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Abstract – The global increase in the number of computed tomography (CT) examinations have enhanced concerns
regarding stochastic radiation risks to patients, especially for children. Considering that cancer risk is cumulative over
a lifetime and each CT examination contributes to the lifetime exposure, there is a need for a better understanding
of radiation-induced cancer incidence and mortality, and better dose estimates. Accordingly, some authors estimated
organ and effective dose in reference phantoms, but still there is a critical need to expand these data to larger groups of
non-reference children. As an initial step to address this issue, in this study organ and effective doses were calculated
in common CT procedures in non-reference pediatric phantoms and were compared with those of reference phantoms
with the similar ages. Thirteen pediatric phantoms, BABY CHILD, five voxel-based UF pediatric phantoms (B-series)
and six phantoms developed at The Foundation for Research on Information Technologies in Society (IT’IS) were
implemented into MCNP. According to the results, there were no consistent differences between the doses of organs
exposed indirectly and effective doses of these three phantom types, but it was observed that for organs located in
the scan region, there was a relation between absorbed doses and pediatric age group, as expected. Generally, using
the results of this study one can estimate the absorbed doses more accurately. But it should be noted that these low
expansion data are not comprehensive enough for finding a reasonable relationship between phantom size and effective
dose except in chest-abdomen-pelvis (CAP) imaging.

Keywords: Pediatric computed tomography / reference and non-reference phantoms / age and size dependent absorbed
dose / effective dose estimation

1 Introduction

Computed tomography (CT) examinations at very high
resolution completed within a few seconds are routinely avail-
able today and offer excellent diagnostic capabilities. Not sur-
prisingly, these developments led to a strong increase in the
clinical use of CT (Kalender, 2014). The increased use of CT
examinations has raised concerns, regarding enhanced radi-
ation dose and associated stochastic cancer risk to patients
(Brenner and Hall, 2007; Berrington de Gonzàlez et al., 2009)
especially for children (Brenner, 2002; ICRP, 2007a).

In response to this concern, the U.S. Food and Drug
Administration (FDA) announced the “Initiative to Reduce
Radiation Exposure from Medical Imaging”, which focuses
on increasing the safety and making informed decision about
the use of CT examinations (USFDA, 2010). According to
Brenner and Hall article, the cancer risk is cumulative over
a lifetime. Each CT examination (including multiple series per
examination) contributes to the lifetime exposure. Therefore,

� rafat@ferdowsi.um.ac.ir

there is a need for a better understanding of radiation-induced
cancer incidence and mortality, and better dose estimates
(Brenner and Hall, 2007).

Although, estimating the organ doses with high accuracy
are demanding, but they are not necessary for routine purposes
(Kalender, 2014). Such efforts in developing database for radi-
ation dose would be used to identify patients whose cumulative
lifetime dose has reached higher levels from frequent imaging
studies involving exposure to ionizing radiation. The informa-
tion may be used to determine when alternative imaging could
be considered (Ghita, 2009). In addition, these kinds of infor-
mation could help the manufacturer to improve the CT ma-
chine, so that the benefit to risk ratio would be as high as rea-
sonably achievable (Kalender, 2014). Considering this issue,
dosimetry tools that accurately quantify the dose to children
would improve administration of CT scans (making informed
decision) of the pediatric body (Gu et al., 2009).

To obtain organ dose in a human body, two different ap-
proaches are possible: experimental procedures and Monte
Carlo simulation. It was reported that Monte Carlo simula-
tion is the most reliable way to obtain accurate values of dose
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under CT imaging (Caon et al., 2000; DeMarco et al., 2005;
Lee et al., 2011) because the pediatric bodies lying on a CT
table and X-ray beam are fully simulated, so that with an ap-
propriate simulation model, the results are solid.

Up to now, phantoms with realistic anatomies were devel-
oped. BABY and CHILD developed by Zankl et al. (1995) and
ADELAID a 14-year old phantom developed by Caon et al.
(2000) were used in CT dosimetry calculation. Researchers at
the University of Florida reported more comprehensive pedi-
atric voxel phantoms (Lee et al., 2005, 2006). Lee et al. deter-
mined absorbed dose to organs of pediatric UF voxel phantoms
(Lee et al., 2007). Recently, they published their results for ref-
erence hybrid pediatric phantoms (Lee et al., 2012). Despite
the existence of reference data for received dose, these data
are still limited because organ doses of the patients vary ac-
cording to patient sizes, CT scanner model and scan protocols
(Akhlaghi et al., 2014). So, there is a critical need to update
and expand these data to provide more accurate estimation of
cancer risk and patient-specific reporting of organ dose to the
patient’s electronic medical charts at the time of examination
(Bolch et al., 2010).

As a result of this debate, the purpose of this study was to
expand data for all whole-body non-reference pediatric voxel
phantoms and to investigate the effect of their anatomical dis-
crepancies (with reference values) in organ absorbed dose
and effective dose. In this study, the relative differences be-
tween doses of reference and non-reference pediatric phan-
toms would be estimated and the possibility of finding a rea-
sonable relationship between dose and anatomical data would
be discussed. Finally, the uncertainty in amount of doses of
non-reference phantoms, using those of reference phantoms,
would be studied.

2 Materials and methods

2.1 Monte Carlo dose calculation

The Monte Carlo method is one of the most often used, ac-
curate techniques for particle transport simulation, which can
provide the amount of dose from particle interactions in the
human body. In this study, MCNP4C, developed by the Los
Alamos National Laboratory, was used for photon transport.
Assuming charged particle equilibrium (CPE), absorbed dose
was approximated by collision kerma and was recorded using
the type 6 (F6: p) (track length estimate of photon energy depo-
sition). The simulations provide dose in MeV.g−1, i.e. energy
deposition (MeV) per unit mass (g), per emitted particle. Con-
sidering that the unit of absorbed dose is Gy (J.kg−1), the out-
put of the program should be multiplied by 1.6 × 10−7. Since
MCNP provides absorbed dose per simulated photon, total ab-
sorbed doses were calculated based on total photon emitted
from the source. For calculation of red bone marrow (RBM)
absorbed dose, F4 tally was used. This tally provides the vol-
ume flux in unit of cm−3. Therefore, the outcomes of this
tally are multiplied by the flux to absorbed dose coefficients
(mGy.cm3), to obtain RBM dose in mGy. These coefficients
are determined by dE (energy) and dF (flux to absorbed dose
coefficient in that energy) cards in the input of program. In all

Fig. 1. X-ray spectra of Siemens Somatom Sensation 16 at tube volt-
ages 80, 100 and 120 kVp.

simulations, the number of histories was selected to obtain sta-
tistically meaningful results with relative errors less than to 2%
in most organs located in the scan field.

2.1.1 Effective dose

Effective dose is the tissue-weighted sum of the equiva-
lent doses (radiation weighted of absorbed doses) in all spec-
ified tissues and organs of the body. The effective dose is the
protection quantity, the main use of which is the prospective
dose assessment for planning and optimization in radiological
protection (ICRP, 2007b). Although the effective dose quan-
tity is based on reference phantoms chosen by convention, this
does not mean that one cannot use the effective dose quantity if
other phantoms have been chosen (Karimi Shahri et al., 2013).
In addition, in this study only gender-specific organs are con-
sidered to yield either the male- or female effective dose of a
given gender. They are provided strictly for relative compari-
son of phantom anatomy at each age group (Lee et al., 2007),
as true values of effective dose are gender-averaged quantities.

2.2 CT scanner simulation

A Siemens Somatom Sensation 16 (Siemens Medical Sys-
tems, Germany) was simulated within the MCNP4C Monte
Carlo radiation transport code. The CT scanner had a fan beam
originating from the focal spot with a fan beam angle of 52◦
and a focal spot-to-axis distance of 57 cm. The information
about X-ray spectra and scanner’s characteristics were pro-
vided by manufacturer. Figure 1 displays X-ray spectra at tube
voltages of 80, 100, and 120 kVp.

In the MCNP code, there are at least three ways to define
the specific shape of the fan beam (Khursheed et al., 2002; Gu
et al., 2008, 2009). In this research, the same method as Khur-
sheed et al. was used. Therefore, CT imaging was simulated
by exposing a series of contiguous transverse slices of 1 cm
thickness to emit X-rays from sources lying on a circle around
the phantom (Khursheed et al., 2002).
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2.3 Validation of CT beam model

A common way to validate the CT scanner model is
through comparisons between experimentally measured and
simulated computed tomography dose index (CTDI) values
(Jarry et al., 2003; Staton et al., 2006; Gu et al., 2009; Lee
et al., 2011, 2012). For this purpose, a set of CTDI data was
simulated for head and body CTDI phantoms with diameters of
16 and 32 cm, respectively, and compared with the measured
CTDI values reported by Lee et al. (2012), under the same
radiation exposure condition. To perform the comparison, the
CTDI phantoms were modeled as a cylinder having a diameter
of 16 cm for head and 32 cm for body phantoms, with a length
of 15 cm each. The material composition of the CTDI phan-
toms was simulated as polymethylmethacrylate with a density
of 1.19 g.cm−3. The Radical ion chamber was modeled as three
10 cm long concentric cylinders. The innermost cylinder with
a diameter of 6.7 mm defined the active air volume. The sec-
ond cylinder with a diameter of 10.2 mm defined the chamber
wall which is C552 air-equivalent material with a density of
1.76 g.cm−3. The third cylinder with a diameter of 13.7 mm
defined a build-up cap, which was modeled as polyacetal plas-
tic with a density of 1.43 g.cm−3 (Lee et al., 2011).

2.4 Computational model of anthropomorphic
phantoms

2.4.1 GSF tomographic pediatric models

Zankl et al. published the first voxelized tomographic mod-
els in 1988, where they created two different phantoms from
CT data of two female Caucasian children (Zankl et al., 1988).
The first model, called BABY, was developed from a whole-
body scan of an 8-week-old female cadaver. The second, called
CHILD was created from a 7-year-old female child undergo-
ing whole-body radiation therapy for leukemia treatment. In
this study, BABY-new (new model of BABY with some re-
finements done by Zankl et al.) and CHILD were used for
dose estimations. The resolutions of voxel models of BABY
and CHILD were 0.85 × 0.85 × 4 mm3 and 1.54 × 1.54 ×
8 mm3, respectively (German Research Center for Environ-
mental Health, 2014).

2.4.2 Virtual population of pediatric phantoms

The Virtual Population Program at the Foundation for
Research on Information Technologies in Society (IT’IS) in
Switzerland created numerical human models representing
the entire population (Christ et al., 2010; IT’IS foundation,
2012). Currently, the Virtual population includes eight avail-
able highly detailed anatomical whole-body models of adults
and children of both genders. These phantoms were created
based on high-resolution MR images of healthy volunteers.
Each model was reconstructed as a three-dimensional ob-
ject with approximately 80 high-resolution organs and tissues
(Christ et al., 2010). The resolution of voxel format used in
this study was 5 × 5 × 5 mm3. Gender, age, height, weight and
number of tissues of pediatric phantoms were listed in Table 1.

Table 1. Specifications of pediatric voxel phantoms developed at
IT’IS Foundation.

Name Gender Age Height Weight No. of
(year) (cm) (kg) tissues

Roberta Female 5 109 17.8 66
Thelonious Male 6 117 19.3 76

Eartha Female 8 136 30.7 75
Dizzy Male 8 139 26.0 66
Billie Female 11 147 35.4 75
Louis Male 14 169 50.4 77

2.4.3 UF Series B pediatric voxel phantom

The reference voxel phantoms of this study were those
of the UF Series B phantoms of five children: 9-month male
(height of 69.75 cm and weight of 8.87 kg), 4-year female
(height of 100.75 cm and weight of 16.65 kg), 8-year female
(height of 126.4 cm and weight of 28.41 kg), 11-year male
(height of 143.8 cm and weight of 33.59 kg), and 14-year
male (height of 161.2 cm and weight of 48.8 kg) (Goorley,
2007). The UF Series B phantoms were developed from their
predecessor UF Series A phantoms, which were in turn con-
structed through image segmentation of head CAP CT scans
of patients. These phantoms are not patient specific and their
body sizes and masses were closely aligned to that of ICRP
Publication 89 (ICRP, 2002). Due the fact that the ages of this
phantom series did not match with those of nominal ICRP ref-
erence ages, the organ masses and height/weight were taken
as interpolated values from ICRP Publication 89 in that series
(Lee, 2006).

Note that UF pediatric series are representative of refer-
ence pediatric subjects but BABY, CHILD (Zankl et al., 1988)
and virtual phantoms of IT’IS Foundation are not in 50th per-
centile of all children (worldwide) (Christ et al., 2010). Table 2
contains the reference values of organs masses reported in
ICRP Publication 89 (ICRP, 2002) and organ masses of these
non-reference phantoms.

2.5 Investigations on anatomical differences

For a more detailed study on organ dose discrepancies
between phantoms, anatomical differences in the scan field
should be reviewed. The depth below the surface is a parameter
that significantly influences the dose from external radiation.
They indicate the amount of overlying tissues, by which each
point of an organ or tissue is shielded from radiation imping-
ing from X-ray source rotating around the body. Thus, depth
distributions below the body surfaces were calculated for main
organs of these phantoms. The distributions have been evalu-
ated for 1 million points sampled randomly in the organs con-
sidered (ICRP, 2009).

3 Results

3.1 Model validation

Four different point doses (central dose and doses at 12, 3,
and 6 o’clock positions) were determined within the CTDI
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Table 2. Reference values for masses of organs/tissues reported in ICRP Publication 89 in comparison with those of non-reference phantoms
of this study.

Newborn 1 year 5 years 10 years 15 years (M) BABY CHILD Roberta Thelonious Eartha Dizzy Billie Louis
Adrenals 6 4 5 7 10 4 4 – 3 2.5 – 8 2.5

Salivary glands 6 24 34 44 68 – – – – – – – –
Stomach wall 7 20 50 85 120 6.5 52 66 142 121 113 443 127

SI wall 30 85 220 370 520 31 485a 146 60 269 49 400 314
Colon wall 17 50 120 210 300 23 84 130 230 256 227 280 349

Liver 130 330 570 830 1300 182 732 495 570 717 880 880 1265
Gall bladder 3.3 9.4 17.6 30.4 52.7 2.5 – 6.5 8 5 12 20 22

Pancreas 6 20 35 60 110 3 30 8 11 21 10 25 27
Brain 380 950 1310/1180 1400/1220 1420 332 1400 1246 1310 1410 1286 1250 1620

Heart wall 20 50 85 140 230 39a 206a 53a 248a 155a 256a 157a 431a

Lungs 60 150 300 500 900 41 198 315 348 451 509 542 700
Spleen 9.5 29 50 80 130 14 150 90 120 147 285 150 321

Thymus 13 30 30 40/35 35 11 30 21 30 9 30 30 24
Thyroid 1.3 1.8 3.4 7.9 12 1.1 4.9 – – – – 11 7.5
Kidneys 25 70 110 180 250 30 188 106 140 165 160 170 272

Urinary bladder 4 9 16 25 40 2.5 24 26a 32a 145a 53a 38a 196a

Testes 0.85 1.5 1.7 2 16 – – – 3 – 1 – 17
Prostate 0.8 1 1.2 1.6 4.3 – – – 3 – 4 – 12
Ovaries 0.3 0.8 2 3.5 – 0.4 2.6 1.5 – 3.9 – 4.7 –
Uterus 4 1.5 3 4 – 1.3 14 5.5 – 21 – 23 –

Total body (kg) 3.5 10 19 32 56 4.2 21.7 17.8 19.3 30.7 26 35.4 50.4

a The wall and content was not segmented independently.

Table 3. Scan parameters considered in the simulations.

Tube voltage Collimation Pitch Scan coverage
Scan (kVp) (mm) Head Chest Abdomen-Pelvis CAP

parameters 80, 100, 120 From top of the From the From the top of From the
and 140 10 1 head to the 2nd clavicles to the liver to the clavicles to the

cervical vertebra middle of the liver midfemoral head midfemoral head

head and body phantoms by using the ion chamber with the
collimation of 10 mm under the three tube potentials of 80,
100, and 120 kVp. The weighted CTDI (CTDIw), which is
defined as the summation of one-third of CTDIcenter and two-
thirds of CTDIperiphery, was 6.2, 11.6 and 16.4 mGy, for CTDI
head phantom at tube voltages of 80, 100 and 120 kVp, re-
spectively. The simulated doses of this study agreed with the
measured ones with maximum error of almost 9% for all tube
potentials. These results were comparable with those given in
other published studies (Jarry et al., 2003; Staton et al., 2006;
Lee et al., 2011, 2012).

3.2 Organ dose estimations

Organ absorbed dose for almost 30 organs were calculated
for BABY, CHILD, UF series B and IT’IS foundation voxel
phantoms at head, chest, abdomen-pelvis, and CAP exami-
nations. The scan protocols were generic and were in good
agreement with others available in the literature (Lee et al.,
2012). Table 3 summarizes the scan protocols used in this
study. Considering the linear relationship between the mAs

and dose (Akhlaghi et al., 2014), the results were normalized
to mAs. Figure 2 displays some major organ absorbed doses
in unit mGy/mAs at 80 kVp for pediatric series of IT’IS Foun-
dation. Moreover, the doses absorbed by main organs in CAP
scan at tube voltage of 120 kVp were presented in Table 4.

According to the results, brain in head scan, lungs in
chest scan and colon, kidneys and bladder in abdomen-pelvis
scan, which were exposed directly in the scan range, received
the maximum absorbed doses. In the head scan, absorbed
doses of brain and eye lenses were between 7.2 × 10−2 to
9.7 × 10−2 mGy/mAs and 7.8 × 10−2 to 9.4 × 10−2 mGy/mAs,
respectively. The maximum value of brain dose in other scan
ranges was 15×10−3, 6.0×10−4, and 21×10−3 mGy/mAs, for
chest, abdomen-pelvis and CAP examinations, respectively.

In chest examination, lungs, thymus, and heart-wall re-
ceived high doses relative to the other organs. The absorbed
doses of lungs and heart-wall ranged from 6.9 × 10−2 to
9.0 × 10−2 mGy/mAs and 6.9 × 10−2 to 9.2 × 10−2 mGy/mAs,
respectively. The small intestine-wall, kidneys, bladder and
colon-wall receives relatively high doses, which ranged from
7.8× 10−2 to 10.3× 10−2 mGy/mAs, from 7.7× 10−2 to 10.6×
10−2 mGy/mAs, from 6.6 × 10−2 to 10.9 × 10−2 mGy/mAs,
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Fig. 2. Organ absorbed dose in mGy/mAs for IT’IS pediatric phantoms for scans of (a) head, (b) chest, (c) abdomen-pelvis and (d) CAP at tube
voltage of 80 kVp.

and from 7.8 × 10−2 to 9.9 × 10−2 mGy/mAs, respectively at
abdomen-pelvis study.

3.3 Effective dose estimations

The values of effective dose based on ICRP Publication
103 weighting factors were tabulated in Table 5 at tube voltage
of 120 kVp. In constant tube current, for all phantoms and scan
ranges, the effective dose at higher tube voltages had higher
amounts (e.g. effective dose at 140 kVp was ∼500% higher
than that at 80 kVp).

3.4 Distributions of depths of main organs/tissues

Depth distributions of some main organs located in the
scan range were calculated for all phantoms. Figure 3 displays
the depth distribution of brain, colon and lungs for phantoms
with the similar ages. The same data are available for other
main organs of all phantoms. According to the results, on av-
erage, brain of UF 9-month, lungs of CHILD, colons of Billie
and Louis, compared to their peers, are seated deeper in the
body.

4 Discussion

Given the results of organ dose estimations, when scan
range did not cover the organ directly, as distance between
them increased, the organ absorbed dose and its contribution in
total dose decreased, as expected. In the head scan, lungs were
not covered directly, so the maximum value of lungs dose was
almost 30 times less than that at chest scan and therefore it had
a small contribution in total effective dose.

In the UF voxel phantoms, as age increases, the effective
dose decreases; but the same trend was not observed for vir-
tual phantoms of IT’IS Foundation. This could be due to the
fact that anatomical data of these non-reference phantoms have
not been adjusted based on ICRP Publication 89. Namely, they
have many anatomical differences (e.g. organ location, organ
size, organ mass) with 50th percentiles children of their own
age (Tab. 2). For instance, considering Figure 3 and the results
of dose estimations, the colon tissues of BABY (compared to
UF 9-month), UF 11-year (compared to Billie) and UF 14-year
(compared to Louis), UF 4-year (compared to Roberta, Thelo-
nious and CHILD) are located closer to the body surface, so
they received more amount of dose, as expected. There were



P. Akhlaghi et al.: Radioprotection 50(1), 43-54 (2015) 49
Ta

bl
e

5.
E
ff

ec
tiv

e
do

se
s

at
he

ad
,c

he
st

,a
bd

om
en

-p
el

vi
s,

an
d

C
A

P
ex

am
in

at
io

ns
fo

r
al

lp
ed

ia
tr

ic
ph

an
to

m
s

at
12

0
kV

p
to

ge
th

er
w

it
h

th
ei

r
he

ig
ht

s,
w

ei
gh

ts
an

d
B

M
I.

B
A

B
Y

C
H

IL
D

U
F

9m
U

F
4y

U
F

8y
U

F
11

y
U

F
14

y
R

ob
er

ta
T

he
lo

ni
ou

s
E

ar
th

a
D

iz
zy

B
ill

ie
L

ou
is

H
ei

gh
t

(c
m

)
57

11
5

69
.7

5
10

0.
75

12
6.

4
14

3.
8

16
1.

2
10

9
11

7
13

6
13

9
14

7
16

9
W

ei
gh

t
(k

g)
4.

20
21

.7
0

8.
87

16
.6

5
28

.4
1

33
.5

9
48

.8
0

17
.8

19
.3

30
.7

26
.0

35
.4

50
.4

B
M

I
(k

g.
m
−2

)
12

.9
3

16
.4

1
18

.2
3

16
.4

0
17

.7
8

16
.2

4
18

.7
8

14
.9

8
14

.1
0

16
.6

0
13

.4
6

16
.3

8
17

.6
5

E
ff

ec
ti

ve
do

se
in

he
ad

sc
an

(m
Sv
/m

A
s)

1.
02

E
-0

2
7.

75
E

-0
3

1.
37

E
-0

2
7.

95
E

-0
3

7.
19

E
-0

3
6.

19
E

-0
3

6.
35

E
-0

3
5.

03
E

-0
3

7.
80

E
-0

3
3.

74
E

-0
3

5.
15

E
-0

3
5.

77
E

-0
3

3.
35

E
-0

3

E
ff

ec
ti

ve
do

se
in

ch
es

t
sc

an
(m

Sv
/m

A
s)

3.
37

E
-0

2
1.

85
E

-0
2

3.
33

E
-0

2
3.

24
E

-0
2

3.
23

E
-0

2
2.

90
E

-0
2

3.
06

E
-0

2
2.

21
E

-0
2

2.
49

E
-0

2
2.

44
E

-0
2

2.
30

E
-0

2
1.

93
E

-0
2

2.
00

E
-0

2

E
ff

ec
ti

ve
do

se
in

ab
do

m
en

-p
el

vi
s

sc
an

(m
Sv
/m

A
s)

6.
08

E
-0

2
5.

69
E

-0
2

5.
97

E
-0

2
5.

09
E

-0
2

4.
81

E
-0

2
5.

02
E

-0
2

4.
64

E
-0

2
5.

59
E

-0
2

4.
70

E
-0

2
5.

15
E

-0
2

4.
98

E
-0

2
4.

48
E

-0
2

4.
38

E
-0

2

E
ff

ec
ti

ve
do

se
in

C
A

P
sc

an
(m

Sv
/m

A
s)

8.
73

E
-0

2
7.

17
E

-0
2

7.
87

E
-0

2
7.

60
E

-0
2

7.
43

E
-0

2
7.

05
E

-0
2

6.
75

E
-0

2
7.

09
E

-0
2

6.
30

E
-0

2
6.

95
E

-0
2

6.
57

E
-0

2
6.

15
E

-0
2

5.
85

E
-0

2 similar trends for the brain and lungs tissues of these phan-
toms, so that the one, which was located deeper, received less
amount of dose. Therefore, the discrepancies between doses
delivered to other organs can also be justified considering their
sizes, their locations and the amount of overlaying tissues lo-
cated in the beam path. For a given phantom, the contribution
of organ doses in effective dose depends on the scan coverage,
and organs’ type and location in human anatomy. The organs,
which received the maximum absorbed doses, have a greater
share in effective dose (e.g. lung in chest scan, brain in head
scan, and SI, stomach, colon and bladder in abdomen-pelvis
imaging) while, the organs outside the scan coverage have lit-
tle contributions in effective dose except for chest scan. This
is due to the low attenuation of X-ray radiations in air, which
have filled the lungs and the fact that lungs are in the middle
of sensitive organs/tissues, so in chest examination when they
covered fully in scan region, they scatter the radiations to the
other sensitive organs.

4.1 Age dependent organ absorbed doses

Organ doses were compared between reference and non-
reference pediatric phantoms to find a relation between age
and organ doses. As known, when desired organs are fully
covered within the scan range, due to the higher attenuations
of overlaying tissues of older phantoms, their internal organs
would be more protected, so that they receive lower organ
doses (Lee et al., 2012). However, for the non-reference phan-
toms of IT’IS Foundation this does not happen usually which
is the result of models’ limitations, such as insufficiency of im-
age quality of digestive tract to be segmented completely, not
including some tissues like salivary glands in all phantoms,
and thyroid, adrenals in some phantoms, not separating the
wall and content of some organs like bladder, etc (Christ et al.,
2010). In addition, this could be the results of their discrep-
ancies with reference anatomical data (e.g. differences in the
depth distribution of organs).

At 120 kVp in head scan, the maximum relative difference
between brain doses of group 1 (BABY and UF 9-month),
group 2 (CHILD, UF 4-year old, Roberta, and Thelonious),
group 3 (UF 11-year old and Billie), and group 4 (UF 14-year
old and Louis) were 14%, 7%, 6%, and 0.3%, respectively.
In chest scan their maximum differences in lung doses were
∼6%, ∼14%, ∼8% and ∼15%, respectively, while their max-
imum discrepancies between colon doses in abdomen-pelvis
imaging was about 4%, 10%, 6% and 2%, respectively. Can
be said that for organs located in scan regions, which have the
maximum contribution in effective dose, the value of absorbed
doses would be estimated from our obtained results with error
less than 15%.

The absorbed doses of UF-8-year, Dizzy and Eartha
(group 5) in some major organs (in mGy/mAs) for all scan
ranges at 80 kVp were displayed in Figure 4. Although, there
are many discrepancies in their anatomical data but the rela-
tive differences in absorbed doses of most organs located in
the scan range were less than 10%. Moreover, it was observed
that as distance between organ and scan range increased, the
relative differences enhanced.
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Fig. 3. Comparisons of brain, lungs and colon depth distributions of pediatric phantoms with similar ages.

Considering UF 8-year old as a reference phantom in this
age, the relative differences between main organs absorbed
doses of Dizzy and Eartha and that of UF were calculated for
all scan ranges and tube potentials. The relative differences
between organ doses of the Dizzy and Eartha relative to UF
8-year at 80 kVp were plotted in Figure 5.

In abdomen-pelvis study at 80 kVp, the relative differences
for most of the organs included in scan range were less than
10% (e.g. colon, bladder, liver, kidneys, and spleen). For some
organs such as small intestine-wall, gall bladder and stomach-
wall this discrepancies were slightly more than 10%. This
could be due to different shielding effects of other organs. The
relative differences for main organs, which were away from
the scan range, were up to 27% (brain). Such a trend was al-
most observed in the other scan regions. The level of disagree-
ments depends on organ type and its relative position in human
anatomy.

In these comparisons, phantoms were classified according
to their ages. Considering the maximum relative differences
less than 15%, one could generalize the outcomes to the non-
reference children with the same age group.

4.2 Comparison of age-based effective doses

Significant discrepancies in effective doses were observed
between different voxel phantoms with the similar ages. The
minimum and maximum relative differences in effective dose
for group 1 were ∼11% (in CAP examination) and ∼25% (in
head examination), respectively, while minimum and maxi-
mum relative differences in effective dose for group 2 were
0.65% (in head scan) and 43% (in chest scan). In addition,
the minimum and maximum relative differences for group 3
were ∼7% (in head examination) and ∼33% (in chest exami-
nation), respectively. The minimum and maximum relative dif-
ferences for group 4 were ∼6% (in abdomen-pelvis examina-
tion) and ∼47% (in head examination), respectively.

Considering Figure 5 for group 5, in abdomen-pelvis study,
in spite of all anatomical discrepancies, the effective dose
delivered to Dizzy (1.35 × 10−2 mSv/mAs), Eartha (1.37 ×
10−2 mSv/mAs) and UF 8-year old (1.3 × 10−2 mSv/mAs)
showed significant agreement with a relative difference of
about 5%. This means that the organs located out of scan
coverage had low contributions in effective dose (e.g. ∼0.7%
in Earths’s heart-wall). Greater disagreements were observed
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Fig. 4. Comparison of organ absorbed dose in mGy/mAs for scans of (a) head, (b) chest, (c) abdomen-pelvis and (d) CAP for 8-year phantoms
at tube voltage of 80 kVp.

between effective doses in other examinations (e.g. 29% at
tube voltage of 80 kVp in chest scan). This is due to the fact
that, in the chest and head scans, limited numbers of directly
exposed organs, which have high tissue weighting factors are
located in the scan range (brain in head scan, and lungs and
heart in chest scan). This means that, although, the discrepan-
cies between the most organs covered in scan range (heart and
lung) were less than 10% and lungs dose contribute in 51%
and 45% of total effective dose in Dizzy and Eartha, respec-
tively, but because of the 50% share in effective dose by or-
gans out of the scan coverage (with high relative differences)
the disagreements increased. The minimum value of effective
dose and maximum value of relative difference were observed
at head scan. The ∼50% discrepancy between UF and Eartha
is due to their considerable differences in the amount of RBM
located in the skull and mandible.

Although, the same anatomical landmarks were used to de-
fine the scan ranges of all phantoms, but different portions of
the organs were included in a given scan range because of
the discrepancies between anatomical data of non-reference
and reference phantoms. So, it was difficult to find consistent
differences in effective dose between these phantoms except

for CAP imaging. As mentioned, when organs are included in
scan range, the relative differences between doses received by
phantoms decreased. Therefore, in CAP examination, in which
most of sensitive organs are fully covered, these differences in
effective doses diminished.

According to the results of these two sections, the total
number of phantoms in each age group is not sufficient to make
a general conclusion for age-based effective dose for all scan
ranges except for CAP examinations. So, by using a greater
number of voxel-based phantoms, one may generalize the ef-
fective doses for children with similar ages.

4.3 Weight- and height-based comparison of effective
doses

Considering the assumption that height and weight are re-
sponsible for magnitude of effective dose received by the pa-
tients, the authors wondered if they could generalize current
data to the other groups of non-reference pediatrics. In Ta-
ble 5, the height, weight and body mass index (BMI) of all
phantoms together with the total effective doses in head, chest,
abdomen-pelvis and CAP scans at tube voltage of 120 kVp
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Fig. 5. Relative differences of organ dose in percent for scans of (a) head, (b) chest, (c) abdomen-pelvis and (d) CAP for 8-year phantoms at
tube voltage of 80 kVp.

were tabulated. BMI is a numeric measure of person thinness
or thickness. According to Table 5, the values of BMI suggest
that there is a great variability between the relative weights of
similar phantoms.

In Figure 6, the relative differences between effective doses
of two phantoms series were presented. According to Figure 6
and Table 5, Roberta and CHILD, which have similar heights,
their effective doses matched in abdomen-pelvis and CAP
scans. While, for Thelonious and CHILD, which have the same
sizes, good compatibilities were only obtained in head scans.
Weights of Dizzy and UF 8-year are almost the same, but their
effective doses agreed in abdomen-pelvis and CAP scans. The
similar trend was observed for Louis and UF 14-year. For UF
11-year and Billie, which have the same sizes and BMI values,
more consistency were observed between the results, so that
their effective doses in head, abdomen-pelvis and CAP imag-
ing were in good agreements. It seems that height and weight
together with the value of BMI are more appropriate indicators
than age for investigating the relationship between phantom
doses. Good agreements between these phantoms were only
observed in CAP scan, which covers directly most of sensitive

Fig. 6. Relative differences of effective dose in percent for scans of
head, chest, abdomen-pelvis and CAP for three phantom series at tube
voltage of 120 kVp.
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organs and differences in physical properties of tissues have
less effect in radiation doses. Can be said that these datasets are
not enough for an accurate and logical conclusion (with error
less than 10%) for the other scan regions. So, to find whether
there is a relationship between body size and mass with ef-
fective dose or not, and to generalize the results to the other
children, which are not in 50th percentile height and weight, a
larger group of pediatric phantoms would be needed.

5 Conclusion

The organ doses and effective doses were estimated for ref-
erence and non-reference pediatric phantoms undergoing CT
examinations using Monte Carlo simulations. Organ doses for
head, chest, abdomen-pelvis and CAP examinations were cal-
culated and then compared with each other. Considering the
facts that anatomical data of non-reference phantoms have not
be adjusted based on ICRP Publication 89, sometimes signifi-
cant differences in estimated doses were observed between the
results of phantoms with similar ages. However, it was demon-
strated that for organs exposed directly, the values of absorbed
dose of each age group could be estimated and generalized to
children in the same age group. In addition, because of the lim-
ited number of phantoms, the attempt to find a possible rela-
tionship between effective dose and phantoms’ height/weight
for all scan ranges was not successful except in CAP scans.
In the future study, the organ dose estimation will be extended
to cover various ages, heights and sizes of non-reference pe-
diatrics. Incorporating this library of phantoms with different
sizes into the database would help in individualizing the organ
dose and effective dose calculations.
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