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A B S T R A C T   

This paper summarizes the results of an intercomparison on the use of the ICRP Reference Computational 
Phantoms with radiation transport codes, which was organized by EURADOS working group 6. Three exercises 
are described: exposure to an anterior-posterior (AP) photon point source, exposure to an AP neutron point 
source, and exposure to two typical medical X-ray examinations. The three exercises received 17, 8 and 8 so-
lutions, respectively. Participants originated from fifteen different countries, and used a wide range of Monte 
Carlo codes. Due to difficulties in defining the precise source location unambiguously in the exercise description, 
agreement to within ~10% of the reference solution was considered satisfactory for a given participant’s results. 
Although some participants provided initial solutions in good agreement with the reference solutions, differences 
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of several tens of percent, or even several orders of magnitude, were exhibited for many of the others. Following 
feedback and suggestions from the organizers, revised solutions were submitted by some of the participants for 
the photon exercises; in general, agreement was improved. The overall observations from these three inter-
comparison exercises are summarized and discussed.   

1. Introduction 

In the framework of EURADOS1 working group 6 (WG6) on 
computational dosimetry (Rabus et al., 2021), an intercomparison was 
organized on the usage of the ICRP2 Reference Male (RMCP) and Female 
(RFCP) Computational Phantoms together with radiation transport 
codes. Six different exercises of practical interest in occupational, 
environmental and medical dosimetry were proposed (Zankl et al., 
2021a). Participants were asked to evaluate specific dose quantities and 
report their results to the organizers for comparison against verified 
reference values. The principal aims of this intercomparison exercise 
were to investigate how well the phantoms have been implemented by 
the participants in their models, and to allow participants to check their 
calculations against quality-assured reference solutions. 

This paper focuses on three of those exercises: exposure to an AP 
photon point source, exposure to an AP neutron point source, and 
exposure to two typical medical X-ray examinations. First, the config-
urations that were to be modelled are described. Next, the solutions 
initially provided by the participants are presented and compared 
against the reference solutions. Where appropriate, these are then fol-
lowed by the analysis of the solutions received after feedback to the 
participants regarding their initial solutions. Finally, discussion is given 
on the general trends and common errors made by the participants. 

2. Material and methods 

2.1. Description of the problems 

In each case, it was recommended that participants use the reference 
computational phantoms as described in ICRP Publication 110 (ICRP, 
2009), with the organ and tissue masses that are given therein. For red 
bone marrow (RBM) and endosteum (bone surface) dosimetry, the 
method proposed in ICRP Publication 116 (ICRP, 2010) was recom-
mended: that is, application of dose response functions or dose 
enhancement factors. For the calculation of effective doses, the tissue 
weighting and radiation weighting factors from ICRP Publication 103 
(ICRP, 2007) were presumed. Along with their results, participants were 
requested to state explicitly the method of bone dosimetry that they had 
used, and asked to explain in detail any method that deviated from that 
of ICRP Publication 116. 

2.1.1. Photon and neutron point source exercises 
The photon and neutron point sources problem were specified ac-

cording to the following description:  

• An isotropic Co-60 or neutron point source was placed in front of the 
reference voxel phantom.  
o For the Co-60 source, only the gamma emission was considered. 

The source activity was 10 GBq.  
o For the neutron, the source was assumed to emit 10 keV neutrons 

with an activity of 1 GBq.  
• The point source was at 125 cm from the bottom of the feet of the 

phantom and at 100 cm from the chest.  
• The configuration was surrounded by vacuum. It is illustrated in 

Fig. 1. 

Regarding the Co-60 source, participants were tasked with reporting 
the organ absorbed doses from a 10 min exposure time to the RBM, 
colon, lungs, stomach, breast, testes/ovaries, liver, oesophagus, brain 
and skin of both the RMCP and RFCP, as well as the overall effective 
dose. 

Regarding the 10 keV neutron source, participants were tasked with 
reporting the organ absorbed doses from a 1 min exposure time to the 
RBM, stomach, small intestine, testes/ovaries, liver, brain and skin of 
both the RMCP and RFCP, as well as the overall effective dose. 

2.1.2. Typical X-ray examinations 
Two typical X-ray examinations were designed: a chest postero- 

anterior (PA) and an abdomen antero-posterior (AP). A divergent rect-
angular energy-spectral X-ray source (point source) was placed behind 
and in front of the reference voxel phantom for the chest PA and 
abdomen AP configurations, respectively, and directed towards it 
(Fig. 2). An imaginary rectangular image receptor was placed in front of 
and behind the phantom for the chest PA and abdomen AP configura-
tions, respectively. Details on all relevant distances, the field size at the 
detector, the field position (Table 1), and the X-ray spectra (Chest PA: 
125 kVp, 2.5 mm Al filtration; Abdomen AP: 90 kVp, 2.5 mm Al filtra-
tion) were provided to the participants. 

For both male and female phantoms, participants were asked to 
determine the coordinates of the X-ray source and to calculate the organ 
absorbed doses normalized to entrance air kerma free-in-air and to 

Fig. 1. Illustration of point source position relative to RMCP (male) and RFCP 
(female) phantoms. 

1 European Radiation Dosimetry group.  
2 International Commission on Radiological Protection. 
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kerma-area-product for: the RBM, lungs, stomach, breast, heart, 
oesophagus and thyroid for the chest PA examination; and for the RBM, 
liver, kidneys, pancreas, small intestine, colon and bladder wall for the 
abdomen AP examination. 

2.2. Analysis of the solutions 

At least two members of EURADOS WG6 coordinated each exercise. 
The task was first completed by one of these persons to generate a 
reference solution. Then it was independently completed by the other 
involved member or members to confirm the accuracy of that reference 
solution. For each organ and effective dose, agreement of the two so-
lutions to within a few percent was considered evidence of acceptable 
conformity, taking account of the respective statistical uncertainties on 
the results. The Monte Carlo codes used for the setting of the reference 
solutions are listed in Table 2. 

Template spreadsheets were provided to participants, in which they 
could enter their solutions in a pre-defined format to facilitate the 
evaluation process. Additional information was also asked from them, 
such as the transport code and the method of bone dosimetry that were 
used and whether the kerma approximation was adopted. 

The solutions achieved by the participants were compared with the 
reference one. In those cases where large discrepancies were found, the 
results were examined closely and, for the photon exercises (Co-60 and 
X-ray), bespoke feedback was provided to the participants and a revision 
was requested to find out the reasons for the discrepancy. For those cases 
still requiring further revision, additional feedback was given to the 
participants, and in a few cases the complete input for the Monte Carlo 
code or their post-processing files were checked by the organizers to find 
out the mistakes. Conversely, feedback was not provided for the neutron 
exercise, nor revised submissions requested. This is partly because every 
participant who contributed a solution to that exercise had also 
contributed a solution to at least one other of the exercises described in 
(Zankl et al., 2021a), and it was apparent that in many cases, the 
problems encountered by the individuals were likely being repeated, 
leading to similar errors being made; it is therefore probable that the 
feedback and suggestions that would have been appropriate had already 
been provided elsewhere. 

3. Results 

Seventeen, eight and eight solutions were received for the photon 
point source, the neutron point source and the X-ray examination ex-
ercises, respectively. These are identified by the randomly allocated 
letters a to r in the following, with all results therefore presented 
anonymously; where a given participant submitted a solution for more 
than one of the three exercises, however, the same letter has been 
allocated in each case. The participants originated from fifteen different 
countries: Argentina, Brazil, Canada, Croatia, Czech Republic, France, 
India, Israel, Italy, Poland, Portugal, Serbia, South Korea, Switzerland 
and Vietnam. The computer codes, particle transport options and cross- 
section data reported by the participants are summarized in Table 3. The 
MCNP family of codes (Werner et al., 2017) was the most widely 
adopted, with eleven participants using one of those versions. Regarding 
the seven remaining solutions, a large variety of Monte Carlo codes was 
used (FLUKA (Battistoni et al., 2006), Geant4 (Agostinelli et al., 2003), 
PenEasy (Sempau et al., 2011), TRIPOLI-4 (Brun et al., 2015) and VMC 
(Hunt et al., 2004)). The RBM dosimetry method used by the partici-
pants is given in Table 4. The majority of participants (11) reported that 
they used the method described in ICRP 116. However, among them, 
three participants did not specify which ICRP116 method. The ‘home-
made’ method employed by one of the participants for RBM dosimetry 
was not described further. 

3.1. Photon point source exercise 

3.1.1. Reference solution 
The organ absorbed doses and effective dose data that were 

Fig. 2. PA chest (left) and AP abdomen (right) examinations.  

Table 1 
Parameters used for Chest PA and Abdomen AP X-ray examinations.  

X-ray 
examination 

Point 
source to 
image 
receptor 
distance 
(cm) 

Skin to 
detector 
distance 
(cm) 

Field size 
at the 
receptor 
(width x 
height) 
(cm x 
cm) 

Lateral field 
centre 

Vertical 
field centre 

Chest PA 180 10 35 × 35 Between 
left-most 
and right- 
most 
extensions 
of the lungs 

Between 
top and 
bottom 
extensions 
of the lungs 

Abdomen 
AP 

115 10 35 × 45 Between 
left-most 
and right- 
most 
extensions 
of the 
pelvic bone 

Between 
top of the 
liver and 
bottom of 
the pelvic 
bone  

Table 2 
Monte-Carlo codes used by the organizers for the initial determination (top of each row) and verification (middle and bottom of each row) of the reference solutions. For 
the neutron point source exercise and the X-ray examinations exercise, two verifications were performed.  

Exercise MC code Kerma approximation Cross-section library 

Photon Electron Neutron 

Co-60 point source MCNPX 2.6c No mcplib04 el03 – 
EGSnrc No XCOM database NIST Bremsstrahlung cross sections – 

Neutron point source MCNPX 2.7 Yes mcplib84 el03 ENDF70 
MCNPX 2.7 Yes mcplib84 el03 ENDF80 
MCNP6.1 Yes mcplib84 el03 ENDF70 

X-ray examinations EGSnrc No XCOM database NIST Bremsstrahlung cross sections – 
MCNPX No mcplib84 el03 – 
MCNP Yes mcplib84 el03 –  
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generated by the organizer with MCNPX 2.6 code (Table 2) are pre-
sented in Table 5. A possible source of inaccuracy results from the choice 
of the location of the point source, as the instruction that was given to 
participants was to place it ‘100 cm from the surface of the chest’, which 
could be interpreted differently. A sensitivity analysis on the source 
location was performed by the organizer. It consisted of repeating the 
calculations for both male and female phantoms with a source location 
translated 2 cm and 5 cm nearer or further to the body in the horizontal 
plane. The resulting organ absorbed doses were respectively increased 
or decreased by the source displacement, by up to 10% depending on the 
organ and the distance considered. Considering that, the solution was 
accepted as correct if the agreement was within 10%. 

3.1.2. Initial solutions 
The following radiation transport codes were used by the partici-

pants: FLUKA (2 participants), Geant4 (2 participants), MCNP (5 par-
ticipants), MCNPX (6 participants), TRIPOLI, and VMC. The organ 

absorbed dose results that were submitted by the seventeen participants 
are shown in Fig. 3 for the male phantom and in Fig. 4 for the female 
phantom, along also with the reference results. In both cases, the left 
figure shows all of the data that were submitted, and the right figure 
shows that same data on a restricted x-axis that serves to remove the 
most extreme outliers. The standard deviation statistical uncertainties 
on the results are not shown on the figures for clarity, but were no more 
than a few percent. Participants a and e provided two solutions: one 
derived with the kerma approximation and a second without. Regarding 
solution f, only results for the female phantom were provided by the 
participant. 

For the male phantom, eight (a without kerma approximation, e 
without kerma approximation, h, i, k, l, o and r) out of the seventeen 
participants provided results that agreed well (within 7.5%) with the 
reference solution for all the organs investigated. For five solutions (a 
with kerma approximation, b, c, e with kerma approximation and p), an 
agreement better than 6.5% with the reference solution was also 
observed for all the organs except for the skin. For this latter, absorbed 
dose is overestimated by around 20% by the participants compared to 
the reference solution, except for solution c for which the overestimation 
is around 95%. An underestimation of around 50% is observed for so-
lutions d and n for all the investigated organs, except for the gonads for 
Participant n (overestimation of nearly 4%). Regarding solution j, the 
relative difference from the reference solution is below 11% except for 
the RBM dose, which is fifteen-fold the reference value. Large discrep-
ancies are observed for solution m for the colon (85%), the stomach 
(90%), the breast (150%) and the skin (21%), whereas for the other 
organs the differences are around 4%. Finally, for solution q, differences 
range from − 90% (liver) to 950% (RBM). 

For the female phantom, five (a without kerma approximation, h, k, 
o and r) out of the seventeen participants provided results that agreed 
well (within 5.3%) with the reference solution for all the organs inves-
tigated. For four solutions (a with kerma approximation, b, c and p), an 
agreement better than 3.3% with the reference solution was also 
observed for all the organs except for the skin. For this latter organ, 
compared to the reference solution, absorbed dose is overestimated by 
around 30% by participants a and b, 17% for Participant p, and 125% for 
Participant c. Regarding solution l, a good agreement is observed for all 
the organs investigated (relative difference <3%) except for the ovaries 
(10%). Organ absorbed doses are underestimated by around 10% for 
both solutions e (with and without kerma approximation), except for the 
skin for the solution with the kerma approximation, for which an 
overestimation of around 20% is observed. Regarding solution f, a good 
agreement is observed for all the organs investigated (relative difference 
<5%) except for the RBM (30%). Absorbed doses provided by Partici-
pant i for RBM and ovaries are overestimated (14%) and underestimated 
(13%) respectively. An underestimation of around 50% is observed for 
solutions d and n for all the investigated organs. Regarding solution j, 

Table 3 
Summary of Monte-Carlo codes and cross-section libraries used by the participants.  

Code Number of solutions Kerma Approximation Cross-Section Library 

Photon Electron Neutron 

MCNPX (2.6.0 or 2.7.0) 5 Yesa (2) mcplib04 
mcplib84 
ENDF71 

el03 ENDF70a 
Noa (5) 

MCNP6 (6.1 or 6.2) 4 Yes (1) mcplib84 el03 ENDF/B-VI.8 
ENDF71x No (3) 

MCNP4c3 1 Yes mcplib04 el032 - 
MCNP 1 No unspecified unspecified - 
Visual Monte Carlo version 2018 1 Yes NIST XCOM  - 
FLUKA 2 No EPDL 97 FLUKA algorithm + Seltzer & Berger model FLUKA multigroup 
TRIPOLI-4 1 No EPDL 97 EEDL + Brem JEFF-3.3 
PenEasy 2015 1 No EPDL 97 Seltzer & Berger model  
Geant4 (10.04.p01 and 10.4) 2 No Livermore EPDL 97 Livermore EEDL ENDF/B-VII 

ENDFVII.0  

a 2 participants submitted two solutions: one with and one without the kerma approximation. 

Table 4 
Summary of the RBM dosimetry method used by the participants.  

RBM Method Number of solutions Participants 

ICRP 116 (method unspecified) 3 m, p, r 
Dose response functions (ICRP 116)a 6 c, h, i, j, l, o 
“Three-factor method” (ICRP 116)a 2 b, n 
Mass- weighted spongiosa doses 4 a, d, e, k 
ICRP 103 1 q 
Homemade method 1 f 
No bone dosimetry 1 g  

a Detailed in (Zankl et al., 2021b). 

Table 5 
Reference organ absorbed doses and effective dose for the Co-60 point source. 
Standard statistical uncertainties are also indicated.   

Organ absorbed doses (Gy) and effective dose (Sv) 

Male Female 

Dose (Gy) std. unc. (%) Dose (Gy) std. unc. (%) 

RBM 3.26 × 10− 4 0.34 3.68 × 10− 4 0.39 
Colon 4.09 × 10− 4 0.59 4.53 × 10− 4 0.57 
Lungs 3.84 × 10− 4 0.22 4.05 × 10− 4 0.27 
Stomach 4.30 × 10− 4 0.42 4.69 × 10− 4 0.42 
Breast 5.36 × 10− 4 2.15 5.60 × 10− 4 0.50 
Testes/Ovaries 3.91 × 10− 4 1.37 3.50 × 10− 4 1.27 
Liver 3.86 × 10− 4 0.15 4.39 × 10− 4 0.16 
Oesophagus 3.69 × 10− 4 0.87 4.18 × 10− 4 0.89 
Brain 2.81 × 10− 4 0.19 3.40 × 10− 4 0.19 
Skin 2.60 × 10− 4 0.22 2.70 × 10− 4 0.23 
Effective dose 4.18 × 10− 4 ± 0.45%  
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the relative difference with the reference solution is below 1.2% except 
for the RBM dose, which is fourteen-fold the reference value. Large 
discrepancies are observed for solution m for nearly all the organs 
investigated, and for solution q for all the organs. 

The effective dose results, E(P), that were submitted by the partici-
pants are shown in Fig. 5 as ratios, E(P)/E(O), to the reference effective 
dose, E(O). The standard deviation statistical uncertainties on the results 
are again not shown on the figure for clarity, but were no more than a 
few percent. Participant d provided solutions for the male and female 
phantoms individually instead of the correct sex-averaged quantity. 
Regarding Participant f, as organ absorbed doses were computed for the 
female phantom only, the quantity assessed is the one taking into ac-
count the female phantom only. 

Twelve participants (a, b, c, e, f, h, i, k, l, o, p and r) submitted so-
lutions for effective dose agreeing to within a few percent with the 
reference solution. Of the five solutions (d, j, m, n and q) where large 
differences are observed for effective dose, large differences were also 
observed for organ absorbed doses. Regarding solutions d and n, effec-
tive dose is once again half the reference value. However, it is interesting 
to observe that the effective doses computed by participants who had 
only one organ absorbed dose in disagreement with the reference value 
(solution c for instance) are in good agreement with the reference value. 
One explanation could be the weighting process, which reduced the 
impact of individual organ results that were too high or too low. 

The analysis of the results revealed that for several solutions, organ 
absorbed doses were systematically a few % higher (for instance solution 
p for male phantom) or lower (for instance solution m for male and fe-
male phantoms) than the reference ones. Some participants provided 
their point source position and it is likely that these differences were 

attributable to the location of the source. Finally, regarding the over-
estimations of skin absorbed dose of around 20% and 30% for the male 
and female phantoms, respectively observed for several solutions, it was 
directly linked to the use of the kerma approximation. 

3.1.3. Revision of solutions 
Taking into account the previous comments regarding, on one hand, 

the choice of the source location, and on the other hand the use of the 
kerma approximation, ten and eight participants provided an initial set 
of results that agreed with the reference solution (within 10%) for the 
male and female phantoms, respectively. Feedback was provided to all 
participants. For those whose solution had discrepancy with the refer-
ence solution (6 for the male phantom and 9 for the female phantom), 
information was provided in order to help them to find their errors. For 
instance: 

• “Your results for the organ absorbed doses are over- or under-
estimated depending on the organs (with differences up to 1000% 
with the reference solution).”  

• “Your results for the organ absorbed doses and effective dose are half 
the reference values.”  

• “Your results for the organ absorbed doses are in good agreement 
with the reference solution except for RBM doses for both male and 
female, which are overestimated (relative difference of 1000% with 
the reference solution). Effective dose also differs from the reference 
solution.” 

Finally, they were invited to submit a revised set of results. For a 
couple of them, their input file or post-processing file was studied by the 

Fig. 3. Photon point source exercise - Initial organ absorbed dose for the male phantom compared with reference data. (Left) all data; (Right) excluding extreme 
outliers. Participants a and e provided two solutions: one derived with the kerma approximation, noted a (kerma) and e (kerma), and a second without, noted a and e. 
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organizer in order to help them to fix their error. Thus, for those par-
ticipants, several steps and email exchanges were needed. 

Six and seven revised solutions were received for the male and fe-
male phantoms respectively. In addition Participant f, who did not 
provide results for the male phantom during the initial submission, sent 
a solution for that during this revision stage. 

The revised results are shown in Fig. 6 for the male phantom and in 
Fig. 7 for the female phantom, along also with the reference results. The 
revised effective dose results are shown in Fig. 8. Regarding the male 
phantom, a good agreement is observed for almost all the participants 
(15). The doses to the breast and stomach are overestimated by Partic-
ipant m, while the gonads absorbed dose is overestimated by Participant 
n. Regarding the female phantom, an agreement to better than 15% is 
observed for all participants and all organs, except for RBM and stomach 
for Participant m. Finally, effective doses are within 15% of the refer-
ence solution except for Participants m and q. 

Some of the participants identified their errors without help, whereas 
for others it was necessary to guide them. Finally, some of the partici-
pants gave no information about the changes they made to obtain the 
revised solutions. The errors can be summarized as follows:  

• for five participants the method used to calculate RBM absorbed dose 
was wrong,  

• two participants did not take into account the emission probability of 
the Co-60 source,  

• one participant included the beta decay of Co-60 in addition to the 
photon decay,  

• one participant reported a mistake in their calculation of absorbed 
dose for organs having multiple organ voxel numbers,  

• one participant used the wrong tally, specifically a pulse-height tally 
(MCNP f8) rather than an energy deposition tally (MCNP *f8). In 
addition, there were copy/paste errors in the post-processing file. 

Thus, most of the participants failed in implementing ICRP meth-
odology for the assessment of RBM dose. 

3.2. Neutron point source exercise 

3.2.1. Reference solution 
To determine effective dose, it is necessary to weight and sum the 

organ doses deposited by all radiation field components with tissue (wT) 
and radiation (wR) weighting factors, and then average over both sexes. 
The recommended scheme is detailed in ICRP 103 (ICRP, 2007), with 
the tissue weighting factors provided in Table B2 therein. Because the 
configuration is surrounded by vacuum in the current exercise, only 
mono-energetic neutrons are externally incident upon the phantom. 
However, the fields through the internal organs will be mixed, with 
contributions from secondary photons as well as the neutrons (plus also 
very short-ranged recoil protons etc., if they were being transported), 
and also electrons if the kerma approximation is not being applied; use 
of the kerma approximation was optional but valid in this case, due to 
the short ranges of any secondary electrons produced within the body. 
The radiation weighting factors are species-dependent; a flat value of wR 
= 1 is considered valid for all incident photons (and electrons), but wR is 
energy-dependent for neutrons. However, the radiation weighting factor 
for a given dose-depositing particle is assigned either the value corre-
sponding to the energy it had when it was incident upon the body, or else 
the value appropriate for the energy of the particle that originally 

Fig. 4. Photon point source exercise - Initial organ absorbed dose for the female phantom compared with reference data. (Left) all data; (Right) excluding extreme 
outliers. Participants a and e provided two solutions: one derived with the kerma approximation, noted a (kerma) and e (kerma), and a second without, noted a and e. 
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produced it when that parent particle was incident upon the body. In the 
current exercise, therefore, all doses need to be weighted by the wR for 
10 keV neutrons, even though that might seem counter-intuitive for the 
photon (and electron) components, because only those source neutrons 
were incident upon the phantoms. 

To determine the correct value for wR, Equation (1) should be 
applied, extracted from Equation B.3.16 in ICRP 103: 

wR = 2.5 + 18.2e− [ln(En)]
2/6 (1)  

which is valid when En < 1, where En is the neutron energy in units of 
MeV. In the current case of 10 keV neutrons, then En = 0.01 MeV, giving 
wR = 3.031. 

The organizer employed the Monte Carlo code MCNPX version 2.7 to 
perform the calculations, assuming coupled neutron-photon transport 
under the assumption of the kerma approximation. The ENDF70, 
MCPLIB84 and EL03 cross-section libraries were used for neutron, 
photon and electron interactions, respectively (Table 2). For the thermal 
cross-section treatments of the hydrogenous tissues comprising the or-
gans, and specifically to cope with the impacts of molecular bonding on 
the scattering of thermalized neutrons, the organizer assumed an O–H 
bond equivalent to that in light water. 

The reference organ and effective dose data that were generated are 
presented in Table 6. The neutron and photon components of these 
various doses are not shown separately here, but the organizer can 
report that they were greatly dominated by the latter: typically, the 
photon dose to a given organ was around an order of magnitude larger 
than the concurrent neutron dose. Also shown are the relative standard 

uncertainties on the results, relating just to the statistical fluctuations 
within the Monte Carlo code. The relative standard uncertainty of 0.1% 
for the effective dose was calculated in quadrature from the statistical 
uncertainties on the twenty-nine weighted organ doses used in its defi-
nition (ICRP, 2007). 

The systematic uncertainties on the results are harder to quantify 
than the statistical uncertainties, and result from factors such as un-
certainties in the cross-sections, physics models, or thermal treatment 
options. One additional source of inaccuracy results from the choice of 
location to place the source: the human body is non-uniform, making the 
definition of a precise reference position somewhat difficult. Accord-
ingly, the instruction to place the source ‘125 cm from the feet and 100 
cm from the surface of the chest’ gives rise to inevitable ambiguity, with 
the organizer and participants all likely to interpret its exact position 
slightly differently. This is significant, because the inverse-square 
divergence of the field will cause variations in the organ doses 
depending on their distances from the source. 

To evaluate the potential impacts of such small displacements, the 
calculation for the female phantom was repeated but with the neutron 
source translated 5 cm nearer to the body in the horizontal plane and 5 
cm lower in a vertical plane. Although somewhat arbitrary, these 5 cm 
repositionings defined an ‘envelope’ that was considered a reasonable 
estimate of the maximum plausible ambiguity in source location relative 
to the body. Moreover, focus on the female phantom was adopted 
because, being smaller, its organs are closer to the source on average; 
doses are therefore more affected by perturbations in the source location 
than would be the case for the male, leading to a more conservative 

Fig. 5. Photon point source exercise - Ratio of initial effective dose data (E(P)) submitted by the participants to the reference effective dose (E(O)). (Top) all data; 
(Bottom) excluding extreme outliers. Participants a and e provided two solutions: one derived with the kerma approximation, noted a (kerma) and e (kerma), and a 
second without, noted a and e. 
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estimate of this uncertainty component. In all cases, the resulting organ 
doses were increased by the source displacement, as expected from a 
consideration of the geometry, with the largest increase being for the 
ovaries (~13%) and the smallest for the brain (~4%). On average, the 
seven organ doses of interest changed by ~10%. Considering also the 
statistical uncertainties, this led to the suggestion that for the subsequent 
purposes of analyses of participants’ results, congruence with the 
reference solutions to within ±10% could be taken to indicate broadly 
acceptable agreement, noting that there is a degree of subjectivity in this 
metric. 

3.2.2. Participant results 
In total, eight participants submitted solutions for this neutron 

problem; these used FLUKA (1 participant), Geant4 (2 participants), 
MCNP (4 participants) and TRIPOLI (1 participant). The computer 
codes, particle transport options, cross-section data and RBM dosimetry 
methods that were reported by the eight participants are summarized in 
Tables 3 and 4, with the analogous details used in the generation of the 
reference solutions by the organizer given in Table 2. Generally, the 
participants used the latest cross-section libraries that were available to 
them. Not shown in Table 3, nor requested from the participants, are 
details on any molecular bonding treatments that might have been 
applied to account for thermal neutron scattering. One participant 
provided an updated set of results, having noticed a mistake in the RBM 
values of their initial dataset; only this resubmitted solution is included 
and discussed here, on the grounds that it was quickly self-identified 

without any prompting or feedback from the organizer. 
The organ dose results that were submitted by the eight participants 

are shown in Fig. 9 for the male phantom and in Fig. 10 for the female 
phantom, along also with the reference results. In both cases, the left 
plot shows all of the data that were submitted, whilst the right plot 
shows the same data on a partially restricted x-axis that removes the 
most extreme outliers; the exact ranges used in the latter two cases were 
chosen somewhat arbitrarily. The statistical uncertainties that were re-
ported by the participants along with their results are not provided on 
the figures for clarity, but these relative 1 standard deviations were 
generally a few percent or less. 

Participant a submitted two solution sets, one of which used coupled 
neutron-photon transport whilst the other employed neutron-only 
transport; their results from the two methods were statistically irre-
solvable, so for convenience only the former are discussed here. How-
ever, despite their self-consistency, this participant underestimated the 
reference values by about an order of magnitude. This indicates a sig-
nificant error in their methodology, and it might be speculated that 
perhaps neither dataset properly accounted for the photon component: 
as mentioned previously, the organizer found the neutron dose to a 
given organ to be about a tenth of that from photons. Conversely, 
Participant i overestimated the reference values by a factor of a few, 
apart from their RBM doses, which were about half the reference values. 
Participant d underestimated most of the reference values by around two 
orders of magnitude, although their skin results were less than 1 order of 
magnitude too low, whilst the result for the ovaries was four orders of 

Fig. 6. Photon point source exercise - Revised organ absorbed dose for the male phantom compared with reference data. (Left) all data; (Right) excluding extreme 
outliers. Participants a and e provided two solutions: one derived with the kerma approximation, noted a (kerma) and e (kerma), and a second without, noted a and e. 
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magnitude too low. The causes of these divergences are unknown, with 
errors in the source definition, particle transport or organ dose nor-
malizations all plausible speculations, but are particularly puzzling for 
the latter outlier given its apparent inconsistency with the rest of the 
participant’s dataset. Even when the most obvious outliers are excluded, 
there is still a very wide range of results from the participants. In gen-
eral, a broadly similar spread is exhibited in the male and female 
datasets, indicating as expected that neither phantom is any more 
‘troublesome’ to use than the other. Of all the organs, the RBM caused 

the most discrepancy, both in terms of general magnitude and fre-
quency; this observation is perhaps unsurprising, given the more com-
plex nature of RBM dosimetry compared to the other organs (ICRP, 
2010). Only two of the participants (c and k) agreed with the reference 
values within the permitted uncertainty budget for all seven organs of 
both phantoms; Participant f would have done also, if RBM doses were 
excluded. Participant h also came close, with all organ doses lower than 
the reference values by up to ~20%. Participant j performed similarly to 
Participant h, though their RBM doses were about a third of the 

Fig. 7. Photon point source exercise - Revised organ absorbed dose for the female phantom compared with reference data. Participants a and e provided two so-
lutions: one derived with the kerma approximation, noted a (kerma) and e (kerma), and a second without, noted a and e. 
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reference values. 
The effective dose results, E(P), that were submitted by the partici-

pants are shown in Fig. 11 as ratios, E(P)/E(O), to the reference effective 
dose, E(O). The 1 standard deviation statistical uncertainties on the re-
sults are again not shown on the figure for clarity, but were no more than 
a few percent. Participant d did not calculate effective dose per se: rather 
than the correct sex-averaged quantity, they instead provided solutions 
for the male and female phantoms individually. These are shown sepa-
rately on Fig. 11, noting that the male result of 0.032 and the female 
result of 0.028 would have given a ratio of 0.030 had averaging been 
applied. 

No participant submitted a value for effective dose that agreed with 
the reference value within the accepted uncertainty. However, four 
participants (c, h, i and j) came to within ~20%. Such closeness was 
surprising for Participant i, because all their reported organ doses were 
very different from the reference solution; it may therefore be fair to 
suggest that the apparent near-success was coincidental in this case, 
with perhaps some fortuitous cancelling-out occurring of doses that 
were too high and too low. Participants a, f and k diverged from the 
reference solution by large amounts, being up to an order of magnitude 
different for Participant a; Participant d would also have diverged 
greatly had sex-averaging been applied. It is interesting to note that in 
all cases apart from Participant i, the reported value for effective dose 
was lower than the reference value. In fact, similar observations are also 
noted for many of the organ doses shown in Figs. 9 and 10. It is not clear 
whether these apparent patterns are simply a coincidence, or if not, what 
their causes or significance might be. If they are genuine, it is remarked 
that the use of very different cross-sections or thermal treatment options 
from that applied by the organizer (who assumed an O–H bond equiv-
alent to that in light water), or even potentially the complete omission of 

this latter parameter by a participant, could lead to systematic differ-
ences in the results. However, because details on this choice were not 
requested with the submissions, such a suggestion can only be purely 
speculative at this stage. 

In some cases, correlation was noted between organ dose agreement 
and effective dose agreement, whereas in other cases such correlation 
was not found. For example, the organ doses reported by both Partici-
pants h and j were generally around ~20% lower than those of the 
reference solutions, as were their estimates of effective dose; this in-
dicates that the methods applied by those individuals for calculating 
effective dose were potentially correct, even though their underlying 
organ dose data may not have been. Conversely, all the organ doses 
reported by Participants c and k agreed with the reference values within 
uncertainty, but their effective dose estimates did not; this indicates 
problems with their derivations of the latter, or in the application of the 
correct radiation or tissue weighting factors. The effective dose esti-
mated by Participant k was roughly a third of that of the organizer, 
which is close in value to 1/3.031; a suggestion could therefore be that 
the radiation weighting factor may not have been applied in that case. 
Alternatively, and recalling that the organizer found that the photon 
dose components were typically ~10 × higher than the neutron doses, 
another potential explanation might be that Participant k correctly used 
a value of wR = 3.031 to the neutron doses but applied the ‘usual’ value 
of wR = 1.0 to the photons, neglecting that the relevant radiation 
weighing factor for secondary radiations is that of the particle incident 
upon the body that generated them (i.e. the 10 keV neutron). Similarly, 
it may be observed that if one were to mistake the neutron energy En in 
Equation (1) as having units of eV, rather than MeV, then the ratio be-
tween the value of wR that would result (i.e. 2.500) and that used by the 
organizer (i.e. 3.031) is very close to the value of E(P)/E(O) seen for 
Participant c. Of course, these tentative explanations are purely specu-
lative at this stage: the weighted doses for the many other organs used to 
determine effective dose (ICRP, 2007) were not provided by (or 
requested from) the participants, so such suggestions are hard to 
investigate further. 

3.2.3. Neutron exercise overview and observations 
The neutron intercomparison exercise may be summarized as 

follows:  

• Eight participants from eight different countries submitted organ and 
effective dose results. The participants employed a range of Monte 
Carlo codes, data and approaches. 

• Due to difficulties in defining the precise source location unambig-
uously, proximity to within ~10% of the reference solution was 

Fig. 8. Photon point source exercise - Ratio of revised effective dose data (E(P)) submitted by the participants to the reference effective dose (E(O)). Participants a 
and e provided two solutions: one derived with the kerma approximation, noted a (kerma) and e (kerma), and a second without, noted a and e. 

Table 6 
Reference organ absorbed doses and effective dose for the neutron problem. 
Standard statistical uncertainties are also indicated.   

Organ absorbed doses (Gy) and effective dose (Sv) 

Male Female  

Dose (Gy) std. unc. (%) Dose (Gy) std. unc. (%) 
RBM 8.74 × 10− 7 0.07 9.68 × 10− 7 0.07 
Stomach 1.58 × 10− 6 0.17 1.54 × 10− 6 0.19 
Testes/Ovaries 1.11 × 10− 6 0.46 9.40 × 10− 7 0.68 
Liver 1.34 × 10− 6 0.12 1.46 × 10− 6 0.13 
Brain 4.01 × 10− 7 0.24 5.00 × 10− 7 0.23 
Skin 5.61 × 10− 7 0.04 5.79 × 10− 7 0.04 
Small intestine 1.43 × 10− 6 0.11 1.50 × 10− 6 0.12 
Effective dose 3.67 × 10− 6 ±0.1%  
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Fig. 9. Neutron point source exercise – Organ dose data submitted by the eight participants for the male phantom, compared with reference data. (Left) all data; 
(Right) restricted range. 

Fig. 10. Neutron point source exercise - Organ dose data submitted by the eight participants for the female phantom, compared with reference data. (Left) all data; 
(Right) restricted range. 
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considered to indicate satisfactory agreement of a given participant’s 
results for the purposes of analysis.  

• Only two participants submitted organ doses that agreed with the 
reference solutions for both phantoms and all seven tissues requested 
for the intercomparison exercise.  

• Overall, the RBM was seen to be the organ for which results were 
most likely to differ from the reference solution.  

• No participant submitted a result for effective dose that agreed with 
the reference solution within uncertainty; this was inevitable in most 
cases, given the prior divergence of the organ dose data. 

The precise causes of the divergences from the reference solutions 
are unknown: bespoke feedback was not provided to or by the partici-
pants, and revised solutions were not requested. However, the patterns 
and trends in the results indicate that, in many cases, the general types of 
mistake made in the photon exercises were likely being repeated in this 
neutron exercise. Difficulties with RBM dosimetry are an obvious 
example of this. However, there are still obvious differences between 
photon-only and neutron-photon problems. For example, the fact that 
the radiation weighting factor to be applied relates to the particles 
incident on the body, rather than the particles providing the localized 
energy depositions, is a non-trivial complexity that is particular to 
neutron simulation problems. So too is the application of the hydrogen- 
neutron scatter correction (i.e. ‘thermal treatment’) and which material 
is chosen as a substitute for the tissues. In addition, the radionuclide- 
specific neutron cross-section data are different from the elementary 
photon cross-section data, but the materials of the voxel phantoms are 
defined only on the elementary level: no data on isotopic make-ups are 
provided in ICRP Publication 110 (ICRP, 2009), with the optimum 
compositions for the tissues therefore left to individuals to decide from 
the options available to them. Each of these factors, and perhaps others 
also, will likely contribute to the observed discrepancies between the 
results. 

3.3. X-ray examination 

3.3.1. Reference solution 
The coordinate system of the phantoms is as follows: The x axis is 

represented by the columns of the voxel array and is directed from the 
phantoms’ right to their left side, the y axis is represented by the rows 
and is directed from the phantoms’ front to their back, and the z axis is 

represented by the array slices and is directed from the feet towards the 
head. The origin of the coordinate system is, thus, located at the right 
frontal bottom border of the cuboid representing the phantom array. 

The source coordinates for the reference solution for the Chest PA 
examination were selected as described here, and summarized also in 
Supplemental Table A1. The field was to be centred in height between 
the top and bottom extensions and laterally between the left-most and 
right-most extensions of the phantom’s lungs. First, the minimum and 
maximum columns and slices containing both lungs of the reference 
phantoms were determined (see, e.g., Tables A2 and A.3 in ICRP Pub-
lication 110 (ICRP, 2009)). Together with the column width, the mini-
mum and maximum columns were used to evaluate the minimum and 
maximum x-coordinates of the lungs, and the arithmetic mean of these 
two coordinates was defined as the x-coordinate of the source. The same 
procedure was also applied for the minimum and maximum slices, 
together with the slice thickness, to arrive at the central z-coordinate of 
the lungs and, hence, the z-coordinate of the X-ray source. Then, the 
slice was determined in which this z-coordinate is located, and the 
minimum row in that slice was looked-up in the phantom data. This 
information was used to evaluate the minimum y-coordinate in the 
central lung slice, and from this the locations of the detector (10 cm 
away from the frontal skin) and the source (behind the phantom at a 
distance of 180 cm from the detector) were derived. The source co-
ordinates were (27.25 cm, 175.34 cm, 137.2 cm) for the male and 
(26.89 cm, 173.905 cm, 131.41 cm) for the female reference computa-
tional phantom, respectively. It should be noted that the information 
about minimum and maximum columns and rows per slice is not given 
in ICRP Publication 110, and this may hence be a source of uncertainty 
of the y-coordinate of the X-ray source. 

Similarly, the X-ray source coordinates for the Abdomen AP exami-
nation were determined from the specification provided (for details see 
Table 1). The source coordinates were (26.50 cm, − 78.71 cm, 109.2 cm) 
for the male and (26.54 cm, − 81.57 cm, 104.54 cm) for the female 
reference computational phantom, respectively. 

The reference solution was calculated with the radiation transport 
program package EGSnrc (Kawrakow et al., 2009); the photon 
cross-section library was an updated version (Seuntjens et al., 2002) of 
the XCOM database (Berger and Hubbell, 1987), and the cutoff value for 
photons was 2 keV; for electrons, Bremsstrahlung cross sections from the 
National Institute of Standards and Technology (NIST) database (Seltzer 
and Berger, 1985, 1986) were used, and the transport history was 

Fig. 11. Neutron point source - Ratio of effective dose data (E(P)) submitted by the participants to the reference effective dose (E(O)). Participant d erroneously 
provided results for the male (green) and female (red) phantoms separately. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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generally terminated when their kinetic energy fell below 20 keV, except 
for electrons with an initial kinetic energy below 50 keV, whose histories 
were followed down to 2 keV. The “three-factor method” as described in 
ICRP Publication 116 (ICRP, 2010), Annex D, was used for RBM 
dosimetry. A mass-weighted dose to spongiosa, as described in Chapter 3 
of ICRP Publication 116, was evaluated as well, since this was the 
method applied by several of the participants. 

The reference solution conversion coefficients, together with their 
statistical uncertainty, are presented in Table 7 and Table 8 for the Chest 
PA and Abdomen AP examinations, respectively. 

3.3.2. Initial solutions 
Eight participants (or groups of participants) submitted solutions for 

this task; in some cases, several researchers teamed up, shared the work 
among them and submitted a common solution together. 

The following radiation transport codes were used by the partici-
pants: FLUKA, Geant4, MCNP (3 participants), PenEasy, TRIPOLI, and 
VMC. One participant calculated two sets of data: one made with, and 
one made without the kerma approximation. These agreed with each 
other to within 1% for most organs, and differed notably only for the 
thyroid (max. 6.5%) for the chest PA examination and for the kidneys 
(max. 16%) for the abdomen AP examinations. In the following, only the 
solution made with the kerma approximation is considered. 

The X-ray source coordinates assessed by the participants were 
largely in approximate agreement with those of the reference solution. 
Surprisingly, the greatest differences from the reference coordinates 
were not found for the y-coordinates, as expected, but for the z-co-
ordinates. For the Chest PA examination, the largest deviations of the 
participants’ z-coordinates from the reference coordinate were − 8.9 cm 
and 5.6 cm, respectively, for the female phantom. For the Abdomen AP 
examination, the largest coordinate deviations were − 2.5 cm (y-coor-
dinate, male) and − 6.5 cm (z-coordinate, female). One participant used 
a different coordinate system, and hence for this specific solution the 
source coordinates could not be verified. 

For the initial solutions, a large variety of deviations from the 
reference solutions was found. Some participants’ solutions were partly 
within 5–10% agreement with the reference solutions, whilst some other 
participants’ solutions were different by much larger factors, one even 
by two orders of magnitude (for the conversion per kerma-area product). 
For most participants, the deviations from the reference solutions were 
different for the two normalization quantities (entrance air kerma free- 
in-air or kerma-area product), indicating problems with conversion 
between the normalization quantities. Only two (for Chest PA) and three 
(for Abdomen AP) participants had this conversion (approximately) 
correct, where for one of these, the agreement of all conversion co-
efficients with the reference solutions was within approximately 30%, 

except for the RBM. For four participants, the deviations of the RBM 
conversion coefficients were similar to those of the other organs; one 
participant did not evaluate RBM doses, and for three participants, the 
conversion coefficients for RBM were higher than for the other organs. 
These latter participants evaluated RBM dose as mass-averaged spon-
giosa dose, which is the reason for the discrepancy. In Fig. 12, ratios of 
the participants’ initial solutions to the reference solutions are shown for 
Chest PA for conversion coefficients per air kerma free-in-air at the 
entrance surface for the male phantom; Fig. 13 shows ratios of the 
participants’ initial solutions to the reference solutions for Abdomen AP 
conversion coefficients per kerma-area product for the female phantom. 
Additional figures for both X-ray examinations, both normalization 
quantities and both phantoms are shown in Annex B, Supplemental 
Figure B1 to Supplemental Figure B8. In these figures, “RBM 1” refers to 
the reference solution using the dose-response functions of ICRP Publi-
cation 116 (i.e., the recommended method of RBM dosimetry); for “RBM 
2”, an alternative “reference” solution has been evaluated using mass- 
weighted spongiosa doses and compared against the solutions of those 
participants who used this approach to estimate RBM doses. 

While the ranges of deviations of the participants’ solutions from the 
reference solutions are similar for all situations, it can be seen that a 
larger number of solutions were in better agreement with the reference 
solution for the normalization per air kerma free-in-air than for the 
normalization per Kerma-Area-Product. It could therefore be concluded, 
supported also from the feedback subsequently exchanged with the 
participants, that several participants were not familiar with this dose 
quantity, i.e. the product of air kerma free-in-air at a certain distance 
from the source and the field size at the same distance. Since the air 
kerma decreases with distance from the source according to the inverse- 
square law, and the field size increases quadratically with distance from 
the source, the product of these two measures is approximately constant 
everywhere along the X-ray beam. 

3.3.3. Revised solutions 
All participants were informed about the general agreement/ 

disagreement of their submitted initial solutions with the reference so-
lutions, and were asked for additional information about their compu-
tational approach in order to understand where the problems may be. 

For many participants, the degree of agreement with, or deviation 
from, the reference solution were generally similar for both examina-
tions and both phantoms. In some cases, however, the conversion co-
efficients for selected organs showed a different behavior from the 
majority of other organs. Reasons for such discrepancies were found 
mostly to be wrong tissue material assignment, selection of a wrong 
organ identification number (meaning evaluating the conversion co-
efficients for a different organ), and sometimes even typing errors were 

Table 7 
Reference organ absorbed doses per entrance air kerma free in air and per Kerma-Area-Product (KAP) and standard statistical uncertainties for the Chest PA 
examination.  

Organ Male Female 

Organ absorbed dose per Standard statistical 
uncertainty 

Organ absorbed dose per Standard 
statistical 
uncertainty 

Entrance air kerma free 
in air 

KAP  Entrance air kerma free 
in air 

KAP  

Gy/Gy Gy/(Gy cm2) (%) Gy/Gy Gy/(Gy cm2) (%) 

RBM 0.1613 1.943E-04 0.04 0.2176 2.547E-04 0.04 
Mass-weighted spongiosa 

average 
0.2529 3.046E-04 0.04 0.3212 3.761E-04 0.04 

Lungs 0.4257 5.127E-04 0.03 0.654 7.658E-04 0.03 
Stomach 0.1959 2.359E-04 0.14 0.2482 2.906E-04 0.13 
Breast 0.07592 9.143E-05 0.53 0.1522 1.782E-04 0.09 
Heart 0.28 3.371E-04 0.08 0.4088 4.786E-04 0.08 
Oesophagus 0.2915 3.510E-04 0.23 0.3935 4.607E-04 0.21 
Thyroid 0.2061 2.482E-04 0.39 0.2596 3.040E-04 0.38  
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made when introducing the results into the provided templates. 
Some errors concerning evaluation of air kerma were the following: 

some participants evaluated the entrance air kerma including back-
scatter; one participant evaluated air kerma free-in-air at a fixed 

distance from the source (1 m) instead of at the source-to-skin distance; 
and one had a wrong material definition for the detector used to score air 
kerma. 

All participants except Participant f made use of the opportunity to 
revise their submitted solutions following feedback from the organizer. 
The revisions included correction of the above-mentioned problems, and 
one participant also made adjustments in the source position. The larger 
differences in the source coordinates reported above for the initial 
submission, however, were not corrected. There were some cases where 
the “corrections” applied helped to get rid of one set of the discrepancies 
in the original submission but worsened other parts. Unfortunately, not 
all participants provided explanations of exactly what they changed in 
their computational procedure to arrive at their revised solutions. 

The revised solutions are illustrated in Fig. 14, Fig. 15 and Supple-
mental Figure B9 to Supplemental Figure B14. It can be seen that the 
largest outliers have been successfully removed, but there are still many 
solutions that differ by more than 20% from the reference solution – in 
either direction. 

4. Summary, discussion and conclusions 

In the framework of EURADOS working group 6 on computational 
dosimetry, an intercomparison was organized on the use of the ICRP 
Reference Computational Phantoms with radiation transport codes. 
Solutions for three out of the six exercises proposed in (Zankl et al., 
2021a) have been analyzed in this paper. The participants employed a 

Table 8 
Reference organ absorbed doses per entrance air kerma free in air and per Kerma-Area-Product (KAP) and standard statistical uncertainties for the Abdomen AP 
examination.  

Organ Male Female 

Organ absorbed dose per Standard statistical 
uncertainty 

Organ absorbed dose per Standard statistical 
uncertainty 

Entrance air kerma free 
in air 

KAP Entrance air kerma free 
in air 

KAP 

Gy/Gy Gy/(Gy cm2) (%) Gy/Gy Gy/(Gy cm2) (%) 

RBM 0.09041 1.048E-04 0.04 0.1153 1.342E-04 0.04 
Mass-weighted spongiosa 

average 
0.1511 1.751E-04 0.04 0.1893 2.203E-04 0.04 

Liver 0.2373 2.749E-04 0.03 0.382 4.446E-04 0.03 
Kidneys 0.1348 1.562E-04 0.11 0.2463 2.867E-04 0.09 
Pancreas 0.349 4.044E-04 0.1 0.4995 5.813E-04 0.09 
Small intestine 0.5699 6.603E-04 0.04 0.5726 6.664E-04 0.04 
Colon 0.5309 6.152E-04 0.05 0.6533 7.603E-04 0.04 
Bladder wall 0.5134 5.949E-04 0.14 0.7083 8.243E-04 0.13  

Fig. 12. X-ray examination exercise - Ratios of participants’ initial dose con-
version coefficients per air kerma free in-air to the respective reference solu-
tions for the Chest PA examination of the male phantom. 

Fig. 13. X-ray examination exercise - Ratios of participants’ initial dose con-
version coefficients per Kerma-Area-Product to the respective reference solu-
tions for the Abdomen AP examination of the female phantom. 

Fig. 14. X-ray examination exercise - Ratios of participants’ revised dose 
conversion coefficients per air kerma free-in-air to the respective reference 
solutions for the Chest PA examination of the male phantom. 
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range of Monte Carlo codes (FLUKA, Geant4, MCNP family codes, 
PenEasy, TRIPOLI and VMC), data and approaches. 

For the three exercises, difficulties in defining the precise source 
location were encountered because the instructions that were provided 
gave rise to inevitable ambiguities. Consequently, proximity to within 
~10% of the reference solution was considered to be satisfactory 
agreement for a given participant’s results. Although some participants 
provided initial solutions that were in good agreement with the refer-
ence solutions, for many of the others differences of several tens of 
percent, or even several orders of magnitude, were exhibited. Of all the 
organs, the RBM caused the most discrepancy, both in terms of general 
magnitude and frequency. Given the more complex dosimetry of the 
RBM compared to the other organs (ICRP, 2010), participants often had 
problems in correctly implementing the ICRP-recommended bone 
dosimetry method in their practical applications. Following this general 
finding, it was decided to have a specific article that describes the ICRP 
bone dosimetry method in more detail and provides practical guidance 
and technical hints for incorporating this method into various types of 
radiation transport codes (Zankl et al., 2021b). 

Following feedback and suggestions from the organizers for the 
photon exercises, revised solutions were submitted by some of the par-
ticipants; in general, agreement was improved. However, not all par-
ticipants provided a revised solution, and not all discrepancies were able 
to be explained. Some errors were evidently due to a lack of care, such as 
copy-and-paste errors. Sometimes there was a misunderstanding con-
cerning the normalization quantity or a wrong definition of the source. 
However, in some cases the participants did not give any details about 
the changes that they had made to obtain their revised solution. On the 
whole, most participants succeeded in finding their errors by them-
selves, but for some of the others additional help from the organizers 
was needed. It is also clear that some of the errors could have been 
avoided with more thorough quality assurance (QA) checks by partici-
pants. For instance, the participants could have compared their results 
with available literature data for similar exposure conditions. Similarly, 
those participants whose datasets contained a result for one of the or-
gans that differed from those for all the other organs by a very large 
degree ought perhaps to have identified that outcome as being physi-
cally implausible, and hence could also have noticed their error had 
greater QA checks been performed. 

Feedback was not provided for the neutron problem, because every 
participant who contributed a solution had also contributed to at least 
one of the other exercises and in many cases the same errors were likely 
being repeated. However, one difference from the photon exercises 
might have originated from incorrect use of the radiation weighting 

factor (wR) for neutron exposures. Differences in the assumed isotopic 
compositions of the various tissue materials within the phantom, and 
also differences in the choices for their thermal treatment cross-sections, 
may also have led to discrepancies between the participants’ and or-
ganizer’s results. Although two participants submitted organ doses that 
agreed with the reference solutions for both phantoms and all seven 
tissues requested for the neutron intercomparison exercise, no partici-
pant submitted a result for effective dose that agreed with the reference 
solution within uncertainty. This could suggest an error in the derivation 
of effective dose from organ doses, with misinterpretation of how to 
determine the radiation weighting factor (Equation (1)), or its use for 
both the neutron and photon dose components, being speculated as 
conceivable causes. 

Overall, it is clear that some of the errors made by the various par-
ticipants were common across the three exercises. These include diffi-
culties with RBM dosimetry, difficulties in correctly defining the source, 
and presumed typographical mistakes in copying-and-pasting of results. 
Conversely, however, some errors were specific to the individual exer-
cises themselves, and hence to the unique exposure scenarios of interest. 
These include mistakes in organ dosimetry (e.g. miscalculation of 
absorbed dose for organs having multiple tissues), difficulties with 
normalization (e.g. to Kerma-Area-Product), or problems with correctly 
deriving effective doses in scenarios featuring multiple particle species 
(e.g. misapplying radiation weighting factors to photon/neutron com-
ponents). Whilst the former set of errors may serve as general lessons- 
learnt, the latter type demonstrates the complexities of voxel phantom 
calculations and the scenarios in which they are typically employed. In 
turn, it may be inferred that the successful application of these phantoms 
by an individual in one particular circumstance cannot be taken to 
guarantee successful application by that same individual in a different 
circumstance. The value of thorough QA of all input files and all results 
is therefore again emphasized. 

The above observations are important, and also perhaps surprising: 
although the scope of the WG6 intercomparison project was nominally 
intended to be just a study into the implementation of voxel phantoms, 
many of the mistakes made by participants were not related to that per 
se. In fact, the various exercises have highlighted wider issues regarding 
the usage of Monte Carlo codes, correct modelling of exposure scenarios, 
dosimetry, and general approaches to QA in computational radiological 
protection. To that end, the results and conclusions shown in the current 
paper demonstrate the needs, as well as the benefits, of these kinds of 
exercise. In addition to providing additional benchmarked data to the 
participants, they demonstrate the difficulties encountered by in-
dividuals in correctly implementing Monte Carlo modelling and some of 
the methods recommended by ICRP, as well as supplying an invaluable 
resource of reference scenarios and results that future novice users may 
employ for training purposes. Finally, lessons can also be learned for 
future intercomparison exercises. As a matter of fact, even if the orga-
nizers were extremely cautious in defining and describing the problems, 
some participants errors could perhaps have been avoided with addi-
tional guidance. For instance, it could be useful in future exercises to 
define the dosimetric quantities used and to provide a list of checks to be 
done by the participants. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.radmeas.2021.106695. 

Fig. 15. X-ray examination exercise - Ratios of participants’ revised dose 
conversion coefficients per Kerma-Area-Product to the respective reference 
solutions for the Abdomen AP examination of the female phantom. 
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