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A B S T R A C T

Purpose: The purpose of this study is to create an organ dose database for pediatric individuals undergoing chest,
abdomen/pelvis, and head computed tomography (CT) examinations, and to report the differences in absorbed
organ doses, when anatomical differences exist for pediatric patients.
Methods: The GATE Monte Carlo (MC) toolkit was used to model the GE BrightSpeed Elite CT model. The simulated
scanner model was validated with the standard Computed Tomography Dose Index (CTDI) head phantom. Twelve
computational models (2.1–14 years old) were used. First, contributions to effective dose and absorbed doses per
CTDIvol and per 100mAs were estimated for all organs. Then, doses per CTDIvol were correlated with patient model
weight for the organs inside the scan range for chest and abdomen/pelvis protocols. Finally, effective doses per dose-
length product (DLP) were estimated and compared with the conventional conversion k-factors.
Results: The system was validated against experimental CTDIw measurements. The doses per CTDIvol and per
100mAs for selected organs were estimated. The magnitude of the dependency between the dose and the
anatomical characteristics was calculated with the coefficient of determination at 0.5–0.7 for the internal scan
organs for chest and abdomen/pelvis protocols. Finally, effective doses per DLP were compared with already
published data, showing discrepancies between 13 and 29% and were correlated strongly with the total weight
(R2 > 0.8) for the chest and abdomen protocols.
Conclusions: Big differences in absorbed doses are reported even for patients of similar age or same gender, when
anatomical differences exist on internal organs of the body.

1. Introduction

The number of Computed Tomography (CT) examinations is rapidly
increasing due to the continuous technological improvements that
allow fast exams and high image quality [1–3]. However CT radiation
dose is considered to be higher compared to the rest medical imaging
modalities [4]. It is estimated that about 10% of 100 million CT exams
per year is performed on patients less than 18 years old [5,6]. Available
risk estimates suggest that pediatric CT will result in significantly in-
creased risk of developing radiation-induced malignancies, including
leukemia, brain, breast, skin, and thyroid cancer, due to the long life
expectation and the rapid cell replication [7–12]. Indicatively for the
abdomen and head scans, the estimated life-time increase in cancer
mortality risks for 1-year old children are 0.18% and 0.07%,

respectively [13]. Also, in a more recent study, it was estimated that for
pediatric CT, the life-time risks of leukemia might become 1-in-7500,
and brain cancer 1-in-1000 [14].
Accurate estimation of the organ dose after a CT scan is not a simple

task. Currently in clinical practice, the volumetric CT dose index
(CTDIvol), determined in standard-sized cylindrical phantoms in the
scan region, and the dose length product (DLP), the product of CTDIvol
with scan length, are reported after each CT examination as patient
dose indices [15]. In clinical practice, CTDIvol describes the scanner
output and does not provide information about patient size. In 2011,
size-specific dose estimate (SSDE) was also introduced as a new updated
index that takes into account the patient size, affecting the average dose
[16–18]. However, this method still induces limitations to predict with
accuracy the effective dose because tissue heterogeneity and exact
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patient anatomy are not taken into consideration. In addition two CT
radiographs are required to measure AP and LAT diameters in order to
calculate the SSDE of each patient, increasing the dose in low-dose
CT‐procedures up to 38% of the total patient dose [19]. Lately, added
web-based software, DoseWatch (General Electric Inc., Milwaukee,
USA), is able to calculate AP and LR diameters for each examination
using projections from the scout view [20,21]. Diagnostic reference
levels (DRLs) of CTDIvol, DLP and SSDE are available for protocol op-
timization and management of the doses [22,23].
Shrimpton et al. introduced the effective dose per DLP conversion

factors, i.e. k-factors (mSvmGy−1 cm−1) with the aid of stylized adult
reference models [24] and Monte Carlo simulations [25] to help clinicials
calculate doses in a fast manner. Updated k-factors were then developed
by other groups [26,27] and later, they were extended for pediatric pa-
tients (newborn, 1-, 5-, 10-, and 15-year-old) for several commonly used
CT protocols [15,28,29]. New sex- and age-specific conversion factors
were generated by Deak et al. for different scanning conditions [30].
Romanyukha et al. updated the existing age-specific k-factors using ICRP
reference phantoms [31] and presented new body size-specific k-factors
derived from regression functions applied to a large population who un-
derwent chest, AP and CAP [32]. However, the existing k-factors, based on
reference phantoms, introduce an important over- or under- estimation of
the effective dose in the case of underweight and obese patients.
The effective dose can be directly estimated either by the use of ex-

perimental measurements on physical anthropomorphic phantoms
[33–35] or faster and more accurately by Monte Carlo simulations using
mathematical or voxelized models [36–39]. For the latter, the precise
estimation of effective dose from a CT scan requires an detailed de-
scription of scanner’s technical specifications [40,41] and a large amount
of computational phantoms that account for anatomical variations for
different type of scan acquisitions. Several organ dose calculators have
been developed. The first of them, such as CTDosimetry [42], CTDOSE
[43], eXposure [44], and WinDose [45], were based on unrealistic adult
stylized phantoms [46,47], with simple geometric shapes instead of or-
gans, introducing significant dosimetry errors (up to 21%) [48]. CT-Expo
[49] was based on adult stylized phantoms as well as on the first pe-
diatric models created from tomographic data in the late 1980s [50,51].
The most recent dosimetric packages [52–54] are based on adult and
pediatric voxelized phantoms [55–59] to overcome these uncertainties.
VirtualDose [60] is the first program that included realistic phantoms
that represent patients of different ages, body sizes, body masses, and
pregnant females at three gestational stages for different scanners, pro-
tocols and tube current modulation (TCM). Later, based on VirtualDose,
Gao et al. estimated the effective doses from CT scans of 1250 pediatric
oncologic patients with the use of patient-specific information [61].
Except from the development of clinical pediatric dosimetry soft-

wares, several other groups focused their research on the pediatric organ
dose estimation [62–75]. In a recent study, the advantage of patient-
specific phantoms in comparison with patient-dependent hybrid phan-
toms, in its ability to predict patient dose with accuracy was addressed by
Marshall et al. [76] for pediatric patients undergoing fluoroscopically
guided cardiac procedures. Moreover, Stepusin et al. [77] in 2017 con-
cluded that matching a patient to a computational hybrid phantom in a
library is superior to matching to a reference phantom.
The aim of this study is to create an organ dose database for pe-

diatric patients undergoing CT exams. The database includes the cases
of head, chest and abdomen/pelvis exams using current pediatric pro-
tocols. When patient anatomical differences exist, differences in ab-
sorbed doses per organ and body type are reported.

2. Materials and methods

2.1. GATE MC platform

A multislice helical CT scanner was modeled using the Geant4 ap-
plication for tomographic emission (GATE) [78,79]. For this study, GATE

v8.0 was used, which is based on Geant4 v10.1. The physical processes
are specified by the EMLivermore physics list, which is optimized for the
accuracy of electrons and photon physics for low energies and have been
widely used for imaging and therapy [80–85]. In all simulations, a pro-
duction threshold of 0.01mm was used for all particles. Livermore
models are used for photoelectric, Rayleigh and Compton processes, are
valid for energies 250 eV to 100GeV and have replaced the standard
model (valid 1 keV to 100 TeV) for low energy physics processes.
The absorbed dose was measured through the deposited energy. The

“dose actor” tools were used in GATE to store the deposited energy per
voxel. 3D matrices of the deposited energy with certain voxel resolution
were created and the relative statistical uncertainty per voxel was cal-
culated for several simulations. The statistical uncertainty εk at voxel k,
with N being the number of primary events and dk,i the deposited en-
ergy in voxel k for primary event i is described in Eq. (1):
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We calculated the relative statistical uncertainties for all simula-
tions. 108 primaries were chosen to keep the uncertainty lower than 5%
in all organs of interest.

2.2. CT source model – specifications

GE BrightSpeed Elite 16 Slice scanner is the CT scanner of the study,
which offers high resolution imaging at up to 0.35mm isotropic at an
optimized dose. The X-ray tube operates from 80 to 140 kVp with a
rotating 7° tungsten target and two focal spots (0.9mm×0.7mm and
1.2mm×1.1mm). The nominal inherent filtration is more than 2mm
of aluminum equivalent thickness.
The initial X-ray energy spectra for a certain kilovoltage peak (kVp)

setting was estimated using the Spektr Software, developed by Siewerdsen
et al. [86]. The software is based on the Tungsten anode spectral model using
interpolating polynomials (TASMIPs) [87], while the approach is completely
empirical and based on straightforward interpolation techniques using a
modified version of Fewell’s measured spectra [88] as a data source. SPEKTR
is consisted of Matlab™ library functions, a database of attenuation coeffi-
cients, and a user interface, allowing a user to obtain TASMIP spectra with an
energy resolution of 1.0 keV from the TASMIP library. The user needs to
import the maximum energy, the added filtration, the inherent filtration and
the peak-to-valley voltage over the peak voltage (kV Ripple %).
The X-ray source-to-detector distance, the source-to-isocenter dis-

tance and the dimensions of inherent and bowtie filters were accurately
defined using the manufacturer technical specifications under a non-
disclosure agreement (NDA). Fig. 1 depicts the modelling of the GE
BrightSpeed-Elite 16 X-ray source.
The spectrum in GATE was inserted using a text file, describing the

energy histogram. Then the fan and cone angle were defined. In order to
model the rotational and the helical movement of the CT X-ray beam, an
extra file was prepared in the GATE simulator. An almost continuous
movement of the source was achieved. In order to achieve that, the 360ο

of one source rotation were divided in 800 steps of 0.45ο angle rotation
in each step (1.25 msec per step in the case of a full rotation of 1 sec). In
order to collect the Dose, the TLE actor (Track Length Estimator) was
used allowing fast dose computation. With the TLE method, photons
deposit their energy in a continuous manner all along their trajectory,
instead of doing so at discrete interaction points, a fact that substantially
reduces the variance [89]. For the same uncertainty, the TLE method
required about 50 times less primaries than analogous MC simulation.

2.3. Validation

To validate our results, simulations were performed using single
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axial scan in air and with the 16-cm-diameter PMMA (poly-
methylmethacrylate) phantom which is used to represent the child's
body [15]. The phantom meets the 21 CFR 1020.33 specifications as
defined by FDA.1

The thin-walled pencil-beam ionization chamber was a Radcal
10×5–3CT model and it was simulated according to the manufacturer
specifications.
First, we simulated the ionization chamber in air at isocenter and we

compared the results with the physical measurements in order to derive
the normalization factor in units of particles/mAs [90] for 120 kVp for a
nominal beam collimation of 10mm and 260mAs:

=NF
D
D

( )
( )E NT

air measured per mAs E,NT

air simulated per mAs E,NT
,

, ,

, (2)

where Dair,measured per mAs is the measured air kerma at the scanner iso-
center in units of mGy/mAs and Dair,simulated per mAs is the simulated air
kerma at the scanner isocenter in units of mGy/particle for the certain
beam energy E and beam collimation NT.
The simulated absorbed dose in PMMA head voxelized phantom was

compared with physically measured data in corresponding PMMA phy-
sical phantoms at one (1) position (at center) and four (4) peripheral
positions for 120 kVp, 260mAs, scan range 10mm, slice thickness 1mm
and the small bowtie filter. The PMMA cylinder contains three other inner
cylinders with plastic (buildup cup), graphite and air respectively. The
voxelized CTDI phantom had 160×160×150 voxels and resolution
1mm voxel. The output of the simulation was a 3D dose-map, where the
absorbed dose (in Grays – Gy) was stored in each voxel of the phantom.

2.4. Anthropomorphic models

This study employed 12 realistic anthropomorphic computational
phantoms for the modeling of the pediatric anatomy. One of them was
an in-house model and the organs were manually segmented with the
3D Slicer (https://www.slicer.org/) (Fig. 2).
11 more realistic anthropomorphic computational phantoms were em-

ployed from DUKE University [91,92] and ITIS foundation databases [93].
DUKE University has developed a series of realistic 4D anthropomorphic
models (XCAT model) based on the non-uniform rational b-spline (NURBS)
and subdivision (SD) surfaces. The ITIS foundation developed the “Virtual

Family”; a series of surface-based anatomical models including 2 children.
2 years later they extended their dataset with a “Virtual Classroom”, in-
cluding 4 more children based on healthy clinical MR data.
Table 1 lists the details of the pediatric models. The lung height was

measured from the top to the bottom of the organs. AP and LAT dimen-
sions were also measured for each phantom. The square root of the pro-
duct of the AP and lateral diameters was then used to calculate the ef-
fective diameters [16]. Table A1 in the Appendix reports the masses of the
organs of interest for the 12 phantoms that were considered for dosimetry.

2.5. CT examination simulations

The scan ranges for the three helical CT examinations (chest, ab-
domen/pelvis and head) were obtained from the updated CT scan
protocols which are proposed by the Alliance for Quality Computed
Tomography (AQCT) for the specific scanner [94].

2.6. Organ dose estimation method

Organ dose estimations were performed by simulating the three
typical helical protocols presented in Table 2 for the twelve pediatric
male and female computational phantoms. The small bowtie filter was
used for every pediatric phantom irradiation. The CTDIvol and the
corresponding DLP value were calculated. For each voxelized model,
the number of rotations per simulation was calculated based on the
length of the irradiated volume, beam collimation and pitch. All the
simulations were assumed to start at the 12 “o” clock tube location and
108 primaries were used in order to keep statistical uncertainties lower
than 2% for organs fully inside the scan range coverage. For very small
organs or for organs located at large distances from the primary beam,
the statistical uncertainties were kept lower than 5%.
The output of the MC simulations was the deposited energy in units of

MeV. The absolute absorbed dose (mGy) per source particle was calcu-
lated for each organ and then the absolute dose in mGy was obtained. Eq.
(3) was used to obtain the absolute dose from the simulated data:

=D D NF mAs
rotation

N( ) ( ) ( )absolute E NT simulated per mAs NT E NT, 100 E, ,

(3)

where NF is the normalization factor of the corresponding collimation for
each protocol, mAs/rotation is the mean clinical tube current (mA)
multiplied by the exposure time (s) and N is the number of rotations
during this CT scan.
First, contributions to effective dose (mSv/100mAs) and absorbed

doses per CTDIvol (unitless) were presented into tables for all the organs
inside and outside scan range. The latest were provided to eliminate
scanner-specific characteristics, providing to users the ability to estimate
organ doses for any other CT scanner [95]. Variations in organ absorbed
dose across the patients were quantified by the coefficient of variation
(SD×100%/mean) for organs both inside and outside the scan coverage.
Absorbed doses per CTDIvol (unitless) were correlated with patient

model weight for the organs inside the scan range using exponential
regression analysis for chest and abdomen/pelvis protocols. The fol-
lowing equation was used for the dose analysis:

= × +Dose per CTDI a total weight bexp ( _ )vol (4)

where Dose per CTDIvol and total weight are unitless and in the units of
kg, respectively. The regression fit coefficients were calculated with an
in-house script generated in Python.
Finally, Effective Doses per DLP in units of μSv/(mGy*cm) were

calculated as a function of total weight for the twelve phantoms.
Effective Doses per DLP is also a way to eliminate the dependence on the
scanner model [27]. The following equation was used:

= × +Effective Dose per DLP exp a total weight b( _ ) (5)

Fig. 1. Visualization of the X-ray point source and the bowtie filter in GATE.
Blue color represents the Graphite wedge and green color represents the
Aluminum wedge. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

1 https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.
cfm?FR=1020.33.
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3. Results

3.1. Model validation and calibration

First, the CTDI100 in air was measured from the isocenter for the
120 kVp and 260mAs by using the ion chamber kVp for a nominal
beam collimation of 10mm. The same experiment was simulated with
GATE and the CTDI100 in air (in units of mGy particle−1) was estimated
in order to derive the normalization factor (Table 3).
Doses for five different positions (central dose and doses at 12, 3, 6

and 9 o’clock positions) were measured within the CTDI head phantom
by using the ion chamber with the collimation of 10mm under the
120 kVp (Table 4).

The statistical uncertainty of the simulated data, in the CDTI dose si-
mulations was less than 2%. In addition, the experimental measurements
also provided errors less than 2%. Τhe percentage difference between si-
mulated and corresponding experimental data was up to 11%. This dif-
ference may be attributed to the accuracy of the modelled ion chamber in
GATE compared to the experimental one. Nevertheless, any model in
GATE with geometrical components is ideally designed (in our case, the
ion chamber and the description of the source, bowties, etc.) and could
even differ in elemental composition to the one that was experimentally
used. Such differences are considered acceptable, taking also in account
the statistical uncertainties of the simulations [62]. Straton et al. also
presented similar differences up to 8.6% from the comparison of simulated
CTDI100 values compared to the experimentally measured values.

Fig. 2. Orthogonal views of the segmented 5 year-male.

Table 1
Characteristics of the pediatric models’ population.

No. (#) Age (y) Gender Type Weight (Kg) Height (m) BMI (kg/m2) Lung (cm) Eff. Diameter (cm) Size (No. of voxels) Voxel Size (mm3)

1 2.1 F XCAT 12.2 0.86 16.5 6.8 7.2 390×336×910 1×1×1
2 2.8 M XCAT 14.1 0.92 16.7 8 8 448×276×1004
3 3.3 F XCAT 13.8 0.93 16 7.1 7.7 378×304×1032
4 3.7 M XCAT 16.2 0.97 17.2 8.7 8.4 430×286×1066
5 5 M In-house 14.75 1 14.8 16 16.8 512×511×190 0.9× 0.9×3.2
6 5 F ITIS 17.7 1.09 14.9 12.6 16.6 350×203×1102 1×1×1
7 6 M ITIS 18.6 1.16 13.8 13.5 17.7 403×225×1181
8 8 F ITIS 29.64 1.36 16.2 15.4 19.2 600×243×1607
9 8 M ITIS 25.6 1.37 13.5 17.3 19 435×252×2572
10 11 F ITIS 34 1.49 15.3 16.1 20.7 500×280×1560
11 14 M ITIS 50.38 1.68 17.6 20.2 26 483×312×1726
12 14 F XCAT 39.8 1.4 20.3 17.4 21 250×250×690

Table 2
The CT Protocols used in this study.

Protocol Chest scan from top of shoulder through mid-
liver

Abdomen/pelvis scan from top of liver to pubic
symphysis

Head scan from base of skull through
vertex

beam collimation (mm) 20 20 20
pitch 1.38 1.38 0.531
table feed (mm/rot) 27.50 27.50 10.62
time (s)/rot 0.4 0.4 0.5
table speed (mm/s) 68.75 68.75 21.24
mAs/rot 30 30 93
kV 100 & 120 100 & 120 100 & 120

Table 3
Measured and simulated CTDI100 in air at isocenter and derived normalization factor are reported for 120 kVp for a nominal beam collimation of 10mm.

Energy (kVp) Measured CTDI100 in air (mGymAs−1) Simulated CTDI100 in air (mGy particle−1) Normalization factor (particle mAs−1)

120 3.65× 10−1 1.23× 10−12 2.96× 1011
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3.2. Simulation of patient doses

3.2.1. Patient absorbed doses
The normalization factor for the 20mm beam collimation of the

protocols was 1.361×1013 and 2.044×1011 particles per 100mAs for
100 and 120 kVp respectively.
Absorbed doses per CTDIvol and per 100mAs and the corresponding

variations in organ doses across the patients are reported for the three
protocols. More specific, variations between 23 and 42% and 30–32%
(Table A2a, b in the Appendix) were observed across the pediatric

population for organs fully inside the chest acquisition for 100 and
120 keV, while much bigger variations (up to 799%) were noticed for
organs partially irradiated. Respectively for the two other protocols, the
absorbed dose received by fully irradiated organs varied between 23
and 40% and 19–25% in the abdomen (Table A3a, b in the Appendix)
and between 12 and 297% and 13–109% for the head scan acquisition
(Table A4a, b in the Appendix) for 100 and 120 keV respectively.
Contributions to effective doses (mSv/100mAs) for all the cases are

reported in Tables A5–A7 in the Appendix. Figs. 3 and 4 show absorbed
doses per CTDIvol (unitless) correlated with patient model weight for
indicative organs inside the scan range using exponential regression
analysis for chest and abdomen/pelvis protocols.
The position and the mass of each organ determine the dependency

magnitude. The association was strong for some organs inside the scan
coverage; the coefficient of determination (R2) was between 0.5 and 0.6
for all organs inside the scan range for the chest protocol, and between
0.5 and 0.7 for liver, kidneys, gallbladder, spleen, pancreas and large
intestine for the abdomen/pelvis protocol (Table 5).

3.2.2. Effective doses per DLP
Effective doses per DLP in μSv/(mGy*cm) were gathered for all the

scan protocols as a function of total weight for 100 and 120 keV (Fig. 5).

Table 4
Comparison of CTDIw between simulated and clinical data.

Position for head
phantom

Ion chamber dose
(mGy)

Simulated dose
(mGy)

Difference %

Periph. 12 o’clock 48.59 54.37 11.23
Periph. 3 o’clock 48.59 54.39 11.26
Periph. 6 o’clock 48.59 54.77 11.96
Periph. 9 o’clock 48.59 54.73 11.89
center 46.41 51.05 9.52
CTDIw 47.86 53.39 10.92

Fig. 3. Absorbed doses per CTDIvol (unitless) in the chest MDCT scan, correlated with patient model weight using exponential regression analysis for organs inside the
scan range for 100 and 120 keV; a. Lung, b. Heart, and c. Thymus.
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A good correlation between dose and total weight is suggested by high
R2-coefficents (R2 > 0.8) (Table 6) for chest and abdomen protocol but
a very small correlation was arised for the head protocol.
The current values of effective doses per DLP were compared with the

corresponding values generated by Lee C et al. [48] (Table 7). These

values are based on ICRP 103 pediatric reference phantoms which were
developed at the University of Florida and the National Cancer In-
stitute. The differences were comparable with the corresponding dif-
ferences given in other studies (up to 33% from the comparison be-
tween Lee et al. and Shrimpton et al. [32,48]) and can be explained due
to anatomical differences in the phantoms and the different scanned
regions.

4. Discussion

The GATE MC toolkit is well validated for dosimetry and widely
used by scientific community. We have already used it for internal
sources of radiation [96]; its use for simulating external dosimetry
applications has been already demonstrated [97].
In this study, we reported patient-specific radiation dose from pe-

diatric chest, abdomen/pelvis and head CT examinations using twelve
pediatric male and female patients. Simulating different pediatric pa-
tients in the same size/protocol group, we acquired the assessment of
dose variations across the patients due to the variability of patient
anatomy and body size, which could not be obtained using previous
methods of DLP. The patient-specific computational phantoms are
considered to be the best representation in terms of physiological and
functional information of the human body at the organ and cellular
levels.

Fig. 4. Absorbed doses per CTDIvol (unitless) in the abdomen MDCT scan, correlated with patient model weight using exponential regression analysis for indicative
organs inside the scan range for 100 and 120 keV; a. Liver, b. Kidneys, c. Gallbladder, and d. Large Intestine.

Table 5
Regression fit coefficient for absorbed doses per CTDIvol as a function of total
weight for chest and abdomen protocol (100 keV and 120 keV).

Fully internal scan – organs a* b* R2** a* b* R2**

100 keV 120 keV

CHEST
lung −0.002 0.074 0.5 −0.005 0.277 0.5
heart −0.004 0.374 0.6 −0.003 0.41 0.5
thymus −0.005 0.387 0.6 −0.004 0.424 0.6

ABDOMEN
liver −0.007 0.253 0.5 −0.006 0.314 0.5
kidneys −0.007 0.328 0.6 −0.006 0.369 0.6
gallbladder −0.003 0.31 0.6 −0.003 0.404 0.7
large intestine −0.008 0.449 0.7 −0.007 0.487 0.7

*a and b are fit coefficients for the equation relating absorbed doses per CTDIvol
to total weight.
**R2 is the coefficient determination for the fit.
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The simulated CTDI values were in good agreement with the mea-
sured that were provided by the manufacturer. The observed dis-
crepancies (up to 11%) may be attributed to uncertainties in modelling
the scanner, even though they follow closely previous work. Similar
differences are published in literature [69].
Secondly, absorbed doses per CTDIvol were correlated with patient

model weight for the organs inside the scan range using exponential
regression analysis for chest and abdomen/pelvis protocols.

Anatomical differences, in children of similar age and/or weight,
resulted in calculated absorbed dose differences up to 40% in organs
within the scan range of the chest protocol. Exceptions were recorded in
thymus and heart in the 3 y male and female phantoms where dose
differences were 49.50% and 51% respectively. The corresponding or-
gan’s mass differences reached 31.55% and 30% respectively, whereas
the total body’s mass difference of the 3 y male and female was 16%. In
addition, 62% difference was calculated in heart’s absorbed dose be-
tween the 5 y in-house male (14.75 kg total body mass) and the 5 y ITIS
phantom (17.7 kg total body mass). Calculated dose differences up to
28% were observed in organs within the scan range of the abdomen
protocol. Exceptions were recorded in the calculated absorbed dose to
the gallbladder, kidneys and large intestine in the 6 y male (18.6 kg
total body mass) and the 5 y female (14.75 kg total body mass). For
these organs, we observed absorbed dose differences up to 56.05%,
64.60%, and 56.27% with the corresponding organs’ mass differences
reaching 19.86%, 25% and 123.86% respectively. In the head protocol,
anatomical differences in children of similar age and/or weight resulted
in organ dose differences up to 30%, except skull’s absorbed dose in the
14 y male and female XCAT phantoms which reached 124.15% differ-
ence. The total head’s mass difference reached 151.23%, while the

Fig. 5. Comparison of effective doses per DLP (μSv/(mGy*cm)) for the different pediatric phantoms for 100 and 120 keV; a. chest, b. abdomen, and c. head scan.

Table 6
Regression fit coefficient for effective doses per DLP as a function of weight
(100 keV and 120 keV).

Protocol a* b* R2** a* b* R2**

100 keV 120 keV

chest −0.044 3.603 0.9 −0.042 3.635 0.9
abdomen −0.036 3.481 0.8 −0.033 3.488 0.8
head 0.002 0.513 0.2 0.003 0.554 0.1

*a and b are fit coefficients for the equation relating effective doses per DLP to
total weight.
**R2 is the coefficient determination for the fit.
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skull’s mass difference was 161.15% for the two models.
Finally, effective doses per DLP were estimated for each case. These

factors are different from the existing reference values and this can be
explained by anatomical differences in the phantoms and scanned re-
gions used. Our basic goal was to define the dependence of the effective
doses per DLP on body and organ mass and not to replace the existing
reference values. Higher effective doses effective doses per DLP do not
necessarily mean higher effective doses, as the DLP has to be kept ap-
propriately low in pediatric CT practice, which reduces the effective
dose and offsets the effects of higher conversion factors. A good cor-
relation between dose and total weight is suggested in the current study
(R2 > 0. 8) (Table 6) for the chest and abdomen protocols. The results
for the head protocol indicated a very poor correlation between dose
and the patient’s weight. This was due to the fact that head weights of
the patient-specific phantoms were not proportionate to the total mass
of the total phantom weight.
Compared with the values obtained by Lee et al., our computed

effective doses effective doses per DLP for the peadiatric models had
average discrepancies, for 100 keV, 13%, 17% and 23% for chest, ab-
domen/pelvis and head protocols respectively. For 120 keV the corre-
sponding average discrepancies were 23% for the chest and abdomen/
pelvis and 27% for the head protocols. The discrepancies of these values
are comparable to published literature [32,48] and are mainly attrib-
uted to anatomical differences present in the phantoms, as well as the
different scanned regions. Indicatively, up to 33% organ dose differ-
ences were presented in the chest protocol of Lee et al. compared to the
study of Shrimpton et al. [48].
Across the different kind of phantoms, the internal organs vary in

number and in morphology, such as shape, dimensions and position. In
addition, the relative position of the organs in the scan coverage is
different in every case and the same scan region is hard to be defined.

5. Conclusions

As reported in the results and discussion section absorbed dose per
organ, in pediatric CT protocols plays a crucial role, and high variations
are reported, due to anatomical differences. In this study GATE MC
Simulation toolkit was used incorporating a population of different
pediatric models in order to estimate such differences. Based on such
reported results, the idea is to extend the CT dosimetry database, by
using a large population of pediatric models, and to improve the ac-
curacy of external dosimetry for new patients undergoing CT exams.
Providing such dosimetry datasets for each pediatric protocol (in-
cluding pediatric models with differences in anatomy), the clinician
should be able to assess internal absorbed doses per organ before the CT
acquisition. The individualized anatomical characteristics will be

considered to match each patient to the closest model of the existed
database.
Our aim is to use this database for future patients, estimating the

absorbed dose by correlating the patient to one of the database’s
phantoms. More precisely, more phantoms should be included in the
database, and with the aid of Machine Learning techniques, be able to
estimate the absorbed dose per organ, taking into account several
anatomical characteristics of the patient. Indicatively, the lung height
could thus be used as an additional internal anatomy parameter, should
the CT of the new patient is available. The lung is one of the easiest
organs to segment, and its height can be automatically extracted and
used for the best matching of the patient to the closest available
phantom.
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