAK calculation is presented an example 
experimentally obtained during the measurements in the working of the Project. 
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2.2 Identification of the uncertainty sources 
 
The uncertainties associated to the dosimetric measurements in diagnostic radiology are correspondent 
to several factors like the type of dosimeter used, correction factors for the quality of the radiation, the 
precision in the placement of the dosimeter at the measurement point, etc. 
The spotlight made for the uncertainties calculation was based on recommendations given by 
organizations like: ISO and EURACHEM [1-2]. 
The parameters involved in the dose calculation process require the uncertainty associated estimation 
and are detailed below. 
 
2.2.1 Reading of the instrument (M) 
 
The obtained readings with the measurement instrument are influenced by different factors: the 
precision of the readings (PR), the positioning of the detector when determining the output (PD), the 
repetitivity of the mAs during output measurement (mAs), the repetitivity of the kV during output 
measurement (kV), the long term stability of the dosimetric instrument (SI), the quality of the 
radiation (k), the kerma rate (r), the direction of radiation incidence (i), and the size and homogeneity 
of the radiation field (sh). 
 
2.2.2 Calibration factor of the dosimetric equipment (N) and the correction factor of the 
radiation quality (k) 
 
It corresponds to the calibration coefficient of the chambers and the dosimeters taking into account the 
energy dependence provided by a qualified laboratory. 
 
2.2.3 Correction factor of pressure and temperature (f) 
 
This factor is applied to measurements with ionization chambers. It corrects the changes in air density 
due to changes in temperature and pressure with respect of the reference conditions. 
 
2.2.4 Adjustment of the output curve (a(U)b ) 
 
It emerges from the comparison of the output values obtained in the measurements with the 
corresponding to those of the adjusted curve for the selected kV. 
 
2.2.5 Backscatter factor (B) 
 
This factor relies on the voltage implicated and the size of the field. 
 
2.2.6 Focus skin distance (dfs) 
 
It is the error in the measurement of the distance between the focus and the positioning of the patient. 
 
 
Figure 1, shows a diagram of the potential uncertainty sources that have been considered as a 
contribution to the value of the uncertainty associated to ESAK measured value. 
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Figure 1: Uncertainty Sources  
 

  
 
3. Results 
 
The results of the quantification of the uncertainties associated with each uncertainty source identified 
are presented below and they come from a direct measurement or are estimated using experimental 
results or theoretical previous analyses [3]. Chest radiology studies were taken as an example for these 
calculations. 
 
3.1 Quantification of the standard uncertainties 
 
3.1.1 Reading of the instrument (M) 
 
Precision of the readings (PR) 
 
Evaluation: Type A, Normal. 
The maximum standard deviation of the media of the measurements of three readings (M) was taken.  It 
was found for each value of kV step measured divided by 3 . 
urel (PR) = s(M)= s(Mi) n÷                 (3) 
M1 = 980 µGy, M2 = 1004 µGy, M3 = 1004 µGy, M = 996 µGy 
s(Mi)= 13,86 µGy 
s(M)= 13,86 µGy 3÷  = 8,00 µGy 
urel (PR) = (s(M). 100)/ M = (8,00 µGy . 100)/996 µGy = 0,80% 
 
Positioning of the detector (PD) 
 
Evaluation: Type B, Rectangular. 
The uncertainty for the ionizing chamber positioning is 5 mm for the reference distance of 1 meter. 
urel (PD) = 0,5% 3÷ = 0,29% 
 
Repetitivity of the mAs during output measurement (mAs) 
 
Evaluation: Type A, Normal. 
From the quality control measurements of the mAs, the maximum and minimum values are used to 
determine the maximum deviation for four values of mAs. 
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M(min) = 40,3 µGy/mAs, M(max) = 44,5 µGy/mAs, M = 42,4 µGy/mAs 
Standard deviation= 9,91% 
s(L)= 9,91% 3÷ = 5,72% 
urel (mAs) = s(L) = 5,72% 
 
Repetitivity of the kV during output measurement (kV) 
 
Evaluation: Type A, Normal. 
From the quality control measurements of the kV, the maximum and minimum values are used to 
determine the maximum deviation for four values of kV. 
M(min) = 67,0 µGy/mAs, M(max) = 76,6 µGy/mAs, M = 71,8 µGy/mAs 
Standard Deviation= 13,4%     
s(M)= 13,4% 3÷ = 7,74% 
urel (kV) = s(M) = 7,74% 
 
Long term stability of the dosimetric instrument (SI)  
 
Evaluation: Type B, Rectangular. 
Given by the calibration laboratory: ± 0,3% per year. 
 urel (SI) = 0,3 3÷ = 0,17% 
 
Quality of the radiation (k) 
 
Evaluation: Type B, Rectangular. 
A typical value was taken considering an upper limit (L) that takes into account the deviation of the 
reference conditions: L= ±5,0% 
urel (k) = 5,0 3÷ = 2,89% 
 
Kerma rate (r) 
 
Evaluation: Type B, Rectangular. 
A typical value was taken considering an upper limit (L) that takes into account the deviation of the 
reference conditions: L= ± 2,0% 
urel (r) = 2,0 3÷ = 1,15% 
 
Direction of radiation incidence (i) 
 
Evaluation: Type B, Rectangular. 
A typical value was taken considering an upper limit (L) that takes into account the deviation of the 
reference conditions: L= ± 3,0% 
urel (i) =3,0 3÷ = 1,73% 
 
Size and homogeneity of the radiation field (sh) 
 
Evaluation: Type B, Rectangular. 
A typical value was taken considering an upper limit (L) that takes into account the deviation of the 
reference conditions: L= ± 3,0% 
urel (sh) =3,0 3÷ = 1,73% 
 
3.1.2 Calibration factor of the dosimetric equipment (N) and the correction factor of the 
radiation quality (k) 
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Evaluation: Type B, Normal. 
Uncertainties included in the calibration factor of the equipment given by the calibration laboratory. 
Standard deviation: ± 5,0% (k=2) 
urel (Nk) = 5,0÷2 = 2,5% 
 
3.1.3 Correction factor of pressure and temperature (f) 
 
Measurement of the temperature 
 
Evaluation: Type B, Rectangular. 
The contribution to the uncertainty given by the calibration laboratory is: ±0.1%. 
urel (T) = 0,1 3÷ = 0,06% 
 
Measurement of the pressure 
 
Evaluation: Type B, Rectangular. 
The contribution to the uncertainty given by the calibration laboratory is: ±0.1% 
urel (P) = 0,1 3÷ = 0,06% 
 
3.1.4 Adjustment of the output curve (a(U)b ) 
 
Evaluation: Type B, Rectangular. 
The maximum error is taken among all the steps of the kV range used. 
M(measured) = 53,7 µGy/mAs, M(curve adjustment) = 56,8 µGy/mAs 
S(aUb) = 100(Lm-Lc)/Lm = 100(53,7-56,8) ÷53,7 = 5,8% 
urel (aUb) = 5,8% 3÷ = 3,34% 
 
3.1.5 Backscatter factor (B) 
 
Evaluation: Type B, Rectangular. 
The values of the B factor for ICRU tissue for large fields from 50 kV to 150 kV is about 1,28 and 1,56 
[4]. In this study a single value of 1,36 was used.  
For the chest example, the values were among 98 kV (B=1,40) and 128 kV (B=1,46) and the maximum 
deviation is: 
S(B) = 100(Bm-1,36)/1,36 = 100(1,46-1,36)÷1,36 = 7,35% 
urel (B) = 7,35 3÷ = 4,25% 
 
3.1.6 Focus skin distance (dfs) 
 
Evaluation: Type B, Rectangular. 
It is taken 50 mm for 2 m focus-skin distance. 
urel (dfs) = 2,5 % 3÷ = 1,44% 
 
3.2 Calculation of the combined standard and relative expanded uncertainties 
 
The combined standard uncertainties are calculated using the law of propagation of uncertainties with 
the following equations and results are presented in Table 1. 
 
3.2.1 Combined uncertainties of the readings 
 

222222222
c {u(sh)} {u(i)} {u(r)} {u(k)} {u(SI)}  {u(kV)} {u(mAs)}  {u(PD)}{u(PR)} (M) u ++++++++=

 (4) 
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3.2.2 Combined uncertainty of the pressure and temperature correction factor 
 
[ ] 2222

c }{u(P)/Pcal {u(P)/P}Tcal}15{u(T)/273,T}15{u(T)/273, P)f(T,  P)f(T, u +++++×=  
(5) 
 
3.3.3 Combined standard uncertainty of the ESAK   
         

222222
c {u(dfs)}  {u(B)}  {u(aUb)}  {u(f)}  {u(N)} {u(M)}(ESAK) u +++++=          (6) 

 
Table 1: Relative combined standard and relative expanded uncertainties of the ESAK for thorax 
radiography 
Source of uncertainty Relative standard                                   

uncertainty k = 1 (%) 
Precision of the readings 0,80 
Positioning of the detector 0,29 
Repetitivity of the mAs 5,72 
Repetitivity of the kV 7,74 
Long term stability of the instrument 0,17 
Radiation quality 2,89 
Kerma rate 1,15 
Direction of radiation incidence 1,73 
Field size and field homogeneity 1,73 
Combined uncertainties of  the readings 10,44 
Calibration factor 2,50 
Temperature 0,06 
Pressure 0,06 
Combined uncertainty of the P and T correction factor 0,02 
Curve adjustement 3,34 
Backscatter factor 4,25 
Focus skin distance 1,44 
Relative combined standard uncertainty of the ESAK (k=1) 12,11 
Relative expanded standard uncertainty of the ESAK (k=2) 24,21 
 
Therefore, the expression of the final result for the chest examination example with an average ESAK 
of 0,10 mGy and a expanded standard uncertainty of 24% is: 

 
ESAK = (0,10 ± 0,02) mGy with confidence interval of 95%            (7) 
 
4. Conclusion 
 
In the framework of the project the participating countries decided to make a quality control of the 
obtained results in order to validate them. The procedure was to select a reduced number of patients and 
compare the values obtained with this methodology based on the equipment output curve with direct 
TLD measurements directly placed on the patient during exposure. Given the number of parameters 
involved in the two methodologies, relatively large differences were found in the comparison. The only 
way of deciding if measurements and calculations are outliers, for example, due to a systematic error or 
a mistake, is to compare these differences with the combined uncertainty. 
In Figures 2 and 3 the contributions of the different components of the uncertainty are shown. It can be 
appreciated which are the factors that most contribute and over which it is necessary to extreme controls 
in order to diminish the uncertainty. This acknowledgment will be taken into account for future studies. 
 
 
The numbers below correspond to the different factors in the graph: 
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1 Precision of the readings  9 Field size and field homogeneity 
2 Positioning of the detector 10 Calibration factor 
3 Repetitivity of the mAs 11 Measurement of the temperature 
4 Repetitivity of the kV 12 Measurement of the pressure 
5 Long term stability of the instrument 13 Curve adjustment 
6 Radiation quality 14 Backscatter factor 
7 Kerma rate 15 Source skin distance 
8 Direction of radiation incidence 16 Relative combined standard uncertainty

 
Figure 2: Uncertainties contribution of influence quantities 
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Figure 3: Uncertainties contribution of influence quantities and combined uncertainty 
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