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Abstract

Anatomical models have key applications in radiotherapy, notably to help understand the relationship between radiation dose and risk of developing side
effects. This review analyses whether age-specific computational phantoms, developed from healthy subjects and paediatric cancer patient data, are adequate to
model a paediatric population. The phantoms used in the study were International Commission on Radiological Protection (ICRP), 4D extended cardiac torso
(XCAT) and Radiotherapy Paediatric Atlas (RT-PAL), which were also compared to literature data. Organ volume data for 19 organs was collected for all phantoms
and literature. ICRP was treated as the reference for comparison, and percentage difference (P.D) for the other phantoms were calculated relative to ICRP. Overall
comparisons were made for each age category (1, 5, 10, 15) and each organ. Statistical analysis was performed using Microsoft Excel (version 16.59). The smallest
P.D to ICRP was for Literature (-17.4%), closely followed by XCAT (26.6%). The largest was for RT-PAL (88.1%). The rectum had the largest average P.D (1,049.2%)
and the large bowel had the smallest (2.0%). The P.D was 122.6% at age 1 but this decreased to 43.5% by age 15. Linear regression analysis showed a correlation
between organ volume and age to be the strongest for ICRP (R2 ¼ 0.943) and weakest for XCAT (R2 ¼ 0.676). The phantoms are similar enough to ICRP for
potential use in modelling paediatric populations. ICRP and XCAT could be used to model a healthy population, whereas RT-PAL could be used for a population
undergoing/after radiotherapy.
� 2024 The Author(s). Published by Elsevier Ltd on behalf of The Royal College of Radiologists. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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Introduction

Radiotherapy uses ionising radiation to kill cancer cells.
As the radiation beams damage normal tissue around the
tumour as well as cancerous tissue, patients are at risk of
developing many side effects, both early and late [1]. One
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very rare, but serious complication of radiotherapy in chil-
dren or the paediatric population is the risk of developing
second malignancies [2]. The probability of developing the
aforesaid is influenced by several factors including radiation
dose, volume of tissue irradiated, and age of treatment
commencement, to name a few [3].

Due to the plethora of side effects, anatomical models
have key applications in paediatric radiotherapy. They could
potentially be used as a tool to reconstruct doses for his-
torical cohorts (when there was no imaging data) so that
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epidemiology studies can be conducted. They can be used as
a quality assurance tool in clinical settings, to optimise
radiotherapy protocols. And finally, they can be used to
estimate the dose to organs that are not imaged in clinical
settings, as typically only the treated region is imaged.
Knowing the dose delivered to all of the body is important
to understand the relationship between dose and side-
effects, and to mitigate the latter e this would in turn
help improve radiotherapy outcomes. The models, also
known as phantoms, attempt to provide an accurate rep-
resentation of human anatomy. They reflect the differences
in growth and development, and therefore organ size, be-
tween the ages 0 to 16, according to which the radiation
dosage can be calculated. Organ size is very important when
deciding dosage because radiation absorption directly de-
pends on size, which is known as the dose-volume effect e
there is a relationship between the volume of the organ
irradiated and the degree of organ toxicity faced by the
patient, which is why it is important to amend dosage ac-
cording to organ volume [4,5]. Even though there are
newborn reference phantoms, newborns are rarely treated
with radiotherapy because radiation would cause serious
organ damage so this review will exclude newborn phan-
toms. The comparative focus is on organ volume and this
will demonstrate the impact that disease and radiotherapy
can have on organ characteristics, and then in turn will
highlight the relevance of various anatomical models for
modelling a cancer population. There are 19 organs of in-
terest because these are especially related to the late side
effects seen in children.

The International Commission on Radiological Protec-
tion (ICRP) Publication 143 provides a deep insight into the
ICRP paediatric reference phantoms, including how they
were developed [6]. The ICRP phantoms are a series of 10
models for the following ages, both male and female:
newborn, 1, 5, 10 and 15 years. The construction of these
phantoms follows a set of steps with the first being the
selection and segmentation of computed tomography (CT)
data on organs and tissues to form a traditional voxel
phantom. The internal organs are then modelled to the
reference organ volume via the addition or removal of
individual layers of voxels. The final step in the develop-
ment of these phantoms was to further modify the voxel
phantoms so that they comply with the phantom structure
in Publication 110. Publication 110 describes the develop-
ment of the adult male and female reference phantoms
and it provides a database which can be used when
calculating radiation dosage [7].

4D extended cardiac torso (XCAT) paediatric phantoms
were developed by Norris et al. for the following ages, both
male and female: newborn,1, 5,10 and 15 years [8]. They are
as detailed as the adult XCAT phantoms produced by the
same authors. Each of the paediatric phantoms were
created using CT datasets of healthy patients from the Duke
University database. The reference values from ICRP Publi-
cation 89 for height and weight for each of these ages and
for both genders were used when selecting the appropriate
datasets for each phantom. The CT data covered the thorax,
abdomen and part of the head. Major organs and structures
were separated from this data and were used to form an
initial model. The rest of the body was manually completed
by using scaled versions of the adult XCAT phantoms
created by the same authors as well as other models based
on cadaver datae this formed the top of the head, arms and
legs in the phantom. ICRP Publication 89 also gives refer-
ence values for organ mass and these were matched to the
organ masses in each phantom [8]. The follow-on work led
to the development of models for more ages than the ones
listed above [9].

The in-house synthetic models (RT-PAL) developed by
Veiga et al. are created differently [10]. Whilst the other two
are based off healthy paediatric patient data, these models
have been developed using CT imaging data from historical
paediatric cancer patients that have had radiotherapy,
namely craniospinal irradiation (CSI). Whilst the other
phantoms merge data from different sources to obtain
values for mass and volume, the RT-PAL phantom does not
do this. The reference model is formed via three main steps.
Step 1: pre-processing cancer patient data to generate a
template that could be used for spatial normalisation. Step
2: groupwise image registration, which is an iterative pro-
cess of registering all the CT images/data together to form
an average image model, and then updating this reference
imagewith the produced average model. Image registration
overlays images taken at different times and/or angles to
then align the images [11]. Step 3: atlas construction to
generate a template CT and contours. This approach enables
the standardisation of a heterogenous population in an
objective way, whilst averaging the information on anat-
omy, including mass and volume. This reference model was
constructed with the motivation of enabling voxel-based
analysis of radiation-induced side effects, but also has
relevance as phantoms for radiotherapy applications [10].
The reference model was a starting point and since then
age-specific models for both genders have been developed
(RT-PAL) e this review will look at these age-specific
models [12].

Comparison of literature data to the phantoms will also
be conducted. ICRP Publication 89 and ICRP Publication 23
provide a strong base as they both have information for
almost all organs, but since this review is also looking at the
ICRP phantoms, the attempt is to find literature outside of
these publications for a meaningful comparison [13,14].
Literature can contain normal human anatomy research,
including studies that may look at how the human body and
its organs change across different stages in life. These
studies are mainly conducted using imaging modalities but
can also use cadaver data and can be for, but are not limited
to, different diseases, ages and genders e the outcome of
these studies could be organ volume, mass or even length.
Literature data will be obtained through papers/studies that
can be accessed via library databases and will be compared
to the phantoms in order to see what other factors could
potentially affect organ volume.



V. Apte et al. / Clinical Oncology 36 (2024) 562e575564
Aims and Objectives

This review aims to compare the phantoms’ builds by
investigating the differences in organ volume and seeing
how they compare to each other and to literature data. This
will help inform the need for specific phantoms for paedi-
atric radiotherapy, where there may be anatomical differ-
ences between healthy and cancer patients. To achieve this
aim, it is essential to make comparisons between a refer-
ence phantom and the other phantoms and literature. For
the purpose of this review, the ICRP phantomwill be treated
as the reference model (XCAT is the commercial model and
RT-PAL is the in-house model) and any comparisons will be
made to this phantom. ICRP was chosen as the reference for
one main reason - the ICRP is a registered charity that
provides authoritative sources of guidance on protection
against ionising radiation through its publications; it is the
main governing body and is responsible for setting policy
and giving direction, essentially making ICRP the gold
standard phantom.
Methods

The phantoms used in this review are the ICRP, XCAT and
RT-PAL (Figure 1) e at present these are closed-source and
only accessible in-house. These are the organs of interest:
bladder, brain, eyes, gallbladder, heart, kidneys, large bowel,
liver, lungs, oesophagus, oral cavity, pancreas, rectum,
salivary glands, small bowel, spinal cord, spleen, stomach
and thyroid gland. All the data was collected together and
processed on Microsoft Excel (version 16.59).
Phantom Data

The data was organised into a cohesive format for anal-
ysis, as shown in Figures 2 and 3. Data for organ volume
only was gathered.
Fig 1. Images of the three phantoms to highlight how they vis
ICRP

There were 8 ICRP models in total (4 male, 4 female),
with a mean age of 7.8 years (range: 1e15 years). There
were spreadsheets for each age (1, 5, 10 and 15 years old)
and both genders. As computational phantoms are gen-
derless until the age of 15, there was no difference in value
for organ volume between genders for ages 1, 5, and 10 but
for age 15, amean valuewas calculated as the focus is on age
and organs rather than gender.

Therewere 75 XCATmodels in total (37 male, 38 female),
with a mean age of 9.2 years (range: 1e18 years). For the
organ sheets, the age and organ volume columns were
pasted onto the respective sheets under the correct head-
ings in Figure 3. For the age sheets, for each organ, averages
had to be calculated to obtain 4 separate values. This was
done so that key ages can be compared across multiple
phantoms e the reference ICRP phantoms are for ages 1, 5,
10 and 15, so the XCAT values must be for the same ages to
allow for a fair comparison. The following age brackets were
used to group the data together: 1e5 for the 1-year-old
value, 5e10 for the 5-year-old value, 10e15 for the 10-year-
old value and 15 and above for the 15-year-old value. A
respective standard deviation (S.D) also had to be
calculated.

There were 74 RT-PAL models in total (39 male, 35 fe-
male), with a mean age of 7.61 years (range: 3e14 years).
For the organ sheets, the process was the same as the XCAT
data. For the age sheets, again an average and S.D were
calculated. The age brackets used were smaller because RT-
PAL has a narrower age range and a lower mean age. They
were as follows e 1e4 for the 1-year-old value, 4e7 for the
5-year-old value, 7e11 for the 10-year-old value and 11e15
for the 15-year-old value.

PubMed and Google Scholar were used when searching
for papers on organ volume and mass. Firstly, the search
was for papers that specifically looked at paediatric (or
adult) organ volume. The studies did not necessarily have to
ually look different. Left: ICRP. Centre: XCAT. Right: RT-PAL.



Fig 2. An image of a blank Table to show how the phantom data was organised on each age sheet (for the ages 1, 5, 10 and 15).
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be for healthy subjects and could contain data from ca-
davers or for patients with different diseases e the goal was
to find reported data on organ volume across develop-
mental stages. After many searches, it was difficult to find
organ volume studies for all the organs in question, so the
search was expanded to organ mass. Finding data for organ
mass would also be suitable as these values could be con-
verted to volume using the density values found in ICRP
Publication 143 (example shown in Figure 4) and using Eq.
1.

Volume ¼ Mass
Density

Eq. 1

Some literature contained formulae to calculate organ
volume according to age, weight, and height, for which the
height and weight of the ICRP reference models found in
ICRP Publication 143 were used. The values are the same for
both genders for ages 1, 5 and 10 but for age 15, the mean
height and weight of the two genders had to be calculated
percentagedifference ¼ ðXCATnLiteraturenRTPALvalue� ICRPvalueÞ
ICRPvalue

x100 Eq. 2
(Figure 5).
Sourcing at least one paper for each organ proved to be

difficult due to the greater relative availability of papers
regarding volume/mass for some organs than others. As
mentioned previously, Publication 89 and Publication 23
provided a good foundation for the literature search and the
citations in these publications were used to find the original
papers fromwhich they were based on. Because of a lack of
Fig 3. An image of the headings of the Table on the orga
literature related to organs such as the oesophagus, salivary
glands, small and large bowels etc., the masses in the ICRP
Publications were used and converted to volumes using Eq.
1. Excluding the ICRP Publications, a total of 16 studies have
been included in this review (Table 1).

Data Analysis
A bar chart was created on each of the age sheets to see if

the models were similar to the ICRP reference model at
certain ages. On each of the organ sheets, a scatter graph
was plotted with all 4 datasets. Each respective regression
line equation was used to get values for each age from 1 to
15 for each phantom (Figure 6). A percentage difference
(P.D) with respect to the ICRP phantom for each of the other
three phantoms was calculated using Eq. 2. A mean P.D and
S.D for each age was calculated, as well as an overall mean
P.D and S.D across all ages, so that there would be a single
overall P.D and S.D value for each organ.
Results

The purpose of this review is to compare the phantoms
and literature to the reference ICRP phantom and the
findings below help address the main research question.
The oral cavity has been excluded from the analysis because
of a lack of ICRP data for that organ so there is nothing to
compare it to.
n sheets to show how the data was organised here.



Fig 4. An image of a section of the Table in Publication 143 that lists the densities for organs in the 1-year-old male phantom. There are Tables
like this for each of the ICRP phantoms, from newborn to 15 years old for both genders (10 in total). The densities were generally the same for
both genders but differed across the ages.
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Age

Figures 7e10 show that organ volumes for the gall-
bladder, rectum and thyroid seem very different across the
phantoms, whereas the brain, liver and salivary glands
volumes seem very similar. To obtain comparable values, on
each of the age sheets, for each organ, P.Ds relative to ICRP
for each phantom and literaturewere calculated using Eq. 2.
Following that, using the ‘AVERAGE’ and ‘STDEV.S’ func-
tions, an average of the three P.Ds and S.D for each organ
was obtained, as well as an overall average mean and S.D
values across the organs, for each age categorye the latter is
the ‘AVERAGE’ row in Table 2.

Table 2 consists of the results of these calculations. The
‘AVERAGE’ row shows that as age increases the mean P.D
decreases. Initially, it is very high at 122.6% for age 1 and it
decreases down to 43.5% for age 15. The S.D tends to fall as
age increases, implying that there is a relatively smaller
spread of P.D data as age increases. This demonstrates an
inverse relationship between age and mean P.D in organ
volume, therefore meaning that as age increases, the
phantoms overall are more like the ICRP. Some organs, such
as the heart, lungs, kidneys etc., initially have a positive P.D
at age 1 but by age 15, the P.D is negative, meaning that the
average organ volume for the other phantoms is higher than
the ICRP at first but as age increases, the average falls to be
below the ICRP.

Organ

Table 3 condenses the important values from Figure 6 for
each organ. The ‘overall mean % difference’ column is a
Fig 5. An image of the Table in Publication 143 that co
mean of the prior 3 columns and the S.D is for this mean.
The findings in Table 3 show that the mean P.D to the ICRP
phantom is highest for the rectum (1,049.2%) and the lowest
is for the large bowel (2.0%). The XCAT brain P.D is partic-
ularly low (-0.9%) and the RT-PAL rectum P.D is particularly
high (1,620.8%). The rectum has the highest S.D (808.3%)
and the liver has the lowest (2.3%). Other than the rectum,
the following organs: gallbladder, spleen, bladder, stomach
and thyroid, also have fairly large mean P.Ds. An extra
‘AVERAGE’ row has been added to see if one phantom is
more similar to the ICRP than the others, across all of the
organs. The S.D of 53.0% is for the mean value to the left of it
(32.4%), just like the rest of the S.D column. The average
Literature P.D is the lowest of the three (-17.4%) and the
average RT-PAL P.D is the highest (88.1%), meaning that
across the organs, the literature data is the most similar to
ICRP and RT-PAL is the least similar. Excluding the outlier
rectum P.D, the average P.Ds for XCAT and RT-PAL are 0.0%
and -2.1% respectively.

Correlation

Table 4 lists all the linear regression equations and
Supplementary Figures 1-19 show the linear fits for all
organs.

The ‘AVERAGE’ row in Table 5 shows that overall, the
ICRP linear fits are the best (highest average R2 value of
0.943) and the XCAT ones are the worst (lowest average R2

value of 0.676). The linear fits are also very good for the
literature models (0.915). All of the p-values for the RT-PAL
and XCAT models are <0.05 i.e., they are all statistically
significant. However, a few of the ICRP and literature
ntains the height and weight (mass) information.



Table 1
All the organs and the citations of the relevant literature e no data was found for the rectum and spinal cord, so they have been left blank

Organ Name of Paper(s) Citation Type of data

Bladder � ‘ICRP Publication 89’ [13] � Organ mass
Brain � ‘Changes in brain weights during the span of human

life: relation of brain weights to body heights and body
weights’

[15] � Raw data on organ masses

Eyes � ‘ICRP Publication 89’ [13] � Organ mass
Gall bladder � ‘ICRP Publication 89’

� ‘ICRP Publication 23’
� ‘Association of Gallbladder Volume andWall Thickness
With Acute Appendicitis in Pediatric Patients’

[13]
[14]
[16]

� Organ mass
� Raw data on organ volume

Heart � ‘Body Length and Organ Weights of Infants and
Children’

� ‘Normal Organ Weights in Women: Part I-The Heart’
� ‘Normal Organ Weights in Men: Part I-The Heart’

[17]
[18]
[19]

� Raw data on organ masses
� Raw data on organ masses

Kidneys � ‘Advanced Kidney Volume Measurement Method Us-
ing Ultrasonography with Artificial Intelligence-Based
Hybrid Learning in Children’

[20] � Formula to calculate volume

Large Bowel � ‘ICRP Publication 89’ [13] � Organ mass
Liver � ‘A formula to calculate the standard liver volume in

children and its application in pediatric liver
transplantation’

[21] � Formula to calculate volume

Lungs � ‘Body Length and Organ Weights of Infants and
Children’

� ‘Normal Organ Weights in Women: Part II-The Brain,
Lungs, Liver, Spleen, and Kidneys’

� ‘Normal Organ Weights in Men: Part II-The Brain,
Lungs, Liver, Spleen, and Kidneys’

[17]
[22]
[23]

� Raw data on organ masses
� Raw data on organ masses

Oesophagus � ‘ICRP Publication 89’ [13] � Organ mass
Oral Cavity � ‘Evaluation of tongue volume and oral cavity capacity

using cone-beam computed tomography’
[24] � Raw data on organ volume

Pancreas � ‘Organ weight in 684 adult autopsies: new Tables for a
Caucasoid population’

� ‘ICRP Publication 89’

[25]
[13]

� Organ mass
� Organ mass

Rectum
Salivary Glands � ‘ICRP Publication 89’ [13] � Organ mass
Small Bowel � ‘ICRP Publication 89’ [13] � Organ mass
Spinal Cord
Spleen � ‘Normal values of Spleen Length and Volume: An Ul-

trasonographic Study in Children’
[26] � Raw data on organ length and volume

Stomach � ‘SOME GRAPHS AND TABLES ILLUSTRATING THE
GROWTH OF THE HUMAN STOMACH’

� ‘ICRP Publication 89’

[27]
[13]

� Organ mass
� Organ mass

Thyroid � ‘The determination of thyroid volume by ultrasound
and its relationship to body weight, age, and sex in
normal subjects’

[28] � Formula to calculate volume
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models (4 and 3 respectively) are >0.05 so they are statis-
tically non-significant. The R2 values for the brain (RT-PAL)
and gallbladder (XCAT) are the lowest on the table (0.170
and 0.177 respectively), again with p-values <0.05, sug-
gesting that their regression lines are not the best models
for their data and this is statistically significant.
Discussion

We aim to compare different paediatric phantoms to see
which phantoms could potentially be used to model a
paediatric population. A major reason for the differences
could be due to inter-patient variability; nevertheless, this
review looks to investigate any other causes.
Organ and Correlation

Table 3 is based on the values obtained using the linear
regression equations and Table 5 contains the R2 and p-
values for the same regression models, so these results can
be interpreted simultaneously. The ICRP average R2 value is
the highest of the four (0.943), meaning that those fits are



Fig 7. 1 year old. Bars represent the standard deviation.

Fig 8. 5 years old. Bars represent the standard deviation.

Fig 6. An image of a blank Table.

V. Apte et al. / Clinical Oncology 36 (2024) 562e575568



Fig 9. 10 years old. Bars represent the standard deviation.
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very good overall so any comparisons to the ICRP regression
models are likely to be reasonable.

Of the three, literature data is the most similar to ICRP
because volumes on average are only 17.4% smaller. Of all
the literature P.Ds, the smallest are for the following organs:
brain, eyes, pancreas and salivary glands (all within -5 to
5%). However, for all of these except the brain, the data from
Publication 89 was used as the literature value. This publi-
cation is also used in the formation of the ICRP phantoms,
meaning that volume values for the literature and ICRP
would be very similar, hence the low P.D to ICRP. The
literature paper on the brain looked at over 20,000 autopsy
reports, and only healthy brains, without pathological le-
sions, were weighed and studied [15]. The low P.D to ICRP
can show that there is not much change in brain mass after
an individual passes away, and this is true across all ages.
Fig 10. 15 years old. Bars repres
The R2 values for the ICRP and literature fit for all 4 of these
organs indicate that the regression models are good/very
good fits for the respective data. But the p-values for the
brain and eyes (both ICRP and literature) are >0.05, which
implies that even though those models are a good fit, they
are not statistically significant, so the P.D calculatedmay not
necessarily be valid.

However, for some organs such as the bladder and
stomach, even though the values from Publication 89 have
been used, the P.Ds to ICRP are relatively quite high (within
the range -60 to -80%). (The negative value indicates that
the ICRP value is larger than the literature.) The p-values for
both organs (ICRP and literature) are <0.05 so the fits are
statistically significant as well. Since the ICRP phantoms are
based on CT/Magnetic Resonance Imaging (MRI) scans of
real people, it is possible that the bladders and stomachs of
ent the standard deviation.



Table 2
Overall mean percentage difference relative to ICRP and standard deviation values for each age category and the corresponding organ. ICRP
is being compared to everything averaged together. A negative value for percentage difference means that the ICRP value is larger than the
other phantom value and vice versa

Organ 1 year old 5 years old 10 years old 15 years old

Mean % difference S.D Mean % difference S.D Mean % difference S.D Mean % difference S.D

Bladder 78.8 143.5 -29.1 44.5 -29.2 44.2 -37.3 39.2
Brain 14.9 20.9 1.5 5.7 1.5 2.8 -0.7 6.6
Eyes 41.7 48.9 13.3 17.4 13.5 18.1 15.2 20.7
Gallbladder -64.8 13.2 -66.2 18.7 -62.6 28.3 -74.9 21.2
Heart 35.6 78.5 -5.7 52.6 -15.6 55.0 -24.1 37.3
Kidneys 11.0 39.8 9.6 45.7 0.9 50.5 -6.0 34.0
Large Bowel 37.2 86.2 16.1 52.9 17.8 45.5 -9.5 27.9
Liver 37.4 22.2 19.9 19.4 19.2 25.3 1.5 16.5
Lungs 29.7 41.2 -0.4 31.9 -0.1 41.8 -22.0 18.4
Oesophagus -3.9 29.5 -38.6 17.1 -29.7 25.6 -29.7 24.7
Oral Cavity
Pancreas -1.8 20.8 -6.5 40.9 -9.9 42.4 -22.7 38.0
Rectum 1,735.3 973.8 1,359.7 1,061.1 1,002.4 452.8 1,020.3 464.3
Salivary Glands 23.7 19.5 14.3 18.7 15.8 23.5 -1.1 17.1
Small Bowel 92.5 153.3 59.1 64.2 -13.3 26.9 -34.7 19.2
Spinal Cord 28.3 16.1 42.0 63.8 15.6 58.4 19.6 36.5
Spleen 82.7 73.3 84.4 22.6 72.5 48.6 33.8 26.8
Stomach -30.6 38.0 -28.1 30.2 -28.5 26.4 -43.3 14.4
Thyroid 59.4 90.7 39.0 84.3 0.6 58.7 -1.0 56.6
AVERAGE 122.6 404.3 82.5 320.8 53.9 238.4 43.5 245.1

Table 3
Overall percentage differences relative to ICRP and their respective standard deviations for each organ. The literature values for the rectum
and spinal cord have been left blank due to a lack of data. A negative value for percentage difference means that the ICRP value is larger than
the other phantom values and vice versa

Organ Average relative % difference to ICRP Overall mean % difference Standard deviation of % difference

XCAT Literature RT-PAL

Bladder -27.8 -77.4 11.2 -31.3 44.4
Brain -0.9 -2.4 12.9 3.2 8.5
Eyes 12.7 -4.6 44.2 17.4 24.7
Gallbladder -71.8 -32.5 -88.3 -64.2 28.7
Heart 5.6 -64.0 -7.0 -21.8 37.1
Kidneys 16.1 -34.6 -4.7 -7.7 25.5
Large Bowel 17.3 -39.4 28.2 2.0 36.3
Liver 9.4 7.9 5.0 7.4 2.3
Lungs -4.7 -12.0 -15.6 -10.7 5.6
Oesophagus -31.2 -38.2 -43.3 -37.5 6.0
Oral Cavity
Pancreas -14.9 -2.4 -56.1 -24.5 28.1
Rectum 477.7 1,620.8 1,049.2 808.3
Salivary Glands 12.9 1.0 2.4 5.4 6.5
Small Bowel -18.7 -47.9 28.4 -12.7 38.5
Spinal Cord 41.1 -8.0 16.6 34.7
Spleen 48.1 67.6 69.5 61.7 11.8
Stomach -26.1 -62.3 -26.4 -38.3 20.8
Thyroid 33.7 62.1 11.8 35.9 25.2
AVERAGE 26.6 -17.4 88.1 32.4 53.0
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these individuals may not be entirely empty at the time of
the scan, in turn affecting the volume, making it greater
than the volume of an empty bladder and stomach which is
what the Literature may be based on.



Table 4
All the linear regression equations for each phantom and the respective organ. There is no equation for the oral cavity, rectum and spinal
cord due to a lack of data

Organ Linear fit equation

ICRP XCAT Literature RT-PAL

Bladder y ¼ 11.072x þ 12.982 y ¼ 7.6329x þ 11.304 y ¼ 1.9394x þ 6.0036 y ¼ 12.555x þ 13.143
Brain y ¼ 26.044x þ 1001.2 y ¼ 16.11x þ 1065.9 y ¼ 25.275x þ 978.22 y ¼ 14.148x þ 1246.7
Eyes y ¼ 0.4029x þ 7.6118 y ¼ 0.3656x þ 9.2193 y ¼ 0.3762x þ 7.3224 y ¼ 0.4847x þ 11.675
Gallbladder y ¼ 5.85x þ 8.0318 y ¼ 0.9169x þ 6.2794 y ¼ 3.7893x þ 6.2766 y ¼ 0.3478x þ 2.7695
Heart y ¼ 33.544x þ 46.019 y ¼ 37.157x þ 39.185 y ¼ 13.008x þ 11.465 y ¼ 22.56x þ 90.172
Kidneys y ¼ 12.789x þ 53.263 y ¼ 18.365x þ 39.789 y ¼ 8.5258x þ 33.846 y ¼ 11.535x þ 54.861
Large Bowel y ¼ 26.441x þ 63.355 y ¼ 31.198x þ 73.188 y ¼ 17.357x þ 30.529 y ¼ 27.064x þ 121.21
Liver y ¼ 64.423x þ 221.19 y ¼ 77.397x þ 199.61 y ¼ 61.835x þ 285.7 y ¼ 63.153x þ 259.54
Lungs y ¼ 149.83x þ 52.73 y ¼ 129.01x þ 117.55 y ¼ 126.43x - 73.043 y ¼ 100.29x þ 171.75
Oesophagus y ¼ 2.2602x þ 6.2671 y ¼ 2.2559x - 0.1227 y ¼ 1.7248x þ 1.9242 y ¼ 1.0149x þ 5.1522
Oral Cavity y ¼ 6.9388x þ 33.272 y ¼ 2.708x þ 71.46 y ¼ 3.6987x þ 91.598
Pancreas y ¼ 5.9637x þ 8.4737 y ¼ 5.7764x þ 3.344 y ¼ 5.8296x þ 8.2185 y ¼ 2.2654x þ 5.6724
Rectum y ¼ 0.2838x þ 0.6619 y ¼ 2.1372x þ 0.916 y ¼ 4.6308x þ 12.866
Salivary Glands y ¼ 2.8772x þ 18.609 y ¼ 3.2325x þ 21.117 y ¼ 2.8825x þ 18.959 y ¼ 2.4114x þ 22.575
Small Bowel y ¼ 73.724x - 30.759 y ¼ 43.734x þ 104.86 y ¼ 30.014x þ 57.442 y ¼ 52.999x þ 244.53
Spinal Cord y ¼ 2.1765x þ 21.538 y ¼ 3.3873x þ 28.216 y ¼ 2.3615x þ 17.337
Spleen y ¼ 6.1677x þ 13.781 y ¼ 12.408x þ 1.4009 y ¼ 8.4371x þ 34.145 y ¼ 8.4845x þ 34.787
Stomach y ¼ 15.954x þ 56.319 y ¼ 9.003x þ 58.745 y ¼ 7.2687x þ 13.538 y ¼ 14.204x þ 26.297
Thyroid y ¼ 0.7165x þ 0.4275 y ¼ 0.9493x - 0.6134 y ¼ 0.7187x þ 2.929 y ¼ 0.3478x þ 2.7695
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RT-PAL overall is the least similar to ICRP (highest P.D of
88.1%) e a positive P.D shows that generally RT-PAL values
tend to be higher than the ICRP values, although the very
large rectum P.D may greatly influence this P.D. All of the
RT-PAL linear fits have high R2 values (except for the brain),
i.e. strong fits, with p-values <0.05 so they are statistically
significant too. The biggest difference between the two
phantoms is that RT-PAL is based on patients undergoing
CSI, but ICRP is all healthy patient data. In CSI, radiation is
administered to the entire brain and spinal cord to ensure
that any cancer cells that may have metastasised to other
areas of the central nervous system (CNS) are killed, which
means that a very large volume of the body receives radi-
ation [29]. Anatomically, many major organs e including
the ones analysed in this review e are found near the brain
and spinal cord so these organs will also indirectly receive
some of this radiation dose.

The very large P.D for the rectum (1,620.8%) is note-
worthy as it shows that the rectal volume in the RT-PAL
phantom is a lot greater than the ICRP volume, even
though the rectummay not receive the highest dose of stray
radiation [30]. The p-values for the RT-PAL and ICRP rectum
fits are both <0.05 so they are statistically significant,
therefore the P.D calculated is also likely to be true. The
function of the rectum is to store faeces until it is egested
out of the body e this could potentially explain the large
difference in volume as the amounts of faeces stored in the
rectums of the RT-PAL patients compared to the ICRP in-
dividuals could vary [31]. Perhaps there was an inconsis-
tency across the phantoms in the segmentation of the
rectum. Maybe the ICRP contour included the volume of the
rectal wall, whereas the other phantoms included the
lumen as well as the wall, or poor contrast at organ
boundaries in the scans led to the irregularity in organ
contour. The same explanations could also be applied to the
very high XCAT P.D for the rectum (477.7%), however with
the XCAT rectum data, the R2 value indicates a poor fit and
this weak correlation is statistically significant (p-value
<0.05) so it could be argued that this P.D is not entirely
justifiable. Excluding the rectum P.D, on average RT-PAL is
then only 2.1% smaller than ICRP, indicating that the rectum
heavily influences the average P.D and the phantom is more
similar to ICRP than even the literature data. Hence, it could
potentially be used to model a paediatric population.

Splenic volume in the RT-PAL phantom is 69.5% greater
than in the ICRP phantom. Splenomegaly i.e. splenic
enlargement can occur in paediatric cancers, sometimes,
but not always, because of chemotherapy toxicity e the
study by El Chediak et al., shows that an increase in splenic
volume may be an indicator of oxaliplatin e an alkylating
chemotherapeutic agent e toxicity [32,33]. The RT-PAL
models are based on historical paediatric cancer patients
so it is possible that they have enlarged spleens from pre-
vious chemotherapy, which would explain the larger vol-
ume compared to ICRP.

The pancreas is a very radiation-sensitive organ and can
lose volume and function after receiving an unwanted dose
of radiation, as shown in the study by Gemici et al. e ideally
it should be treated as an organ at risk from radiation
toxicity [34]. The study mentioned would therefore explain
the pancreas P.D to ICRP observed for RT-PAL which is
-56.1%. This indicates that the RT-PAL pancreatic volume is
lower than the ICRP and because RT-PAL patients have been
given CSI, they may have had unintentional radiation to the



Table 5
The R2 values and p-values for each regression model for that respective organ. A p-value less than 0.05 indicates a statistically significant
correlation and vice versa (95% confidence level). The rectum and spinal cord for literature and oral cavity for ICRP have been left blank due
to a lack of data. The key is the small table

Organ ICRP XCAT Literature RT-PAL

R2 value p-value R2 value p-value R2 value p-value R2 value p-value

Bladder 0.993 <0.05 0.439 <0.05 0.992 <0.05 0.920 <0.05
Brain 0.810 >0.05 0.393 <0.05 0.781 >0.05 0.170 <0.05
Eyes 0.844 >0.05 0.877 <0.05 0.833 >0.05 0.840 <0.05
Gallbladder 0.956 <0.05 0.177 <0.05 0.627 >0.05 0.683 <0.05
Heart 0.988 <0.05 0.792 <0.05 0.765 <0.05 0.969 <0.05
Kidneys 0.997 <0.05 0.747 <0.05 0.985 <0.05 0.898 <0.05
Large Bowel 0.977 <0.05 0.686 <0.05 1.000 <0.05 0.883 <0.05
Liver 0.981 <0.05 0.757 <0.05 0.993 <0.05 0.938 <0.05
Lungs 0.912 <0.05 0.756 <0.05 0.788 <0.05 0.955 <0.05
Oesophagus 0.990 <0.05 0.900 <0.05 0.980 <0.05 0.955 <0.05
Oral Cavity 0.852 <0.05 1.000 <0.05 0.776 <0.05
Pancreas 0.966 <0.05 0.902 <0.05 0.962 <0.05 0.890 <0.05
Rectum 0.981 <0.05 0.437 <0.05 0.950 <0.05
Salivary Glands 0.961 <0.05 0.879 <0.05 0.965 <0.05 0.907 <0.05
Small Bowel 0.963 <0.05 0.710 <0.05 0.999 <0.05 0.892 <0.05
Spinal Cord 0.897 >0.05 0.662 <0.05 0.920 <0.05
Spleen 0.813 >0.05 0.714 <0.05 0.917 <0.05 0.856 <0.05
Stomach 0.972 <0.05 0.264 <0.05 0.996 <0.05 0.905 <0.05
Thyroid 0.983 <0.05 0.905 <0.05 0.977 <0.05 0.683 <0.05
AVERAGE 0.943 0.676 0.915 0.842

R2 value Interpretation

0e0.2 Very poor fit
0.2e0.5 Poor fit
0.5e0.7 Average fit
0.7e0.9 Good fit
0.9e1 Very good fit
1 Perfect fit
p-value Interpretation
<0.05 Statistically Significant
>0.05 Statistically Insignificant

V. Apte et al. / Clinical Oncology 36 (2024) 562e575572
pancreas as well, which could lead to the decrease in its
volume. Another study by Regnell et al. shows that
pancreatic volume is 27% smaller in type 1 diabetic paedi-
atric patients than in healthy patients [35]. Potentially this
means that RT-PAL could be used as a model for the
pancreatic volume in type 1 diabetic patients as well
because RT-PAL has a smaller pancreatic volume than
normal.

The XCAT phantom is almost as similar to the ICRP as
literature because its average P.D is 26.6% i.e., on the lower
end and excluding the outlier rectal value, this P.D falls to be
0.0% i.e., the two phantoms are virtually the same on
average. A potential explanation for the general similarity
could be because patient dataset selection for the XCAT
models was based on the height and weight values found in
ICRP publications, and the organ masses in the XCAT
phantoms were matched to the reference values found in
Publication 89. This means that the organ volume will be
quite similar between the two phantoms and any small
differences could either be caused by variations in patient
datasets or because XCAT model creation involved the
merging of different sources of data e they used cadaver
data and scaled-down versions of their adult phantoms as
well.

The gallbladder P.Ds for XCAT (-71.8%) and RT-PAL
(-88.3%) are fairly high, with both being negative so the
ICRP volume is larger than the other two’s volumes. This
could be because the ICRP phantoms are perhaps more
generous with the organ contour, making it a larger volume
than it would anatomically be. This seems plausible because
the literature P.D is also negative and not small (-32.5%)
while the literature data for this organ is partly from Pub-
lication 89; so, P.D is expected to be smaller. The other part
of the literature data is from a paper looking at gallbladder
volume in normal versus appendicitis paediatric patients so
average data for both groups have also been used in this
review. The paper observed that gallbladder volume is
significantly higher in appendicitis patients (p-val-
ue¼0.004) but even then, in this review’s analysis, literature
volume seems to be less than the ICRP volume [16]. On the
other hand, it could be argued that the gallbladder is very
small, about 7e10 cm by 3e4 cm in adults, so in children it
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would be even smaller, potentially making it a very difficult
organ to segment, hence leading to the underestimation of
organ volume for the XCAT and RT-PAL phantoms [36].
Either way however, more research needs to be conducted
before a conclusion is made regarding the contour.

Age

As age increases, the similarity to ICRP also increases
across the phantoms, as seen by the decreasing average P.D
in Table 2 so the models are overall more accurate for older
children than younger children. There is also less variation
in the P.Ds for each age as age increases, as reflected by the
decreasing S.D. Scientifically, growth velocity is the highest
around birth and this decreases as the child gets oldere this
could explain the large P.D to ICRP and substantial variation
at age 1 [37]. Another reason could be that when creating
the models, it might be harder to accurately segment each
organ because of the smaller relative organ size, leading to
inconsistencies in the organ contours across the phantoms,
hence generating large P.Ds relative to ICRP and large S.Ds
for 1-year-olds. But children have a second growth spurt
during adolescence, in which growth velocity again accel-
erates, and there is variation in growth rates between
children as well, which will then influence their organ
volume and will perhaps lead to more variation in P.Ds to
ICRP in older children [37]. However, the results of this
study do not necessarily reflect this as S.D decreases with
age when scientifically it would be expected to increase or
remain constant.

The number of negative P.Ds also increases with age. In
15-year-old, for majority of the organs the ICRP volume is
larger than the other phantom value and vice versa for 1
year-old. This could be due to the age brackets used for
XCATand RT-PAL. For example, for both the 1-year-old value
bracket includes ages a few years older than 1 so the organ
volumes for these phantoms will naturally be bigger than
the ICRP 1 year-old phantom, hence resulting in mostly
positive P.Ds. The bracket for the RT-PAL 15-year-old value
includes ages a few years less than 15 so the volumes are
naturally smaller than the ICRP, which could then cause the
negative P.Ds. However, the XCAT age bracket includes ages
older than 15 so this should counteract the effects of the
smaller RT-PAL value on the average P.D but this does not
seem to be the case.

The rectal volume for all other phantoms is always more
than 1,000 times greater than ICRP with the highest varia-
tion in its data, as displayed by the high P.D and S.D across
the ages. Reasons for this disparity in volume have previ-
ously been discussed and can still be applied in this context.
Larger, moremajor organs such as the brain, heart and lungs
have P.Ds that are towards the lower end of the spectrum,
i.e. they are modelled better in general for all ages, perhaps
because they are easier to segment, as opposed to smaller
organs like the gallbladder, spleen and thyroid. It could be
argued that it is more important for the major organs to be
modelled more accurately as radiation damage to them
could severely impact regular bodily functions. For
example, the heart e radiation toxicity can lead to
advanced/precocious coronary heart disease, and this is
more likely in paediatric patients receiving radiation [38].
The lungs e inflammation of lung tissue and radiation
fibrosis can occur which can impact pulmonary function,
preventing oxygen from being absorbed efficiently [39]. But
damage to a smaller organ such as the thyroidmay have less
of an impact. Primary hypothyroidism due to radiation
damage can arise in 20e30% of patients who receive radi-
ation in the neck region, but this can be treated fairly easily
via a daily oral dose of levothyroxine to restore thyroid
hormone levels [40,41].

Another observation can be made by using Table 4. The x
coefficients of these equations indicate the rate of increase/
decrease in organ volume (y) as age (x) increases. The y-
intercept indicates the perceived organ volume at 0 years
(newborn). All of the equations have positive x coefficients
i.e. organ volume increases as age increases. The larger the x
coefficient, the faster the growth ratee organs like the liver,
lungs and small bowel have the largest x coefficients so they
tend to grow the fastest. The brain in children is large and
fast growing, especially in the early years of life and this is
reflected by the relatively large x coefficients and the largest
y intercepts, consistently across all phantoms [42]. In Table
2, some organs including the heart, lungs and small bowel,
start with positive P.Ds to ICRP but as age increases, the P.D
becomes increasingly negative. This could be explained by
the x coefficients of the regression equations. For the small
bowel, the ICRP coefficient is 1.7, 2.5 and 1.4 times greater
than XCAT, literature and RT-PAL coefficients respectively,
meaning that the ICRP small bowel volume increases faster
than the other three, even though the ICRP is initially
smaller than the other phantoms. ICRP volumewill increase
faster with age, eventually making it greater than the other
phantoms’ volume, resulting in the described change in P.D.
The same reasoning could be applied for the heart and lung
trend in P.D. However, for the heart, the XCAT coefficient is
1.1 times bigger than the ICRP coefficient, but perhaps this is
not large enough to have a substantial impact on P.D.

Limitations

This review does have its limitations, mainly within the
literature data. Because of a lack of papers for certain or-
gans, Publication 89 had to be used which is not an entirely
fair comparison since it should generally be very similar to
the ICRP volumes. The absence of ICRP data for the oral
cavity was another hindrance as it meant that it could not
be analysed at all because all the comparisons were made
relative to ICRP. Not many studies were found for patients
with different diseases either emajority of the papers were
for healthy patients so therewere not that many findings on
whether other organ-specific diseases can affect organ
volume. Due to time constraints, not all of the intended
statistical tests could be carried out and if given more time
these would be executed, making this study even more
informative. No statistical test to get a p-value was done for
the age results, like the organ results, to see if the P.Ds ob-
tained are worth noting. Perhaps doing a statistical test for
the comparison of the linear fit slopes would have been
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more efficient rather than comparing them using a combi-
nation of the P.D, R2 and p-values.
Conclusion

The main application for these phantoms is to under-
stand and mitigate radiation-induced side effects. Although
in clinical practice, the assumption that a particular age-
appropriate model can be applied to all children in that
age category may not be the right approach as children
grow at different rates to each other. Some children have
their growth spurts earlier and some have themmuch later,
therefore it may be inappropriate to assume that an age
phantom can fit all children at that age. Perhaps a phantom
should be chosen to model a child depending on their
height and weight, for example, rather than their age.
Nevertheless, the models can be used to model a paediatric
population but may need to be improved to make them
more accurate for certain organs. The XCAT and RT-PAL
models may need to be refined for certain organs such as
the gallbladder, rectum and spleen, especially for the
younger ages, possibly by basing them on literature data/
data from multiple sources to then make them more accu-
rate and similar to ICRP. Seeing as though the XCATmodel is
overall quite similar to ICRP, these two phantoms could be
used to model healthy patients prior to radiotherapy to
prevent second cancers/other effects. The two could be used
in combination e XCAT for a particular organ and ICRP for
another, but more research needs to be done to see which
one of the two is a better model for each organ. Because RT-
PAL shows potential changes in organ size whilst under-
going radiotherapy to a large volume of the body, this
phantom could be used for cancer patients who have
already had or are going through a round of radiotherapy, to
prevent any further toxicities to organs that receive un-
wanted radiation.
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