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Whole-body counting is a technique of choice for assessing the intake of gamma-emitting radionuclides. An appropriate calibra-
tion is necessary, which is done either by experimental measurement or by Monte Carlo (MC) calculation. The aim of this work
was to validate a MC model for calibrating whole-body counters (WBCs) by comparing the results of computations with mea-
surements performed on an anthropomorphic phantom and to investigate the effect of a change in phantom’s position on the
WBC counting sensitivity. GEANT MC code was used for the calculations, and an IGOR phantom loaded with several types of
radionuclides was used for the experimental measurements. The results show a reasonable agreement between measurements and
MC computation. A 1-cm error in phantom positioning changes the activity estimation by >2 %. Considering that a 5-cm devi-
ation of the positioning of the phantom may occur in a realistic counting scenario, this implies that the uncertainty of the activity
measured by a WBC is ∼10–20 %.

INTRODUCTION

Whole-body counting is a well-established technique
in health physics that has been used for decades to
identify and quantify gamma-emitting radioisotopes
in the human body. Its principle is to scan the human
body using a gamma detector (scintillation and/or
semiconductor detector). Alpha- and beta-emitters are
more difficult to measure with a whole-body counter
(WBC) and usually require the measurement of a bio-
logical sample (urine, faeces and blood). Various WBC
settings are used for measurement: bed (lying), chair
(sitting) and vertical (standing). The strength of the
WBC lays in its ability to provide direct measurement
of intake, but in order to provide accurate results, the
device must be properly characterised.

WBCs are usually calibrated using a phantom that
simulates the human body, containing known radio-
active substances with known activity distributions
and concentrations. The calibration may be performed
by measuring physical phantoms, such as the RANDO
phantom developed by Alderson et al.(1), the LLNL
phantom developed at the Lawrence Livermore
National Laboratory(2), the BOttle Manikin ABsorber
(BOMAB) phantom, defined by the American Na-
tional Standards Institute(3), the IGOR phantom devel-
oped at St Petersburg(4), the Bottle-shaped phantom
developed at the University Hospital of Cologne(5) or
the Block-shaped phantom developed at the Japan
Atomic Energy Research Institute(6). The calibration
may also be undertaken by computation (virtual

calibration) using either mathematical models simu-
lating physical phantoms or virtual computational
models such as the first stylised phantoms developed
at the Oak Ridge National Laboratory based on
recommendations of the Medical Internal Radiation
Dose Committee(7,8) and the ADAM and EVA phan-
toms developed at Helmholtz Zentrum München(9).
These phantoms are based on simple mathematical
equations (quadratic) simulating simple shapes as
rough approximations of the human organs and
tissues. Voxel phantoms, based on CT or MRI ana-
tomical images of the human body, are becoming the
reference(10) and are recommended by ICRP(11).
Many phantoms have been developed in the last
decade with a resolution ranging from �2 million to
6 billion voxels, some of them related to Caucasian
populations and others to non-Caucasian ones
(Japanese, Chinese and Korean)(12 – 18).

Other techniques and advanced mathematics are
used today to develop phantoms that are race specific,
such as statistical shape modelling(19), and phantoms
with smoothed organ surface contours such as the
‘Non Uniform Rational B-Spline’ shaping spline
function(20,21) and polygon meshes(22,23). A good review
of physical and computational phantoms is done by the
Consortium of Computational Human Phantoms(24).

Mathematical phantoms allow for a wide range of
investigations and sensitivity analysis on the various
WBC settings, by means of Monte Carlo (MC) calcu-
lations. Various MC computer codes have been used
so far: ‘FLUktuierende KAskade’ (FLUKA)(25), ‘Monte

# The Author 2013. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com

Radiation Protection Dosimetry (2014), Vol. 162, No. 3, pp. 280–288 doi:10.1093/rpd/nct336
Advance Access publication 29 December 2013

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Serveur académique lausannois

https://core.ac.uk/display/77160024?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Carlo N-Particle’ (MCNP)(26–33), ‘Electron Gamma
Shower’ (EGS)(5,6,34,35), ‘PENetration and Energy
LOss of Positrons and Electrons’ (PENELOPE)(32),
‘GEometry ANd Tracking’ (GEANT)(36) or local
codes developed ad hoc(37). MC calculation has been
used to compare different mathematical phantoms
used in WBCs(10,26,27,29,31,35,38) or to compare the
measurements obtained with a physical phantom
with the results obtained by a simulated version of
this phantom(5,6,30,35,37). MC calculations are also
used to investigate how the counting efficiency of the
WCB depends on various parameters of the system
that may be sources of uncertainty, such as the difference
between the shape and size of the person to be moni-
tored and the phantom, the measuring geometry,
notably the position of the detector, the phantom–
detector distance, the distribution of the radionuclides
in the body, etc.(5,29,33,37,39)

The objects of the work presented in this paper are
as follows: (a) validating a MC simulation used to in-
vestigate the response of a WBC with an IGOR
phantom, by comparing the results of the simulation
with experimental measurements, (b) performing a
monoenergetic calibration of the WBC, with the pos-
sibility of extending the calibration to any other
gamma emitter and (c) estimating the role of
phantom positioning and explore its effect on the re-
sponse of the WBC.

MATERIAL AND METHODS

WBC setting

The Paul Scherrer Institute (PSI) at Villigen
(Switzerland) runs a WBC set-up that monitors a few
hundred professionally exposed radiation workers per
year (269 in 2011(40)) for intake of radionuclides. The
PSI-WBC is placed in a steel room, with internal
dimensions of 270`� 190`� 220 cm, located under-
ground(41). The thickness of the steel walls, roof and
base is 18 cm; the walls are covered with 3 mm of lead
to absorb scattered and characteristic radiation. The
dose-rate level in the room amounts to 24 nSv h21. As
shown in Figure 1, the PSI-WBC is equipped with a
detector mounted on a mechanical support that is
fixed on the ceiling and which permits movements in
three directions and turns around two axes; the detec-
tor’s inclination is also adjustable. The dentist’s chair
used allows for sitting and lying positioning.

Detector

The detector used is a p-type high-purity germanium
(HPGe) coaxial detector manufactured by Canberra
(former: Eurysis Mesures), EGPC 100-225-R type,
with a crystal diameter of 80.4 mm and length of 83.8
mm and a sensitive volume of 413 cm3. The detector
measures photons with energies ranging between 50

Figure 1. The PSI-WBC setting. The directions for movement are specified with dotted lines and arrows(41).
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keV and 2 MeV, with an energy resolution of 2.25 keV
at 1.33 MeV. It has been fully characterised in a previ-
ous study(42).

IGOR phantom

The IGOR phantom, also called a unified phantom,
is used in Switzerland as a reference physical
phantom. It was developed at the Research Institute
for Industrial and Marine Medicine and the Research
and Technical Centre Protection, St Petersburg(4).
The IGOR phantom consists of polyethylene blocks
(density, 0.95 g cm23) of two dimensions: big size
(165̀ � 110̀ � 55 mm; 0.88 kg) and small size (165̀ �
110̀ � 25 mm; 0.40 kg). As shown in Table 1, six con-
figurations are possible with the IGOR phantom;
they are referred to as P1 to P6 and correspond, re-
spectively, to a toddler, a child, a teenager and an
adult of three different weights (70, 90 and 110 kg).
Figure 2 shows the IGOR phantom (configuration
P2) posed on the dentist’s chair in a sitting position.
In this study, the authors used five phantom config-
urations (P2 to P6).

Radioactive sources

Each block of the phantom is equipped with two cy-
lindrical holes to host rods of 6 mm diameter and 163
mm length containing the radioactive substance.
Experimental measurements with the various config-
urations of the IGOR phantom were made at the PSI
for the five radionuclides: Eu-152, Ba-133, Co-60, Cs-
137 and K-40(43). This covers a range of energies from
81 to 1461 keV as shown in Table 2, which also gives
the activities used.

In a number of cases, the radioactive rods available
were not sufficient to fill all the blocks of the phantom.
These cases are presented in Table 3.

Monte Carlo code

The MC code used in this investigation was the
last version of GEANT (4.9.5.p01) developed at
CERN(44,45). This version is provided with three
models for simulating low-energy electromagnetic

radiation: ‘Standard’, ‘Penelope’ and ‘Livermore’.
They only differ for energies of ,30 keV. The authors
chose to use ‘Penelope’, but preliminary tests did not
find a strong effect on the models. A Cþþ imple-
mentation of the nuclide decay scheme simulator
SCH2FOR was used(46). The computer cluster of the
Institute of Radiation Physics, Lausanne, was used
for computation; it consists of 12 PC 2.8 MHz
bioprocessors, under Linux Ubuntu 10.04 LTS.
The GEANT simulations were run in parallel; the
openMPI software was used to this effect. The
number of histories was chosen to obtain a statistical
uncertainty on the order of 1 %, leading to several
hundred million histories and a few tens of days of
computations for the various configurations (five
phantoms, five radionuclides and monoenergetic
photons).

Statistical significance

If the measured sensitivity, or counting efficiency, 1M,
is given with an absolute standard uncertainty uM
and the MC-calculated sensitivity 1C is given with
Poisson statistics uncertainty uC, the relative bias rel-
bias and the z-score are defined as follows:

rel-bias ¼ eC

eM
� 1; ð1Þ

z-score ¼ eC � eM
1=2

uC
2 þ uM

2 : ð2Þ

The sensitivity 1, also called peak efficiency, is
expressed as the integral number of counts in the peak
per second, divided by the activity of the nuclide in
becquerel, multiplied by the emission probability.

Under generally accepted standard conditions, this
z-score behaves like a normal reduced random vari-
able, so a set of non-significant independent z-scores
should contain �95 % of the values in the interval
[22, 2], and a value outside this interval will indicate
a statistically significant difference. To compare sets
of independent values, the fact that the quadratic sum
of n z-scores behaves like a chi-square random vari-
able of n degrees of freedom is assumed. The

Table 1. Anthropometric parameters of the various configurations of the IGOR phantom.

Phantom Simulation Weight (kg) Height (cm) Average
thickness (cm)

Number of
big blocks

Number of
small blocks

P1 Toddler (2 y, 12 kg) 10.6 82.5 8.8 12 0
P2 Child (6 y, 24 kg) 20.9 121.0 10.9 21 6
P3 Teenager (14 y, 50 kg) 42.9 160.0 11.8 36 28
P4 Adult (70 kg) 61.5 170.5 14.3 69 2
P5 Adult (90 kg) 77.8 170.5 15.7 72 36
P6 Adult (110 kg) 95.2 170.5 19.4 90 40
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significance will be a p-value associated with the com-
puted chi-square. A p-value of .5 % will be consid-
ered as non-significant.

Validation of the Monte Carlo code

Various preliminary checks were undertaken. First,
the simulations were performed on three types of
‘phantoms’ (a single polyethylene IGOR block, six
blocks and the regular P4 phantom) successively filled
with a given nuclide (Ba-133, Cs-137 and Co-60)
using two MC codes: GEANT4 and MCNPX. This
was repeated for three different positions of the de-
tector in order to compare the counting efficiency cal-
culated by each MC code.

After this, the authors only used the GEANT4
code and explored to what degree the use of radio-
active rods is representative of a homogeneous distri-
bution of the activity within the phantom. This was
also done with the P4 phantom.

Monte Carlo simulations

The various experimental settings related to the PSI-
WBC and the different configurations of the IGOR
phantom (P2, P3, P4, P5 and P6) were simulated for
the purpose of MC calculation. In order to have a reli-
able MC simulation, the HPGe detector was quali-
fied, the accurate detector geometry and the detector
crystal positioning inside the housing were deter-
mined by means of radiographic images, X rays were
used to analyse the structure of the detector and Co-
60 radiography was employed to measure the core of
the germanium crystal(42).

Each radionuclide produces a set of photons of
well-known energies. When this energy is totally
absorbed inside the detector, it is counted in the peak
at this energy. The WBC detection geometry does not
require taking account of the summation effects,
because the distance between the source and the
detector is large enough. The MC simulations
can compute the response to strict mono-gamma
sources, as well as radionuclides with a complex decay
scheme. In addition, a correction factor can be evalu-
ated for each specific source or detector geometry and
radionuclide.

The parameters of the experimental settings used
for measuring the counting efficiency of the PSI-
WBC are reported in the PSI extended report on the
measurements(43). As mentioned earlier, in a few
cases, a number of blocks could not be filled with
radioactive inserts, and the phantom was simulated
accordingly. The curves describing the system re-
sponse to monoenergetic photons were simulated as
well as its sensitivity to phantom position changes. As
shown in Figure 2, the coordinate system used to de-
scribe the PSI-WBC setting consisted of a y-axis (lon-
gitudinal) pointing to the feet of the phantom, an x-
axis (lateral) pointing sidewards and a z-axis pointing
upwards. The effect of a change in the position of the
phantom on the chair was investigated by simulating

Figure 2. IGOR P2 configuration corresponding to a 6-y-
old child(43).

Table 2. Activity and measured energy peaks for the various radionuclides used(43).

Radionuclide Measured energy
peaks (keV)

Standard uncertainty
associated with each

efficiency (%)

Activity per rod for
big blocks (Bq)

Activity per rod for
small blocks (Bq)

Reference date

Eu-152 121.8 3.0 78.6 40.4 1 September 1997
344.3 2.9
778.9 3.5
964.1 3.4

1408.0 3.2
Ba-133 81.0 10.3 81.8 42.1 1 September 1997

356.0 4.1
Co-60 1173.2 2.8 150 75 1 November 2004

1332.5 2.8
Cs-137 661.7 3.2 83.7 43.3 1 September 1997
K-40 1460.8 3.0 38.9 20.1 1 September 1997
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a longitudinal movement (increasing y) and a vertical
movement (increasing z) of the detector.

RESULTS

Validation of the Monte Carlo code

The relative differences between the detector responses
calculated with GEANT4 and MCNPX were com-
puted with their uncertainties in order to compute a
z-score. If the values given by both codes were the
same, the individual z-sores should be approximately
Gaussian-distributed with a mean equal to 0 and a
standard deviation equal to 1. The authors observed a
mean value of 20.32 and a standard deviation equal
to 1.11. This leads to a 95 % confidence interval for the
mean equal to (20.37, 0.37), and therefore the two
codes can be considered as being not significantly dif-
ferent. This gives some trust about the authors’ im-
plantation of the phantom in the GEANT4 code and
its use in the rest of this study.

The comparison between the simulations with a P4
phantom filled with rods and a P4 phantom uniform-
ly filled with the same activity showed that the effi-
ciency is slightly higher for the homogeneous source.
This implies that a calibration with rods leads to an
overestimation compared with a calibration with
homogeneous activities. Unsurprisingly, the discrep-
ancy increased for low energies. While the difference
was a few percentage points for a few hundred kilo-
electronvolt, it increased to 10 % at 100 keV and
reached 33 % at 40 keV.

Experimental data vs. MC-computed monoenergetic
response

The results of the comparison between the experimen-
tal and the computational data are presented in
Table 4. The relative biases between measured and

MC-calculated counting efficiencies as well as the z-
scores are given for the various energy peaks and for
the five IGOR phantom configurations used (P2, P3,
P4, P5 and P6). An analysis of the z-scores shows that
most differences are not statistically significant (91 %
of the z-scores have an absolute value of �2). The five
values that are statistically significant are well distrib-
uted across the phantoms (P2, P4, P5 and P6) and
across the radioactive sources (Eu-152, Ba-133 and
K-40). The relative difference between experimental
data and MC-computed values averaged over all
photon energies, and phantom configurations is only
2 %. The 81-keV photon results for Ba-133 show the
highest relative bias. The largest observed relative dif-
ference is 24 % for the 81-keV photon from Ba-133 in
the P6 phantom configuration.

Figure 3 compares the experimentally measured
counting efficiencies to radionuclides and the MC-
calculated counting efficiencies to monoenergetic
photons, for phantoms P2 to P6. The measured and
the MC-calculated efficiencies agree very well.

Role of phantom positioning

Table 5 estimates the effect of the position of the de-
tector on the counting efficiency. For a fixed photon
energy of 1000 keV and for each of the five phantoms,
the authors estimated the counting efficiency at differ-
ent positions of the detector and then fitted the data
by a straight line. The authors did this separately in
the y and z directions and used the slope of the line in
order to estimate the variation of the counting effi-
ciency per unit of distance; Table 6 presents the same
quantity but only for the P4 phantom at set of ener-
gies between 100 and 1500 keV. The authors observe
that the relative variation is not really sensitive to the
type of phantom and is �2 % in the y direction and
�3 % in the z direction. In the P4 phantom, a change

Table 3. Number of blocks equipped with radioactive rods during the measurements in phantom configurations P1 to P6 with
the five radionuclides used(43).

Phantom Block size Total number Number of block equipped with radioactive rods

Eu-152 Ba-133 Co-60 Cs-137 K-40

P2 Big 21 21 20 21 20 21
Small 6 6 6 6 6 6

P3 Big 36 36 36 36 36 36
Small 28 28 28 12 28 28

P4 Big 69 69 69 69 69 69
Small 2 2 2 2 2 2

P5 Big 72 70 70 70 70 70
Small 36 36 36 12 33 36

P6 Big 90 85 87 80 85 85
Small 40 40 40 12 37 38
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Table 4. Deviations between measured and MC-calculated counting efficiencies for the various radionuclides and IGOR
phantom configurations used.

Radionuclide Peak
(keV)

P2 P3 P4 P5 P6

rel-bias
(%)

z-score rel-bias
(%)

z-score rel-bias
(%)

z-score rel-bias
(%)

z-score rel-bias
(%)

z-score

Eu-152 121.8 3 0.9 25 21.6 25 21.6 28 22.6 23 20.8
344.3 7 2.5 2 0.7 4.9 1.7 1 0.2 2 0.7
778.9 5 1.3 2 0.6 0.9 0.3 0 0.0 4 1.05
964.1 5 1.3 3 0.8 1 0.3 21 20.3 2 0.68

1408.0 8 2.5 3 1.0 1.3 0.4 2 0.8 3 0.98
Ba-133 81.0 23 20.3 218 21.7 215 21.4 218 21.8 224 22.28

356.0 3 0.8 22 20.4 22.8 20.7 23 20.7 27 21.71
Co-60 1173.2 23 21.2 25 21.7 22.2 20.8 25 21.6 0 0.07

1332.5 23 20.9 25 21.9 23.1 21.1 25 21.8 0 0.04
Cs-137 661.7 21 20.2 25 21.4 0.7 0.2 26 21.9 22 20.62
K-40 1460.8 1 0.4 3 1.0 8.5 2.6 22 20.7 26 22.00

Figure 3. Comparison of measured and MC-calculated counting efficiencies. The measurement points are represented by
circles, the MC-calculations of the counting efficiency to monoenergetic photons by a solid line(4,43).
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of photon energy does not significantly change the
relative variation.

DISCUSSION

By and large there is a good agreement between mea-
sured and MC-calculated counting efficiencies.
Table 4 indicates that the relative deviation between
measurement and simulation does not exceed 8.5 %.
The only exception is Ba-133, which has both the
lowest energy and the highest relative uncertainty on
the experimental measurements. However, the z-
scores are globally in the acceptable (22, þ2) range.

The mispositioning of the phantom has a signifi-
cant effect, and this is coherent with what is observed
in other facilities. The results of the effect of the posi-
tioning of the detector (or the phantom) presented in
Tables 5 and 6 show that there is about a 2 % decrease
in the counting efficiency per centimetre along the y-
axis, and �3.5 % along the z-axis, independently of
the phantom configuration and the photon energy.
Considering that a 5-cm deviation of phantom posi-
tioning is quite realistic, this would impact the sensi-
tivity of the WBC device by 10–20 %. It is worth
mentioning that this result is specific to a given chair-
phantom setting; a recent study by Krstic and
Nikezic(33) has shown that a more compact setting,
where the trunk and the legs of the phantoms are per-
pendicular, leads to a translation effect of the detector
along the y-axis that is not significant, whereas
Genicot et al.(32) reported a 1 % decrease per centi-
metre along the y-axis when the phantom is in a bed
(lying) position but only �0.5 % per centimetre in a
tilted chair position, and a 1.3 % decrease in the
counting efficiency per centimetre along the x-axis.
The decrease of the counting efficiency along the z-
axis reported by these authors is 2.4 % per centimetre.

MC simulation appears to be suitable for the cali-
bration of WBCs with phantoms in complex settings.
The usefulness of voxel phantoms, however, may be
questioned since it may improve the accuracy of the
shape and position of the organs in the body. But this
level of accuracy is not that relevant considering
the uncertainties related to a mispositioning of the
phantom itself. While some authors consider them

‘significant tools’ for the calibration of WBC(35),
others believe that ‘for in vivo counting in the context
of radiation protection, efficiencies can be deduced
with sufficient accuracy from measurements or
simulations of simple phantoms’(5). Guardini and
Ferrari(10) argue that the accuracy in geometry repre-
sentation improved by voxel models is only one
contributor to the overall accuracy of a WBC meas-
urement and not the most important. Other para-
meters are more critical, such as precision of the
radiation interaction data libraries, the dose conver-
sion factors and the knowledge of the source space
and energy distributions. They concluded by saying
that ‘a voxel representation of a standard man does
not imply dramatic variations compared with the sty-
lised models, apart from some internal dosimetry
applications, on a correct radiological protection
assessment’.

The choice of a phantom should always be related
to its use. In this study, the authors’ goal was to im-
prove instrument calibration. Therefore, the authors
showed that the IGOR phantom is very sensitive to
few centimetre displacements that are unavoidable
in practice. This is coherent with the findings of De
Carlan et al.(47) who found a difference of ,10 %
between the use of the voxel IGOR phantom and the
voxel human body phantom (Zubal) for the calibra-
tion of whole-body counters, confirming that IGOR
could be considered a realistic representation of a
human. This may not be sufficient for evaluating in-
fluence factors in the case of heterogeneous internal
contamination where voxel phantoms may well be
invaluable(48).

CONCLUSION

The authors used the MC code GEANT4 in order to
simulate a WBC measuring a set of IGOR phantoms.
The authors showed that the MC simulations give
results that are consistent with the experimental mea-
surements with relative deviations well below 10 %.
The only exception was for the Ba-133 source that
had a large experimental uncertainty. The investiga-
tion also showed that a 1-cm error in positioning
leads to 2–3 % in activity estimation. Considering

Table 5. Relative variation of the counting efficiency for a
1-cm displacement of the detector in direction y (Dy) or z (Dz)

for photon energy of 1000 keV.

Phantom Dy (%) Dz (%)

P2 22.3 23.2
P3 22.6 23.4
P4 21.9 23.0
P5 21.6 23.1
P6 22.8 23.5

Table 6. Relative variation of the counting efficiency for a
1-cm displacement of the detector in direction y (Dy) or z (Dz)

for the P4 phantom.

Energy (keV) Dy (%) Dz (%)

100 21.8 22.6
200 21.9 22.8
500 22.0 22.8
1000 21.9 23.0
1500 21.9 23.0
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that a 5-cm deviation on the positioning of the
phantom is a realistic scenario, this would impact the
sensitivity of the WBC device by .10 %.
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