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a b s t r a c t

The counting efficiencies obtained using anthropomorphic physical phantoms are generally used in
whole-body counting measurements to determine the level of internal contamination in the body.
Geometrical discrepancies between phantoms and measured individuals affect the counting efficiency,
and thus, considering individual physical characteristics is crucial to improve the accuracy of activity
estimates. In the present study, the counting efficiencies of whole-body counting measurements were
calculated considering individual physical characteristics by employing Monte Carlo simulation for
calibration. The NaI(Tl)-based stand-up and HPGe-based bed type commercial whole-body counters
were used for calculating the counting efficiencies. The counting efficiencies were obtained from 19
computational phantoms representing various shapes and sizes of the measured individuals. The dis-
crepancies in the counting efficiencies obtained using the computational and physical phantoms range
from 2% to 33%, and the results indicate that the counting efficiency depends on the size of the measured
individual. Taking into account the body size, the equations for estimating the counting efficiencies were
derived from the relationship between the counting efficiencies and the body-build index of the subject.
These equations can aid in minimizing the size dependency of the counting efficiency and provide more
accurate measurements of internal contamination in whole-body counting measurements.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Radiological release into the environment due to nuclear acci-
dents cause internal contamination in workers and the general
public, and measuring the internal contamination in potentially
exposed individuals is crucial in mitigating possible health risks.
In vivo measurement of radioactive materials retained in the hu-
man body is a primary method for estimating the internal
contamination from X-ray or gamma ray-emitting radionuclides
[1]. In response to the Fukushima nuclear accident, population
monitoring, which includes whole-body counting measurements,
was performed to assess the internal exposure of the residents of
the Fukushima prefecture [2e4].

Whole-body counters (WBCs) are conventionally employed in in
vivo measurements of internal contamination. Calibrating WBCs is
ncy Center, Korea Institute of
blic of Korea.

by Elsevier Korea LLC. This is an
essential to ensure the accuracy of activity estimates in in
vivo measurements. WBC calibration may be performed using the
bottle manikin absorber (BOMAB) phantom [5], which is a simple
physical phantom composed of ten cylindrical polyethylene bottles
filled with a radioactive solution of known activity to estimate the
calibration factor.

Despite the simplicity of operation, there are several problems
associatedwith the use of BOMAB phantom inWBC calibration. The
similarity in anatomical characteristics between the physical
phantom and the measured human is an important parameter that
can influence the measurement accuracy, especially the counting
efficiency [6e10]. The BOMAB phantom, however, does not reflect
different body types accurately since the phantoms comprise
polyethylene bottles and do not include the bones and internal
organs. The geometrical discrepancies between the BOMAB phan-
tom andmeasured individuals influences the results of whole-body
measurements, due to the over- or under-estimation of counting
efficiency [11]. To address this issue, it is necessary to consider
individual physical characteristics in whole-body counting
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measurements. Another issue is related to the management of
radioactive substances. Leakage is a potential issue in the use of
BOMAB phantom, as aqueous radioactive solutions are used in it.
This leakage can contaminate the counting system, where a low
background environment is desired in in vivo measurements [12].
In addition, BOMAB phantom generates liquid radioactive waste,
and managing this waste is a concerning issue [13]. Finally, BOMAB
phantom is not cost-effective. Thus, it is impractical to construct
BOMAB phantoms for different body sizes [14].

To overcome these limitations, Monte Carlo methods have been
used previously to calibrate in vivo measurement systems. Monte
Carlo simulations estimate the counting efficiency of WBCs using
virtual representations of counting systems and source objects [10].
Recent advances in computational phantoms has led to the simu-
lation of realistic human models with Monte Carlo methods [8,15].
Computational phantoms can be constructed from computed to-
mography, magnetic resonance imaging, or anatomical photo-
graphs of cadavers, which represent detailed anatomical
information of real human bodies. Using computational phantoms
to calibrate in vivomeasurement systems can improve the accuracy
of the measurements [15e18]. Therefore, this study aims to esti-
mate the counting efficiency by taking into account the physical
characteristics of individuals in whole-body counting measure-
ments. This study describes the virtual calibration of WBCs, which
was achieved by Monte Carlo simulations with the computational
phantoms of different sizes developed by different research groups
to derive the equations for estimating the individualized counting
efficiencies in the whole-body measurement.

2. Materials and methods

Two commercial WBCs at the Korea Institute of Radiological and
Medical Sciences (KIRAMS) were used in this study: a stand-up
type WBC system (FASTSCAN; Canberra Industries, Meriden, CT,
USA) with upper and lower NaI(Tl) detectors having the crystal
dimensions of 7.6 cm � 12.7 cm � 40.6 cm and a bed type WBC
system (ACCUSCAN; Canberra Industries, Meriden, CT, USA) with
two high-purity germanium (HPGe) detectors having the crystal
dimensions of 6.2 cm (diameter) � 4.1 cm (length) and 6.2 cm
(diameter) � 3.6 cm (length). The detectors in the WBCs were
shielded by 10 cm of low background steel to minimize the influ-
ence of the background radiation. Based on the manufacturer
specifications, WBCs were simulated using a Monte Carlo code for
in vivomeasurements. The geometries of the stand-up and bed type
WBCs are shown in Fig. 1. Unlike the stand-up typeWBC with static
measurement geometry, the scanning bed automatically moves the
individuals through the detection system in the bed type WBC. The
movement of the scanning bed in the bed type WBC makes simu-
lation difficult, because most Monte Carlo codes employ static ge-
ometries [19]. Therefore, we modified the simulation geometry of
the bed type WBC, representing a complete continuous scan as a
sum of discretized steps [13,20]. As shown in Fig. 1b, the detection
systems of the bed type WBC were arranged in 12 horizontal po-
sitions to optimize the computational time and the scanning
movement. Based on this modified geometry, the counting effi-
ciencies for the bed type WBC were calculated in a single
simulation.

The simulation geometries of the WBCs have been validated
previously [13], and the relative deviations of the counting effi-
ciencies between the measurements and the simulation for the
BOMAB phantom were less than 9% (averaged relative deviations
were 4.8% and 4.6% in the stand-up and bed type WBCs, respec-
tively). The Monte Carlo simulation was performed with the Monte
Carlo N-Particle transport code (MCNP6.2) developed by the Los
Alamos National Laboratory [21].
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The counting efficiencies for each photopeak in the pulse height
spectrum were obtained using the F8 tally (pulse-height tally) of
the MCNP code. The energy bins of the pulse height spectra from
the stand-up and bed type WBCs are composed of 512 and 8192
channels, respectively. The Gaussian energy broadening function
was applied to the F8 tally to simulate the energy resolution of the
detection system. This is based on the full-width at half-maximum
from the calibration curve of the detectors of the WBCs. The
number of source particles used in each simulation was 5 � 108 to
maintain the statistical uncertainties of the tally results below 5%.
The reliability of the tally results can be checked based on the
statistical uncertainties. Statistical uncertainties of <10% indicate
that the results are reliable [21].

We used 19 computational phantoms developed by several
research groups to represent the anatomical characteristics of
measured individuals. These include the International Commission
on Radiological Protection (ICRP) adult reference computational
phantoms [22], the University of Florida/National Cancer Institute
(UF/NCI) reference hybrid family phantoms [23], high definition
reference Korean (HDRK) phantoms [24,25], visible photographic
man (VIP-Man) phantom [26], Japanese adult (JM, JF) voxel phan-
toms [27,28], and male/female adult mesh (MASH, FASH) phantoms
[29]. The anatomical information of adult males and females was
represented in all of the computational phantoms except for the VIP-
Man phantom, which included information of only adult males. The
UF/NCI reference hybrid family phantom also involved the anatom-
ical information of pediatricmales and females aged 1 y, 5 y,10 y, and
15 y. Various computational phantoms including the pediatric case
were used in the present study to investigate the influence of
physical characteristics on the counting efficiency in thewhole-body
counting measurement. An overview of the computational phan-
toms used in the present study is presented in Table 1. Each
computational phantom represents different physical characteristics,
including height and weight. The basic data (or images) and con-
struction methods for the computational phantoms varied for
different phantoms. The body-build index (BBI) of each computa-
tional phantom was calculated from the corresponding weight and
height data. The BBI is defined as (W/H) 1/2, where W and H are the
weight (kg) and height (cm) of themeasured individual, respectively.
The BBI was used to estimate the subject size [30].

The stand-up and bed typeWBCsmodeledwith theMonte Carlo
code as represented in Fig. 1 were applied to the computational
phantoms to calculate the counting efficiencies. The calibration of
the WBCs was conventionally performed using the BOMAB phan-
tom with homogeneously distributed radioactivity within the
bottles. Moreover, the calibration of the WBCs was performed
based on the assumption that the measured individual was ho-
mogeneously contaminated. Thus, the radioactive source in the
computational phantom simulated the homogeneous distribution
throughout all tissues except the skin [8].

The computational phantoms, except for the 1 y, 5 y, and 10 y-
old pediatric computational phantoms, were located in theWBCs at
positions equivalent to those of the BOMAB adult phantom to
reproduce the calibration conditions. This approach, however,
would result in a significant underestimation of the counting effi-
ciencies for the 1 y, 5 y, and 10 y-old pediatric computational
phantoms due to the fact that the lower side detector of the stand-
up type WBC was placed 61 cm above its bottom so as to mainly
view the adult torso [2]. Note that in practice of pediatric mea-
surement, a stool or lift was used to increase the sensitivity of the
stand-up typeWBC. In the present study, therefore, the positions of
the 1 y, 5 y, and 10 y-old pediatric computational phantoms were
elevated considering the practice of pediatric measurements. As
represented in Table 2, the positions for the 1 y, 5 y, and 10 y-old
pediatric computational phantoms in the stand-up type WBC were



Fig. 1. Photographs and computational modeling geometry of the WBCs: (a) stand-up type WBC, (b) bed type WBC.

Table 1
Anatomical characteristics of the male and female computational phantoms.

Phantom Gender Height (cm) Weight (kg) Body build index (W/H)1/2

ICRP male 176 73 0.66
female 163 60 0.61

HDRK male 172 68 0.63
female 761 54 0.58

VIP-Man male 186 103 0.74
JM, JF male 171 65 0.62

female 152 44 0.54
MASH, FASH male 175.6 73 0.64

female 162.5 60 0.61
UF/NCI Adult male 176 73.4 0.65

female 163 59.7 0.61
UF/NCI 1 y male 76 10 0.36

female 76 10 0.36
UF/NCI 5 y male 109 18 0.41

female 109 18 0.41
UF/NCI 10 y male 138 32 0.48

female 138 32 0.48
UF/NCI 15 y male 167 57 0.58

female 161 53 0.56
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determined based on the height of the ICRP adult reference
computational phantoms.

Counting efficiencies were determined for the gamma ray en-
ergies of 59.5, 88.0, 122.1, 165.9, 391.7, 661.6, 898.0, 1173.2, 1332.5,
and 1836.1 keV, emitted from the radionuclides 241Am, 109Cd, 57Co,
139Ce, 113Sn, 137Cs, 60Co, and 88Y, respectively. The calculated
counting efficiencies for the BOMAB and computational phantoms
were compared to investigate the influence of geometrical dis-
crepancies between the physical calibration phantoms and
computational phantoms on the counting efficiencies for both
WBCs.
Table 2
Modified positions of the pediatric computational phantoms in the stand-up type WBC.

Phantom 1 y

Gender male

Modified positions from the bottom of stand-up type WBC (cm)a 34.6

a The modified positions were calculated based on the ratios of the height for the ICRP a
(61 cm) on the stand-up type WBC (Male: 34%, Female: 36%).
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The measured individuals have a heterogeneous tissue distri-
bution; however, the BOMAB phantom describes a simplified hu-
man anatomy with homogeneous tissue distribution. Thus, it is
necessary to evaluate the effect of tissue homogeneity (in terms of
the densities and composition of the internal organs) on the whole-
body counting measurement. The densities and material compo-
sitions of all internal organs in the computational phantoms were
changed to those of water except for the skin. Monte Carlo simu-
lations were performed with the modified (i.e., water-filled)
computational phantoms to investigate the influence of tissue
distribution of the internal organs on the whole-body measure-
ment. The counting efficiencies obtained from the computational
phantoms were compared with those obtained from the modified
computational phantoms.

The counting efficiencies are influenced by the anatomical
characteristics of the individual, especially the body size. The effect
of the body size on the counting efficiency should be corrected to
improve the accuracy of whole-body measurements. Significant
correlations between the counting efficiency and subject size in
whole-body counting measurements have been reported previ-
ously [30,31]. In the present study, the relationship between the
counting efficiency and subject size was investigated to derive an
equation for estimating the individualized counting efficiencies for
both WBCs. The subject size can be estimated using the BBIs pre-
sented in Table 1. This parameter indicates the average body
thickness of the individuals [31]. To establish the relationship be-
tween the counting efficiencies and subject size, the counting ef-
ficiencies for the 19 computational phantoms were evaluated at the
gamma ray energies 122.1, 604.7, 661.6, and 1173.2 keV, emitted
from 57Co, 134Cs, 137Cs, and 60Co, respectively. These radionuclides
are the main contributors to internal contamination in nuclear
accidents.
5 y 10 y

female male female male female

33.2 22.9 20.9 12.7 10.1

dult reference computational phantom relative to the position of the lower detector



Fig. 2. Averaged deviations of counting efficiencies calculated using computational phantoms from those obtained with BOMAB adult phantom: (a) male phantoms in the stand-up
type WBC, (b) female phantoms in the stand-up type WBC, (c) male phantoms in the bed type WBC, and (d) female phantoms in the bed type WBC.
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3. Results and discussion

The counting efficiencies calculated using the computational
phantoms were compared with those calculated using the BOMAB
adult phantom for each gender. The counting efficiencies obtained
from the pediatric computational phantoms were also included in
this comparison to investigate the dependence of counting effi-
ciencies on the body size. The averaged relative deviations between
the counting efficiencies of the BOMAB and computational phan-
toms for the stand-up and bed type WBCs are shown in Fig. 2. The
deviations are within the range of 2%e33%, considering all phan-
toms and both whole-body measurement systems. The counting
efficiencies of the VIP-Man, ICRP, female, and FASH computational
phantoms are in good agreement (<5% deviation) with those of the
BOMAB adult phantom. Meanwhile, relatively large discrepancies
are observed in the pediatric computational phantom of the UF/NCI
as well as JM and JF computational phantoms for both WBCs. The
counting efficiencies for these computational phantom groups are
over 10% greater than those for the BOMAB adult phantom. In
particular, the differences in the counting efficiencies between the
BOMAB adult phantom and the 1 y-old male UF/NCI computational
phantoms are 33% and 23% for the stand-up and bed type WBCs,
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respectively. These differences in the counting efficiencies are
owing to the body size of the computational phantoms in the
measurement geometry of the WBCs. These computational phan-
toms have smaller heights and lower weights compared to the
BOMAB and other computational phantoms.

Additional simulations were performed to investigate the dis-
crepancies in the counting efficiencies between the calibration
phantoms and the measured individuals for the pediatric cases. As
shown in Fig. 3, the calculated efficiencies of the 5 y and 10 y-old
UF/NCI pediatric computational phantoms were compared to those
of the 4 y and 10 y-old BOMAB phantoms, respectively. The
counting efficiencies of the pediatric computational phantoms for
both of WBCs are over 7% larger than those of BOMAB phantoms.

The comparison results demonstrate that the geometrical dif-
ferences between the measured individual and the physical cali-
bration phantom influence the counting efficiency. A similar trend
in deviations is observed in the stand-up and bed type WBCs.
However, the discrepancies for the bed type WBC are smaller than
those for the stand-up type WBC. This result indicates that in-
dividual's physical characteristics have less influence on the
counting efficiency in the bed type WBC than in the stand-up type
WBC, owing to the difference between the counting geometry for



Fig. 3. Averaged deviations of counting efficiencies calculated with pediatric (5 y and 10 y) computational phantoms from those obtained with 4 y and 10 y old BOMAB phantoms
for (a) stand-up type WBC and (b) bed type WBC.

Fig. 4. Comparison of counting efficiencies between the original computational phantoms and modified homogeneous computational phantoms for both whole-body measurement
systems: (a) stand-up type WBC, (b) bed type WBC.
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both systems. Note that the counting geometry of the bed type
WBC covers the entire body of the individual under inspection due
to the movement of the scanning bed when performing measure-
ments, while the stand-up type WBC uses two large NaI(Tl) de-
tectors positioned toward the torso of the individual in a static
measurement geometry.

Fig. 4 shows a comparison of the counting efficiencies between
the original computational phantoms and the modified (i.e., water-
filled) homogeneous computational phantoms used to investigate
the influence of the tissue distribution of the internal organs on the
whole-body counting measurement. No significant differences
(<5%) are observed between the original and modified phantoms
for bothWBCs. These results show that the existence of the internal
organs indeed does not significantly affect the counting efficiencies.
Thus, this study focused on the size dependency on thewhole-body
counting efficiency of the main radionuclides in radiation
emergencies.

The counting efficiencies of the photo-peaks for 57Co
(122.1 keV), 134Cs (603.7 keV), 137Cs (661.6 keV), and 60Co
(1173.2 keV) were obtained from the 19 computational phantoms.
Based on the weight and height of the computational phantoms,
the BBI was calculated as (W/H) 1/2. Figs. 5 and 6 show the varia-
tions in the counting efficiencies as a function of the BBI for the
computational phantoms used for the stand-up and bed type
WBCs, respectively. The results show that the counting efficiencies
decrease with an increase in the BBI. The variations of the counting
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efficiencies for each photo-peak against the BBI are similar for both
systems. This is due to the gamma ray attenuation within the
phantom, which leads to differences in the counting efficiency
depending on the size of the subject [2]. Gamma-rays were more
attenuated inside the phantoms for higher BBIs.

Linear regression was used to derive the equations for esti-
mating the counting efficiencies, considering the individual's body
size. The agreement between the fitted curve value and data points
was evaluated using the coefficient of determination (R2), which
indicated that the equation matched well with the distribution of
data in the whole-body measurement systems (R2 > 0.5) The R2

values for 60Co (0.8514 and 0.5378 in the stand-up and bed type
WBCs, respectively) are lower than those for the other radionu-
clides. Moreover, the regression slopes for the 1173.2 keV curve are
gentle compared to those for the 122.1 keV curve. This is because
the attenuation is more significant for low-energy gamma rays than
for high-energy gamma rays. Hence, the counting efficiencies for
the high-energy gamma-rays are less dependent on the body size
than those for the low-energy gamma rays.When comparing the R2

values of the stand-up and bed type WBCs, the agreement of the
fitted curve for the stand-up type WBC is better than that for the
bed type WBC. These results suggest that the measurement ge-
ometry can influence the counting efficiencies with respect to the
body size of the individuals. As explained previously, the counting
efficiencies of the bed type WBC are less influenced by the subject
size than those of the stand-up type WBC.



Fig. 5. Variation of the counting efficiencies for the stand-up type WBC as a function of the BBI: (a) 122.1 keV for 57Co, (b) 603.7 keV for 134Cs, (c) 661.6 keV for 137Cs, and (d)
1173.2 keV for 60Co.
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The counting efficiencies in in vivo measurements can be
influenced by the geometrical differences between the physical
calibration phantom and the measured individuals. It is difficult to
reproduce the calibration geometry in whole-body measurements,
because individual physical characteristics differ from those of the
physical calibration phantoms [12]. Furthermore, the subjects in
the whole-body counting measurement vary in age, gender, and
physical characteristics. Therefore, the individual physical charac-
teristics, especially body size, should be considered to reduce the
uncertainty associated with whole-body measurement results. An
age-dependent efficiency calibration of WBCs is necessary to
guarantee the accuracy of results when quantifying the body
burden of gamma emitter incorporated contaminants in a case of
public exposure e.g., after a nuclear emergency. Other approaches
for virtually calibrating whole-body counting measurement sys-
tems have been investigated using simplified mathematical phan-
toms with different sizes by employing Monte Carlo simulation
[10,14,19]. These phantoms, however, have limited information on
human anatomy, which result in inaccurate measurements. In the
present study, therefore, computational phantoms representing a
realistic human model were used to reduce the size dependency of
the counting efficiencies, thereby improving the accuracy of whole-
body measurements. Based on the fitted equations presented in
Figs. 5 and 6, the individualized counting efficiency in terms of the
body size, can be calculated using the BBI for both systems.
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4. Conclusions

In the present study, a virtual calibration was performed to
calculate the whole-body counting efficiencies using Monte Carlo
simulation with 19 computational phantoms of different sizes for
commercial stand-up and bed type WBC systems. Monte Carlo
simulations with computation al phantoms that serve as realistic
human models could determine the effect of body size on the
counting efficiencies. The equations for estimating individualized
counting efficiencies were derived based on the relationship be-
tween the counting efficiencies and body sizes of individuals for
different radionuclides of significant concern in radiation emer-
gencies. The results demonstrate that the counting efficiency is
significantly affected by the geometrical discrepancy between the
physical calibration phantom and individual body characteristics of
measured individuals. Our results can help determine individual-
ized counting efficiencies in whole-body counting measurements.
Biokinetic models were not considered in the present study, and
the counting efficiency in the context of biokinetic models should
be investigated in the future to realize the accuratemeasurement of
internal contamination.
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Fig. 6. Variation of the counting efficiencies for the bed type WBC as a function of the BBI: (a) 122.1 keV for 57Co, (b) 603.7 keV for 134Cs, (c) 661.6 keV for 137Cs, and (d) 1173.2 keV
for 60Co.
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