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Background: Whole-body counters are widely used to evaluate internal contamination of the
internal presence of gamma-emitting radionuclides. In internal dosimetry, it is a basic require-
ment that quality control procedures be applied to verify the reliability of the measured results.
The implementation of intercomparison programs plays an important role in quality control,
and the accuracy of the calibration and the reliability of the results should be verified through
intercomparison. In this study, we evaluated the reliability of 2 whole-body counting systems
using 2 calibration methods.

Materials and Methods: In this study, 2 whole-body counters were calibrated using a refer-
ence male bottle manikin absorption (BOMAB) phantom and a Radiation Management Cor-
poration (RMC-II) phantom. The reliability of the whole-body counting systems was evaluated
by performing an intercomparison with International Atomic Energy Agencyto assess counting
efficiency according to the type of the phantom.

Results and Discussion: In the analysis of counting efficiency using the BOMAB phantom,
the performance criteria of the counters were satisfied. The relative bias of activity for all radio-
nuclides was -0.16 to 0.01 in the Fastscan and -0.01 to 0.03 in the Accuscan. However, when
counting efficiency was analyzed using the RMC- II phantom, the relative bias of **' Am activity
was -0.49 in the Fastscan and 0.55 in the Accuscan, indicating that its performance criteria was
not satisfactory.

Conclusion: The intercomparison process demonstrated the reliability of whole-body counting
systems calibrated with a BOMAB phantom. However, when the RMC-II phantom was used,
the accuracy of measurements decreased for low-energy nuclides. Therefore, it appears that the
RMC-II phantom should only be used for efficiency calibration for high-energy nuclides. More-
over, a novel phantom capable of matching the efficiency of the BOMAB phantom in low-ener-
gy nuclides should be developed.

Keywords: Whole-body counter, Intercomparison, Counting efficiency, Phantom, Perfor-
mance criteria, Quality control

Introduction

Assessing the intake of radionuclides is an important aspect of internal dosimetry.
Bioassays used to measure intake of radionuclides can be divided into those that di-
rectly measure the in vivo amount of radioactive material and those that indirectly
measure radioactive material through in vitro measurements of the radioactive materi-
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al released in excretions. Since in vivo bioassay is made from
the outside of the body, only strongly penetrating gamma
ray-emitting or X-ray emitting nuclides can be measured in
this way. In vivo measurements are made either through di-
rect monitoring, in which nuclide accumulation is measured
in a particular organ, or through whole-body counting, in
which nuclide accumulation distributed throughout the en-
tire body is measured. Generally, whole-body counting is
used to assess the internal contamination of most nuclides,
except for those that accumulate in specific organs [1, 2].

Quality management systems should be put in place to
ensure high reliability in measurements of the internal con-
tamination of nuclides using whole-body counting. Stringent
quality assurance provides confidence that the needs of con-
sumers will be met, and this process generally necessitates
the periodic evaluation of factors related to the fitness of the
operational aspects of quality assurance [3]. Quality assur-
ance ensures that the resulting measurements are in fact reli-
able [4]. Since measurements of internal contamination us-
ing whole-body counting are influenced by various factors
that may contribute to uncertainty, it is all the more impor-
tant to implement quality management systems involving
intercomparison. Such quality management systems must
be used to confirm the accuracy of the calibration of whole-
body counters and the reliability of the measurements [4].
Therefore, laboratories that use whole-body counters have
conducted intercomparison, which incorporate not only
quality assurance of the measurements, but also have the
goal of identifying the causes of errors and improving dosim-
etry techniques [5-10].

Accordingly, in this study, we performed an intercompari-
son of results reported by the International Atomic Energy
Agency (IAEA) and the results obtained in our laboratory.
Through the use of calibration phantoms, we evaluated the
validity of whole-body counting systems according to the
type of calibration phantom used.

Materials and Methods

1. Whole-body counters
We evaluated 2 whole-body counters that had different
types of detectors and geometry: the Fastscan (Model 2250;

Canberra, Meriden, CT, USA) and the Accuscan (Model
2260; Canberra, Meriden, CT, USA).

The Fastscan is a stand up type whole-body counter, in
which the subject stands encircled by a shield encompassing
the detector, which rests parallel to the subject. The Fastscan
contains 2 Nal(T1) detectors with a dimension of 7.6 x
12.7x40.6 cm® that are positioned serially at the top and bot-
tom. The Fastscan was designed on the basis of anthropo-
metric data; the detectors are positioned such that they are
able to scan the entire body. The counter is able to monitor
nuclides with energies between 300 keV and 1.8 MeV.)?

The Accuscan is a horizontal bed type whole-body counter
in which the subject undergoes counting in a lying position
rather than a standing position. Since the subject is in a rela-
tively comfortable position, the length of the count can be ex-
tended and subjects with disabilities can be measured more
easily. The Accuscan contains 2 high-purity Ge (HPGe) de-
tectors. The HPGe detector has a relative efficiency of 25% to
the 7.6 x 7.6 cm® Nal(T1) detector. The scanning range of the
detectors measures 2 m and fully encompasses the areas of
nuclide deposition in the body, and this configuration reduc-
es bias and inaccuracies in measurement arising from varia-
tions in body size or in the location of nuclide deposits.”

Both types of whole-body counters are encased on all
sides except the anterior face in 10-cm-thick, low-back-
ground, lead shielding. Counts from background radiation
were eliminated by using specially-manufactured ®Co-free
lead shielding.

2. Efficiency calibration of whole-body counters

The efficiency calibration of whole-body counters requires
the use of a phantom that contains radioactive material with
known certified values. Usually, the form and the mass at-
tenuation coefficient of the calibration phantom are similar
to the human body in order to reflect the counting efficiency
that can be obtained using real subjects. In this study, we
used an adult male bottle manikin absorption (BOMAB)
phantom and a Radiation Management Corporation (RMC-
IT) phantom to calibrate the counting efficiency of the whole-
body counters. Further, we compared the counting efficiency
of each phantom by photon energy relative to the standard
counting efficiency of the BOMAB phantom. The calibrated

"Canberra Inc. Model 2250 Fastscan high-throughput whole-body counter. 2002;1-3.
2Bronson FL, Booth LF, Richards DC. A computerized, anthropometrically designed, high throughput, whole-body counter for the nuclear industry. Techni-

cal Memo of Canberra’s Whole-body counter. 1998;6-8.

9Canberra. Model 2260 Accuscan Horizontal bed whole-body counter. 2004;1-2.
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efficiency was expressed using a fourth-order polynomial
function.

The BOMAB phantom is the standard calibration phantom
for whole-body counting [11]. The energy source of this
phantom is able to release over 200 keV of photon energy,
and it has been designed as a phantom for measuring iso-
topes homogenously distributed over the body [12, 13]. The
BOMAB phantom was manufactured on the basis of a report
of the International Commission on Radiological Protection
(ICRP) that provided detailed anthropometric data [14]. The
BOMAB phantom is composed of 10 cylinders correspond-
ing to different body parts. Depending on the body part to
which they correspond, the cylinders are either elliptical or
circular. Elliptical cylinders are used for the head, chest, and
gut, while circular cylinders are used for the calves, thighs,
arms, and neck. Each cylinder is made of high-density poly-
ethylene and the hollow space is filled with 0.1 M HCI. Poly-
ethylene is the preferred constituent material of phantoms
because the mass attenuation coefficient of polyethylene re-
mains within 10% of the mass attenuation coefficient of soft
tissue across photon energies ranging from 200 keV to 3 MeV,
thereby closely resembling the conditions of soft tissue [12].
The certified reference material (CRM) used in the BOMAB
phantom is a liquid solution containing 9 types of nuclides
that emit gamma rays (Eckert & Ziegler Analytics, Braunsch-
weig, Germany). The range of energy emission of this CRM is
59.5-1,836.1 keV, and the relative expanded uncertainty of the
activity is within 2.8% (x=2). In order to simulate the homo-
geneous distribution of the isotope throughout the body, the
CRM was homogenously distributed within the BOMAB
phantom.

The RMC-II phantom was developed by Canberra (Mer-
iden, CT, USA) to make phantoms more user-friendly and
cost-effective. The counting efficiency of the American Na-
tional Standards Institute (ANSI) N13.30 phantom was taken
into account in its manufacture, and the RMC-II phantom
was designed to be used for calibrating whole-body counters
with a linear geometry [15]. The ANSI N13.30 phantoms,
which are reflected in the RMC-II phantom, include the
BOMAB phantom, the ANSI N44.3 thyroid phantom, and the
Lawrence Livermore National Laboratory (LLNL) lung phan-
tom [11]. The RMC-II phantom is manufactured so that 20
mL of a CRM can be inserted in any one of the 4 cavities,
which are geometric imitations of the following anatomical
structures (from top to bottom): the thyroid, the lungs, the
whole body, and the gastrointestinal tract. The structure of
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the RMC-II phantom can be divided into the neck and body.
The body is made from an acrylic board, the thickness of
which is manufactured in a way that most accurately simu-
lates how radiation sources are received by detectors. The
neck is also made from an acrylic board and its cylindrical
structure is manufactured according to the dimensions sug-
gested in ANSI N44.3 [16]. When the RMC-II phantom is
used to calibrate the counting efficiency, the height of the
whole-body counter is leveled such that the floor of the
phantom is at the level of the waist of the examiner (with a
resulting height of 91 cm) [15]. Thus, the phantom was
placed at the appropriate height in the Fastscan and in the
Accuscan to perform the efficiency calibration. The CRM
used in the RMC-II phantom was sealed in a 20-mL contain-
er; it contained eight types of nuclides in the form of a gel-
type mixed gamma source, and was manufactured by the
Korea Research Institute of Standards and Science (KRISS).
The rang e of the photon energy of the CRM is 59.5-1,836.1
keV, which is similar to that of the CRM used in the BOMAB
phantom, and the relative expanded uncertainty of activity is
within 4.0% (x=2). Of the ray portals of the RMC-II phan-
tom, the portal most reflective of a homogeneously distribut-
ed isotope was used.

3. Performance verification of the whole-body
counters using the BOMAB phantom

Performance test was conducted subsequent to the effi-
ciency calibration. For the performance testing, we used a
BOMAB phantom containing gamma ray-emitting nuclides
distinct from CRM used for the efficiency calibration. The
BOMARB phantom used for verification testing had the same
geometry as the male adult BOMAB phantom used for the
efficiency calibration and included the following nuclides:
HAm, 13Cs, ¥Cs, %°Co, and **Ba. Of these, we used **Cs and
133Ba to analyze the performance parameters, as these nu-
clides had energies different from those used during the cali-
bration.

The whole-body verification counts for the Fastscan were
collected for 240 seconds for the BOMAB phantom, whereas
a duration of 1,800 seconds was used for the Accuscan. Each
measurement was taken 5 times. These verification counting
times were the same as those used for actual counting pro-
cedures. The measurements of both the Fastscan and Accus-
can were analyzed using the counting efficiencies of the
BOMAB phantom and the RMC-II phantom. Additionally,
the measurements were evaluated in relation to the certified

http://dx.doi.org/10.14407/jrpr.2016.41.3.274
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values of the verification BOMAB phantom in order to deter-
mine whether the counters were successfully calibrated. We
assessed the measurements according to the International
Organization for Standardization (ISO) 28218 criteria; spe-
cifically, we evaluated relative bias (Br) and repeatability
(S&), which can be used to estimate the accuracy and the
precision of the measurement. The following performance
criteria were applied: -0.25 < Br<0.50 and Sp-=0.4. We cal-
culated B, and Sg- using the equations presented below [17].

(Ai B Aai)
B, = I 1)

ai

In this equation, B, denotes the relative bias of the i mea-
surement, Ai denotes the i measurement of radioactivity,
and A« denotes the certified value of the radioactive sample.
The relative bias (B) is the average of the relative biases of
the measurements and can be evaluated using the following
equation:

"B
B, =) " )

-1 N

Here, n denotes the number of total measurements. Re-
peatability can be calculated using the following equation:

_ ?: (Bri — B,)? 3
Spr = /—1@_ 5

4. Intercomparison of whole-body counters using
sliced BOMAB phantoms
The intercomparison necessitates transportation of the
phantoms between laboratories. As they are designed to
simulate the whole body, it is unsurprising that they have
very large volumes, and their transportation is hazardous

Fig. 1. The calf part of the International Atomic Energy Agency
sliced bottle manikin absorption (BOMAB) phantom.
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due to potential radioactive leakage. IAEA sliced BOMAB
phantoms, the radioactive material sealed in paper filters,
was used in intercomparison in order to prevent incidents of
radioactive leakage during delivery from the IAEA to the lab-
oratory.

Previous intercomparison have shown that the agreement
between the sliced BOMAB phantom and the conventional
BOMAB phantom was + 8% in whole-body counters of vari-
ous geometries [18]. These findings support the fact that the
sliced BOMAB phantom closely resembles the homogenous
distribution of radioactive material in the body. The body of
the sliced BOMAB phantom is divided into several slices,
with the thickness of each slice either 1.9 cm or 1.27 cm. The
body is mainly made up of the thicker slices, and the thinner
slices are integrated in between the larger slices to make the
lengths of the phantom even [18]. As shown in Figure 1, each
region of the sliced BOMAB phantom consists of 2 column,
and the slices are connected to one another through these
column. Between each slice, a surface source, which con-
tains a homogeneous composite of the CRM, was inserted,
and this conformation simulates how the radioactive mate-
rial is homogeneously distributed across the body.

The counts were collected for 240 seconds for the Fastscan
and for 1,800 seconds for the Accuscan; these durations are
those used in actual procedures. Each measurement was re-
peated 5 times. Figure 2 shows how the the sliced BOMAB
phantom was positioned in the Fastscan and in the Accus-
can. The gamma spectrum of radionuclides that was mea-
sured with each whole-body counter was analyzed based on
efficiency calibrations made using the BOMAB phantom and

Fig. 2. The International Atomic Energy Agency sliced bottle mani-
kin absorption (BOMAB) phantom positioned in the Fastscan (left)
and Accuscan (right).
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Fig. 3. Counting efficiency of the Fastscan calibrated using a bottle
manikin absorption (BOMAB) phantom and a Radiation Manage-
ment Corporation (RMC-Il) phantom.

the RMC-II phantom. Additionally, we performed an inter-
comparison using the certified values of the sliced BOMAB
phantom as the reference. The results of the intercompari-
son, comprising the assessment parameters and the ISO
28218 performance criteria, are illustrated in paragraph 2.3.

Results and Discussion

1. Results of the efficiency calibrations of the whole-
body counters

The counting efficiency of the Fastscan calibrated using
the BOMAB phantom and the RMC-II phantom is presented
in Figure 3. The disparity in counting efficiency between the
phantoms at high photon energies (above 600 keV) was
minimal (0%-2%). However, the disparity in counting effi-
ciency between the phantoms at low photon energies (below
600 keV) was very large (-16% to 47%). The disparity seen in
counting efficiency at low photon energies is thought to stem
from the fact that low photon energies tend to be more af-
fected by the geometry of the counters [19].

The counting efficiency of the Accuscan calibrated using
the BOMAB phantom and the RMC-II phantom is presented
in Figure 4. We found that the disparity in counting efficiency
between the phantoms was large across all photon energies
for the Accuscan. We compared 2 distinct levels of photon
energy (above and below 600 keV). We found that the dis-
parity in counting efficiency between the 2 phantoms at low
photon energies was between -19% and -33%, defined rela-
tive to the BOMAB phantom counting efficiency. The dispar-
ity in the counting efficiency between phantoms at high

278 www.jrpr.org

Fig. 4. Counting efficiency of the Accuscan calibrated using a bottle
manikin absorption (BOMAB) phantom and Radiation Management
Corporation (RMC-Il) phantom.

photon energies ranged from -7% to -13%; thus, the disparity
was less prominent than that seen at low photon energies
but larger than that observed in the Fastscan at equivalent
energies. We believe that this striking disparity can be as-
cribed to the geometry of the Accuscan, which scans the
body from the legs to the head. The Accuscan is able to scan
the BOMAB phantom from the lower end to the upper end,
but is able to scan only the region of the RMC-II phantom
equivalent to the upper body of the subject; as the scanning
area of the Accuscan fails to encompass the lower end of the
RMC-II phantom, which in fact lies beyond the shielding of
the detector.

For the RMC-II phantom to be a valid alternative to the
conventional BOMAB phantom, the counting efficiency of
the RMC-II phantom must be comparable to that of the con-
ventional BOMAB phantom, which is the standard phantom
for calibration. However, we found that the counting efficien-
cies of the RMC-II phantom and the BOMAB phantom
showed large discrepancies in the Fastscan at low photon
energies (below 600 keV) and in the Accuscan counter across
all photon energies. We suggest that further studies investi-
gate this discrepancy.

2. Performance testing of whole-body counters using a
BOMAB phantom for validation
A BOMAB phantom was used to calibrate the Fastscan
and the Accuscan prior to analyzing them with the counting
efficiency of either the RMC-II or the BOMAB phantom. The
Ssr and the B; of the measurements are summarized in Fig-
ure 5. The bars with diagonal lines denote the performance

http://dx.doi.org/10.14407/jrpr.2016.41.3.274
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Fig. 5. Performance test results for the Fastscan and Accuscan.

criteria (0.25 < B;<0.50 and S- < 0.4) derived from bioassays
as indicated in the ISO 28218 criteria. Measurements within
these parameter ranges can be considered to indicate that
the performance criteria were met.

When we analyzed the measurement results of the Fast-
scan using counting efficiency of the BOMAB phantom, we
found that the B, of "**Ba (356 keV) was -0.09 and that the B,
of ®*Cs (605 keV) was -0.06. The S, values of **Ba and **Cs
were 0.02. We likewise analyzed the results of the Fastscan
using counting efficiency of the RMC-II phantom. The B, for
133Ba was -0.13, and the B, of '*'Cs was -0.02. The Sz of '**Ba
was 0.06, and that of **Cs was 0.02. All analyzed results of
Fastscan using 2 phantoms were within the acceptable per-
formance criteria.

We analyzed the measurement results of the Accuscan us-
ing counting efficiency of the BOMAB phantom and the
RMC-II phantom. For the BOMAB phantom, the B: of '*Ba
was 0.07 and the B, for '**Cs was -0.01. The S of '**Ba was
0.06 and the S for *'Cs was 0.02. For the RMC-II phantom,
the B, of **Ba was 0.31 and the B; of *'Cs was 0.12. The S of
'¥*Ba was 0.06, and the S, of "**Cs was 0.02. These findings
show that the Accuscan satisfied the performance criteria re-
gardless of the calibration phantom. However, using the
counting efficiency of the RMC-II phantom led to a B, value
of ¥ *Ba that was more than 4 times greater than that ob-
served when the counting efficiency of the BOMAB phantom
was used, and a B, value of '*Cs that was more than 12 times
greater. We therefore suggest that the assessment of radionu-
clides in the whole body with counting efficiency calibrated
using the RMC-II phantom may impair the accuracy.

http://dx.doi.org/10.14407/jrpr.2016.41.3.274
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Fig. 6. Measurements made using the International Atomic Energy
Agency sliced bottle manikin absorption (BOMAB) Phantom in the
Fastscan and Accuscan.

3. Results of intercomparison analysis using sliced

BOMAB phantoms

The measurements for the sliced BOMAB phantom are il-
lustrated in Figure 6. The bars filled with diagonal lines de-
note values derived from the Fastscan, whereas those filled
with horizontal lines denote values derived from the Accus-
can. The data are also grouped to indicate results obtained
using counting efficiency calibrated using the BOMAB phan-
tom versus results obtained using the RMC-II phantom, and
the reference activity of each nuclide is indicated with a hori-
zontal line. The nuclides contained in the IAEA sliced BOM-
AB phantom are *Co, *’Cs, and *'Am. As described earlier,
in our intercomparison of counting efficiency by phantom
type, at photon energies exceeding 600 keV, such as for “Co
(1,172 keV/1,332 keV) and *"Cs (662 keV), we found that the
measurements were similar between the phantoms, as indi-
cated by minimal differences in their counting efficiencies.
When we evaluated the difference in the measurements us-
ing counting efficiency of the BOMAB phantom and the
RMC-II phantom in the 2 types of counters, the difference in
measurements of “Co, which has the highest photon energy,
was only 3% for the Fastscan and 7% for the Accuscan. The
difference in measurements of '*’Cs was -5% for the Fastscan
and 15% for the Accuscan; these differences were larger than
were found for ®*Co but still about + 10%. However, for nu-
clides with photon energies lower than 600 keV, such as
#1Am (59 keV), we found that the difference in measure-
ments was -38% for the Fastscan counter and 108% for the
Accuscan counter, which is a much larger difference.

The radioactivity of the sliced BOMAB phantom, which
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Fig. 7. Intercomparison results of bottle manikin absorption (BOM-
AB) phantom efficiency and Radiation Management Corporation
(RMC-Il) phantom efficiency in the Fastscan.

was analyzed through either the counting efficiency of the
BOMAB phantom or that of the RMC-II phantom, was as-
sessed following the ISO 28218 criteria. The results of the in-
tercomparative analysis are presented in Figure 7 for Fast-
scan and in Figure 8 for Accuscan.

The S of the radioactivity measurements of the Fastscan
ranged from 0.02 to 0.10, and all measurements satisfy the
acceptable performance criteria irrespective of the type of
calibration phantom used. For the Fastscan, the B; of mea-
surements derived from the counting efficiency of the BOM-
AB phantom ranged from -0.16 to 0.01, satisfying the perfor-
mance criteria, but those of measurements derived from the
counting efficiency of the RMC-II phantom were 0.01 for
%Co, -0.05 for ¥Cs, and -0.49 for **Am. Therefore, the B, val-
ues of > Am measurements obtained from the Fastscan cali-
brated with the RMC-II phantom were suboptimal and failed
to meet the performance criteria.

Similarly to the values obtained from the Fastscan, the Sp-
values of the Accuscan (0.02-0.34) satisfied the performance
criteria, irrespective of the calibration phantom used. How-
ever, whether the B, of the Accuscan was satisfactory de-
pended on the calibration phantom. The B; of the nuclides
ranged from -0.01 to and 0.03 when the BOMAB phantom
counting efficiency was used, satisfying the performance cri-
teria. However, the B, was 0.03 for ®Co, 0.15 for '*’Cs, and 0.55
for ' Am when the RMC-II phantom counting efficiency was
used, which means that ®Co and *"Cs met the performance
criteria but > Am did not.

All performance criteria were met when the efficiency cali-
bration was performed using the BOMAB phantom, but not

280 www.jrpr.org
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Fig. 8. Intercomparison results of bottle manikin absorption (BOM-
AB) phantom efficiency and Radiation Management Corporation
(RMC-Il) phantom efficiency in the Accuscan.

when the efficiency calibration was performed using the
RMC-II phantom. The counting efficiency of the RMC-II
phantom at low photon energies failed to satisfy the criteria
for accurate measurements.

Conclusion

Through an intercomparative analysis between IAEA ref-
erence values and laboratory-obtained values, we compared
the efficiencies of 2 whole-body counters—the Fastscan and
the Accuscan—that differed in terms of detector type and
geometry, after each counter was calibrated with either an
adult male BOMAB phantom or an RMC-II phantom. We
found that the counting efficiency of the Fastscan showed a
large discrepancy between the 2 calibration phantoms for
nuclides emitting energy below 600 keV but not for nuclides
emitting energy over 600 keV. Moreover, we found that the
counting efficiencies of the Accuscan additionally showed a
discrepancy between the 2 calibration phantoms with re-
spect to nuclides emitting energy above 600 keV; of note, this
discrepancy was more prominent than the corresponding
discrepancy in the Fastscan. To investigate the effect of such
disparities in counting efficiencies on the validity of mea-
surements, we carried out an intercomparison of the 2
whole-body counters calibrated using 2 calibration phan-
toms. When the efficiency calibration was performed using
the BOMAB phantom, we found that both whole-body
counters satisfied the performance criteria. Conversely,
when efficiency calibration was performed using the RMC-II
phantom, we found that, for both counters, the nuclides ®Co
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and ""Cs met the performance standards, but the low-ener-
gy-emitting nuclide *'Am did not.

For internal dosimetry laboratories, intercomparison is an
effective way to ensure the quality of measurements and to
improve measurement methods. Through this intercompar-
ison, we were able to check the validation of whole-body
counting systems calibrated using the BOMAB phantom.
However, we found that the accuracy of the counting system
calibrated using the RMC-II phantom was lower for low-en-
ergy-emitting nuclides. Our results therefore imply that effi-
ciency calibration using the RMC-II phantom, which is po-
tentially advantageous due to its ease of calibration and its
lower cost, should be used only for high-energy-emitting nu-
clides. Additionally, prospective studies investigating the de-
velopment of a phantom capable of faithfully reflecting the
counting efficiency of the BOMAB phantom for low-energy
nuclides are required.
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