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Abstract
Positron emission tomography (PET)/computed tomography (CT) is a well-
known modality for the diagnosis of various diseases in children and adult
patients. On the other hand, younger patients are more radiosensitive than
adults, so there are concerns about the level of ionizing radiation exposure in
pediatric whole body PET/CT imaging. In this regard, comprehensive specific
radiation dosimetry for whole body PET/CT imaging is highly desired for differ-
ent ages,sizes,and shapes.Therefore, in this study,organ absorbed doses were
evaluated for pediatric voxel models from 4 to 14 years old and compared with
those of ICRP phantoms.Monte Carlo calculation was performed to evaluate S-
value, absorbed dose, and effective dose from 18F-FDG radiotracers and whole
body CT scan for different computational models, including 4- to 14-year-old
phantoms. The results showed that the S-value and, therefore, absorbed dose
of 18F-FDG strongly depended on the phantom anatomy.These variations were
justified by the distance between source and target organs. Moreover, on aver-
age, the absorbed doses from whole body CT scans were 13.5 times lower than
those from 18F-FDG for all organs. According to the results, various anatomies
and ages should be considered for accurate dose evaluation.These data can be
used for specific risk assessment of the pediatric population in clinical nuclear
imaging.
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1 INTRODUCTION

Since its introduction, the clinical use of dual-modality
positron emission tomographic/computed tomographic
(PET/CT) imaging has grown substantially. PET uses a
radiopharmaceutical to provide functional data,whereas
CT provides anatomical information that increases
the diagnostic yield by measuring the attenuation
corrections.1 Therefore, the main concept of combined
whole body PET/CT imaging is to acquire anatomic
and metabolic information in a single study;2 so that
the incorporation of anatomic information provided
by CT greatly enhances the interpretation of PET
information.3,4 Due to its advantages, the major scanner
manufacturers no longer offer a PET scanner without a
CT component.5
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Because of its high sensitivity and target specificity for
the pediatric population, PET/CT is well established for
accurate disease detection, characterization, and treat-
ment monitoring6 and provides valuable diagnostic infor-
mation that may not be easily obtained using other
imaging techniques for both oncologic and nononco-
logic indications.7–9 Although in the majority of cases,
the medical benefit of this imaging exceeds the risk,one
should be prudent when exposing children to ionizing
radiation.10,11 Consequently, it is essential to evaluate
the amount of PET/CT radiation dose received in differ-
ent organs and tissues within the patient’s body espe-
cially for the pediatric population.

As widely accepted, children are more radiosen-
sitive than adults due to their rapid cell division
rates.1,5,12 In addition,they have the potential for a longer
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postirradiation life span for the emergence of induced
cancer relative to the adults.13–15 Therefore,at the same
level of radiation dose, children may experience greater
stochastic risks from ionizing radiation.16 It was reported
that lifetime attributable risks of all cancer incidence and
mortality for a 10-year-old (male and female) are almost
5.29 and 3.16 times higher than those of an adult at age
of 70 years, respectively,and these risks are even higher
for younger children.17

In this regard, the accurate assessment of radia-
tion dose delivered to the younger age group resulting
from PET/CT is of paramount importance. Thus, some
researchers evaluated the dose of this procedure for
children.18,19 According to the literature, there are con-
siderable differences between doses reported from styl-
ized and voxel-based phantoms with different ages and
anatomies.16,20,21 This means that the differences in
the whole body properties of various individuals cause
uncertainties in the dose values obtained using refer-
ence phantoms. Although reference phantoms are valu-
able, they have limited use in assigning organ doses for
the individual patient with a body’shape and size far from
the 50th height/weight percentile. Under these condi-
tions, phantoms of non-50th percentile heights/weights
were designed for patient dose estimates.22

Therefore, the assessment of organ absorbed dose
and effective dose for whole body PET/CT using var-
ious pediatric computational phantoms is desired. To
this end, this article will discuss the dosimetry aspect
of PET/CT for reference and nonreference pediatric
phantoms with different ages, including both PET, using
18F-fluoro-2-deoxy-D-glucose (FDG), radiopharmaceu-
tical, and CT components of the whole body scan to
determine the effect of the anatomical discrepancies
on organ absorbed doses and effective doses. Accord-
ingly, a richer set of dosimetry results for pediatric
PET (FDG)/CT studies is provided that would allow
the practicing medical physicist to choose a model that
more closely resembles his/her patient. The results of
PET dosimetry are compared with those of ICRP pedi-
atric reference phantoms with the same ages. Organ
absorbed doses and effective doses are estimated
using computational phantoms and MCNP Monte Carlo
code.

2 MATERIALS AND METHODS

2.1 Computational phantoms

Computational phantoms series B of University of
Florida (UF),23 including 4-,8- 11-,and 14-year-old male
and female models, were used in this study for Monte
Carlo-based radiation dosimetry calculations. These
phantoms were created from earlier head–torso phan-
toms of UF Series A by utilizing segmented and rescaled
CT images of a healthy adult volunteer.24 Moreover, the

virtual phantom family of Foundation for Research on
Information Technologies in Society (IT’IS), including 5-,
6-, 8-, 11-, and 14-year-old male and female models,
were considered in simulations.25 They were designed
based on high-resolution magnetic resonance images
of healthy volunteers. As reported, UF pediatric series
are representative of reference pediatric subjects but
virtual phantoms of IT’IS Foundation are not in the
50th percentile of all children (worldwide).Body weights,
heights, and voxel dimensions for these pediatric phan-
toms are summarized in Table 1. The anterior views of
these computational phantoms are displayed in Figure 1.

2.2 18F-FDG radiotracers

The radiotracer investigated in this work was 18F-FDG.
18F-FDG is a common PET tracer. It is a glucose ana-
log used in the identification of glucose metabolism for
recognition or follow up of patients, and for investiga-
tion of myocardial and cerebral glucose metabolism.26

18F decays by positron emission and has a half time of
109.7 min.27

2.3 Internal dosimetry calculations

The mean absorbed dose DT (in terms of
mGy∕MBq) delivered to the target organ or tissue
(T) is the sum of absorbed dose arising from nuclear
transformations of the radionuclide in various source
organs (S) and is given by:

DT =
∑

S

ÃS S (T ← S) , (1)

where ÃS is the time-integrated cumulated activity of
the radiopharmaceutical in the source region and S(T ←
S) is the S-value describing the equivalent dose rate in
the target organ per unit activity in the source organ.28

The amount of S(T ← S) depends on the radiation type,
the energy emitted per transformation, the mass of the
target organ, and the geometry of the phantoms used
to represent the adult and children of various ages. The
S-value (in terms of mGy/MBq. h) can be calculated by:

S (T ← S) =
1

MT

∑

i

EiYi𝜑i , (2)

where MT is the mass of the target organ, Ei is the
energy of the ith radiation, Yi is the yield of ith radia-
tion per nuclear transformation, and 𝜑i is the absorbed
fraction of energy of radiation type i, which is given by:

𝜑i =
Ed

Ei
, (3)
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TABLE 1 Characteristics of the used computational phantoms

Age Sex
Height
(cm)

Weight
(kg)

Voxel
dimension
(mm)

Number of
tissue/organs

UF 4 Female 105.5 16.646 0.9 × 0.9 × 5.0 73

8 Female 132 28.372 1.1 × 1.1 × 6.0 73

11 Male 151.2 33.532 0.9 × 0.9 × 6.0 72

14 Male 169.7 48.741 1.1 × 1.1 × 6.7 72

IT’IS 5 Female 109 17.8 5.0 × 5.0 × 5.0 66

6 Male 117 19.3 5.0 × 5.0 × 5.0 67

8 Female 136 30.7 5.0 × 5.0 × 5.0 75

8 Male 139 26.0 5.0 × 5.0 × 5.0 66

11 Female 147 35.4 5.0 × 5.0 × 5.0 75

14 Male 169 50.4 5.0 × 5.0 × 5.0 77

TABLE 2 Biokinetic data for 18F-FDG taken from ICRP
publication 128

Organ (S) ÃS∕A0(h)

Brain 0.21

Heart wall 0.11

Lungs 0.079

Liver 0.13

Other organs and tissues 1.7

Urinary bladder contents

Adult, 15 years, 10 years 0.26

5 years 0.23

1 year 0.16

where Ed is the energy deposited in the target tissue.
ÃS and source organs of 18F-FDG were derived from
the biokinetic model reported in ICRP publication 128.26

These data are listed in Table 2. Brain, lungs, heart wall,
liver, urinary bladder contents, and the rest of the body
were considered as the source regions. It should be
noted that ÃS value for bladder content source was con-
sidered as 0.23 for ages of 5- and 6-year-old and for
other ages was set equal to 0.26. In this investigation,
whole body 18F-FDG PET imaging of pediatric patients
with a weight-based injected activity of 6 MBq/kg was
considered.

2.4 CT simulation

Simulations were performed for Siemens Somatom
Sensation 16 scanner (Siemens Medical Systems, Ger-
many), which has a fan beam angle of 52◦ and a focal
spot-to-axis distance of 57 cm. Scanner’s characteris-
tics and X-ray spectra were provided by the manufac-
turer. The method described by Khursheed et al.29 was
applied for simulating X-ray source rotating around the

subject. To model the CT scanner, 18-line sources were
considered around the circle (with a radius of 57 cm)
and parallel to the axis of rotation.Therefore,a series of
contiguous transverse slices with a thickness of 1 cm
covered the scan range, and the X-ray photons were
emitted over 360◦, normal to each line source. The
accuracy of the simulation was previously validated
by comparing measured computed tomography dose
index values with those obtained by simulation.30,31 The
CT technique was used for attenuation correction and
anatomic correlation of the PET findings as stated by
Alessio et al.32 Therefore, pitch of 1, tube voltage of
120 kVp, and weight-based tube loadings were studied
for whole body PET/CT imaging of pediatric patients.
Accordingly, tube loadings of 20 mAs for 4, 5, and
6 years old, 25 mAs for 8 years old, and 30 mAs for
11 and 14 years old phantoms were considered in the
simulations.1,19,32,33

2.5 Monte Carlo simulations

In this study, all the simulations were performed by
MCNP-4C Monte Carlo N-particle code.34 The decay
data of the investigated radionuclide were obtained from
the medical internal radiation dose.27 The energy spec-
trum of positron was manually defined in MCNP input
file. Radionuclide source of 18F was considered uni-
formly distributed in six source organs of brain, lungs,
heart wall, liver, urinary bladder contents, and rest of the
body in separated input files.

The energy deposition in the target regions was
obtained in units of MeV/g per particle by +F6 tally.
For numeric computations,an in-house FORTRAN code
was developed to extract the results from MCNP out-
put files and to calculate the S-values as well as the
absorbed doses and effective doses using published
biokinetic data and tissue weight factors. In all the
simulations, 1e7 particles were transported and the
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F IGURE 1 The anterior view of considered pediatric voxel phantoms in Monte Carlo simulation

relative errors of tally outputs were less than 2% in most
organs.

2.6 Effective dose calculation

Equivalent dose is a dose quantity representing the
impact of radiation type on organs and tissues, and
is defined as the absorbed radiation dose in an
organ/tissue corrected by a radiation weighting fac-
tor. The equivalent dose of HT is calculated as

HT = WR×DT; where WR is the radiation weighting fac-
tor for radiation R. It should be noted that WR of positron
radiation is equal to 1.Thus,HT is equal to the absorbed
dose for this radiation.

To estimate the effect of equivalent doses on all
organs of the human body, the concept of the effec-
tive dose was introduced by ICRP publication 103.35

The effective dose is defined by weighted sum of tis-
sue equivalent doses as E =

∑
T

WTHT ; where WT is the

tissue weighting factors for target organ T, and HT is the
equivalent dose in the target organ T.
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TABLE 3 Organ absorbed dose in whole body CT imaging (mGy/mAs) for different phantoms at 120 kVp

UF IT’IS
Age (year) 4 8 11 14 5 6 8(F*) 8(M**) 11 14

Breast 3.25E-2 3.26E-2 – – – – – – – –

Colon 4.01E-2 3.86E-2 3.63E-2 3.47E-2 3.81E-2 3.68E-2 3.66E-2 3.62E-2 3.53E-2 3.37E-2

Lungs 4.06E-2 3.85E-2 3.77E-2 3.80E-2 3.88E-2 3.66E-2 3.57E-2 3.79E-2 3.47E-2 3.33E-2

Stomach 3.75E-2 3.82E-2 3.53E-2 3.30E-2 3.67E-2 3.57E-2 3.55E-2 3.69E-2 3.47E-2 3.40E-2

Urinary bladder 4.19E-2 3.94E-2 3.67E-2 3.53E-2 4.16E-2 3.74E-2 3.41E-2 3.78E-2 3.37E-2 3.28E-2

Liver 3.83E-2 3.77E-2 3.57E-2 3.37E-2 3.80E-2 3.61E-2 3.63E-2 3.72E-2 3.53E-2 3.50E-2

Esophagus 4.38E-2 3.93E-2 3.90E-2 4.00E-2 6.95E-2 4.48E-2 3.38E-2 4.52E-2 3.63E-2 3.87E-2

Thyroid 9.15E-2 9.16E-2 5.77E-2 6.17E-2 – – – – 8.60E-2 9.37E-2

Gonads 3.87E-2 3.64E-2 5.27E-2 4.87E-2 3.74E-2 7.05E-2 3.14E-2 7.72E-2 2.81E-2 6.67E-2

Skin 5.90E-2 5.84E-2 5.90E-2 5.77E-2 5.55E-2 5.70E-2 5.96E-2 6.12E-2 6.03E-2 5.93E-2

Brain 6.85E-2 6.60E-2 6.00E-2 6.17E-2 6.35E-2 6.55E-2 6.24E-2 6.64E-2 6.47E-2 6.33E-2

Kidney 3.92E-2 3.88E-2 3.57E-2 3.37E-2 3.73E-2 3.61E-2 3.60E-2 3.61E-2 3.47E-2 3.40E-2

Salivary glands 7.15E-2 7.40E-2 6.97E-2 6.93E-2 – – – – – –

Adipose 5.20E-2 5.04E-2 5.10E-2 4.77E-2 4.87E-2 4.67E-2 4.20E-2 4.32E-2 4.77E-2 4.10E-2

Adrenals 3.35E-2 3.31E-2 3.07E-2 2.97E-2 – 3.24E-2 3.07E-2 – 2.99E-2 2.75E-2

ET region 9.30E-2 9.04E-2 8.87E-2 8.57E-2 6.85E-2 5.35E-2 4.92E-2 5.84E-2 5.93E-2 6.73E-2

Gall bladder 3.52E-2 3.69E-2 3.37E-2 3.08E-2 3.64E-2 3.56E-2 3.47E-2 3.51E-2 3.43E-2 3.37E-2

Heart wall 3.99E-2 3.78E-2 3.70E-2 3.73E-2 3.82E-2 3.72E-2 3.58E-2 3.73E-2 3.47E-2 3.30E-2

Muscle 5.90E-2 5.84E-2 5.67E-2 5.53E-2 6.05E-2 5.75E-2 6.12E-2 6.20E-2 5.77E-2 5.93E-2

Pancreas 3.63E-2 3.79E-2 3.33E-2 3.09E-2 3.61E-2 3.43E-2 3.43E-2 3.39E-2 3.29E-2 3.24E-2

SI wall 3.98E-2 3.83E-2 3.57E-2 3.47E-2 3.80E-2 3.55E-2 3.76E-2 3.56E-2 3.37E-2 3.47E-2

Spleen 3.89E-2 3.88E-2 3.70E-2 3.43E-2 3.86E-2 3.70E-2 3.70E-2 3.89E-2 3.57E-2 3.63E-2

Thymus 4.10E-2 3.53E-2 3.67E-2 3.57E-2 3.68E-2 3.64E-2 3.40E-2 3.61E-2 3.30E-2 3.40E-2

Uterus/prostate 3.75E-2 3.50E-2 3.63E-2 3.57E-2 3.42E-2 3.68E-2 3.13E-2 4.20E-2 2.69E-2 3.09E-2

Eye lenses 7.30E-2 7.36E-2 7.03E-2 7.07E-2 6.40E-2 6.55E-2 6.64E-2 7.40E-2 7.40E-2 –

Pituitary gland 5.60E-2 5.56E-2 5.07E-2 5.07E-2 4.16E-2 4.43E-2 3.96E-2 – 4.87E-2 4.90E-2

Spinal cord 4.34E-2 4.16E-2 4.27E-2 3.87E-2 4.03E-2 3.64E-2 4.32E-2 3.51E-2 3.43E-2 4.17E-2

Red bone marrow 6.05E-2 5.56E-2 5.37E-2 5.17E-2 5.90E-2 6.50E-2 5.72E-2 5.48E-2 5.63E-2 4.37E-2
*Female.
**Male.

3 RESULTS

3.1 CT absorbed dose

Absorbed doses of 30 organs (in mGy/mAs) for UF
and IT’IS phantoms at a tube voltage of 120 kVp are
listed in Table 3. It should be mentioned that eye lenses,
breast, thyroid, salivary gland, adrenals, and pituitary
gland for some phantoms were not defined in their
models. So, absorbed doses for these organs were not
reported. Based on the table, the organ absorbed doses
depended on the ages and anatomies of phantoms. For
instance,colon and lung doses of all UF phantoms were
higher than those of IT’IS at the same age with the
maximum difference of 6.2% (for 8 years) and 12.4%
(for 14 years), respectively. On the other hand, the brain
dose of UF 8-year-old phantom was 5.4% greater and
0.6% lower than that of IT’IS 8-year-old female and male

phantoms, separately. While this value for UF 11-year-
old was 7.8% lower than that of IT’IS 11-year-old. In
addition, the brain dose difference between 14-year-old
phantom models was 2.6%.

3.2 S-values

S-values of 18F-FDG for the source organs, including
brain, liver, bladder content, lungs, heart wall, and rest
of the body, were calculated in the considered computa-
tional phantoms in terms of mGy/MBq.h. The S-values
of critical target organs for considered phantoms are
given in Tables 4–9 for UF and IT’IS phantoms. Since
positrons deposited their energies at a short distance
from their creation locations; when the source and tar-
get organs were the same, its absorbed dose (self -
absorbed dose) S-value was higher than the absorbed
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TABLE 4 The S-value of lungs as source for different target organs

UF IT’IS
Age (year) 4 8 11 14 5 6 8(F*) 8(M**) 11 14

Skin 4.20E-3 2.71E-3 2.14E-3 1.70E-3 5.09E-3 3.53E-3 2.64E-3 2.93E-3 2.69E-3 1.75E-3

Stomach 2.16E-2 1.41E-2 1.45E-2 8.07E-3 2.29E-2 1.60E-2 1.11E-2 1.22E-2 7.88E-3 5.23E-3

Brain 1.94E-3 1.03E-3 9.44E-4 6.08E-4 1.23E-3 1.24E-3 9.48E-4 7.48E-4 6.93E-4 5.10E-4

Gall bladder 8.00E-3 5.93E-3 8.09E-3 4.26E-3 7.11E-3 5.68E-3 6.40E-3 4.55E-3 3.33E-3 2.41E-3

Thyroid 2.19E-2 1.16E-2 1.75E-2 1.19E-2 – – – – 1.12E-2 6.11E-3

Heart 4.59E-2 3.21E-2 3.31E-2 2.36E-2 5.35E-2 4.23E-2 3.40E-2 3.30E-2 2.97E-2 2.05E-2

Liver 1.87E-2 1.50E-2 1.41E-2 6.56E-3 2.03E-2 1.49E-2 1.26E-2 1.30E-2 1.14E-2 7.04E-3

Bladder 8.75E-4 3.46E-4 2.24E-4 2.66E-4 6.03E-4 4.82E-4 3.69E-4 2.10E-4 1.49E-4 1.61E-4

Small intestine 3.73E-3 2.31E-3 2.14E-3 1.15E-3 4.31E-3 6.71E-3 2.45E-3 3.74E-3 5.73E-4 1.04E-3

Pancreas 9.64E-3 7.44E-3 7.89E-3 4.75E-3 1.05E-2 8.22E-3 6.80E-3 4.70E-3 3.55E-3 3.21E-3

Thymus 3.91E-2 2.90E-2 3.17E-2 2.21E-2 4.31E-2 4.32E-2 3.14E-2 3.66E-2 3.30E-2 1.74E-2

Kidney 8.63E-3 5.63E-3 7.33E-3 6.81E-3 7.64E-3 5.87E-3 6.38E-3 4.66E-3 3.38E-3 3.89E-3

Colon 2.63E-3 1.67E-3 1.90E-3 1.80E-3 4.60E-3 2.39E-3 2.08E-3 1.23E-3 7.91E-4 8.06E-4

Lungs 5.88E-1 3.74E-1 2.77E-1 1.95E-1 5.03E-1 4.56E-1 3.58E-1 3.19E-1 3.03E-1 2.37E-1

Adrenal 1.69E-2 1.06E-2 1.32E-2 1.78E-2 – 1.15E-2 1.12E-2 – 6.46E-3 8.43E-3

Red bone marrow 8.65E-3 6.16E-3 5.17E-3 3.25E-3 1.02E-3 1.51E-3 1.36E-3 1.17E-3 3.56E-4 3.28E-4

Extrathoracic airways 1.20E-2 6.78E-3 2.53E-2 4.58E-3 9.16E-3 2.36E-2 1.59E-2 1.25E-2 1.28E-2 8.95E-3
*Female.
**Male.

TABLE 5 The S-value of brain as source for different target organs

UF IT’IS
Age (year) 4 8 11 14 5 6 8(F*) 8(M**) 11 14

Skin 3.16E-3 2.34E-3 1.98E-3 1.49E-3 2.16E-3 2.08E-3 1.66E-3 1.58E-3 1.72E-3 7.44E-4

Stomach 6.07E-4 3.09E-4 3.11E-4 1.57E-4 4.42E-4 4.27E-4 2.94E-4 1.77E-4 1.69E-4 8.90E-5

Brain 1.86E-1 1.81E-1 1.62E-1 1.61E-1 1.86E-1 1.69E-1 1.68E-1 1.77E-1 1.75E-1 1.49E-1

Gall bladder 4.39E-4 2.14E-4 2.86E-4 1.22E-4 3.23E-4 2.17E-4 1.45E-4 1.68E-4 9.02E-5 5.35E-5

Thyroid 6.31E-3 3.75E-3 2.80E-3 2.28E-3 – – – – 2.74E-3 2.20E-3

Heart 1.49E-3 7.37E-4 7.13E-4 4.59E-4 8.26E-4 9.11E-4 6.67E-4 4.99E-4 4.47E-4 2.94E-4

Liver 7.09E-4 3.43E-4 3.57E-4 1.52E-4 4.50E-4 4.22E-4 3.08E-4 2.31E-4 2.07E-4 1.27E-4

Bladder 6.82E-5 1.87E-5 1.37E-5 1.02E-5 3.33E-5 2.83E-5 2.07E-5 1.79E-5 8.26E-6 7.88E-6

Small intestine 2.25E-4 1.09E-4 8.76E-5 3.67E-5 1.69E-4 2.57E-4 1.05E-4 1.01E-4 2.66E-5 2.8E-5

Pancreas 4.28E-4 2.21E-4 2.20E-4 1.21E-4 2.88E-4 2.90E-4 1.86E-4 1.37E-4 8.78E-5 9.08E-5

Thymus 3.19E-3 1.17E-3 1.57E-3 1.12E-3 1.34E-3 1.68E-3 1.46E-3 9.23E-4 7.51E-4 6.62E-4

Kidney 4.52E-4 2.09E-4 2.35E-4 1.62E-4 2.70E-4 2.30E-4 1.80E-4 1.31E-4 9.74E-5 9.17E-5

Colon 1.81E-4 8.63E-5 8.15E-5 5.95E-5 1.67E-4 1.21E-4 8.75E-5 4.14E-5 3.23E-5 2.21E-5

Lungs 1.93E-3 1.03E-3 9.41E-4 6.05E-4 1.23E-3 1.26E-3 9.52E-4 7.25E-4 7.00E-4 5.03E-4

Adrenal 6.02E-4 2.81E-4 2.96E-4 2.47E-4 – 3.12E-4 3.18E-4 – 1.43E-4 6.65E-5

Red bone marrow 8.67E-3 6.83E-3 6.01E-3 4.74E-3 1.12E-4 1.21E-2 2.05E-3 5.51E-3 7.12E-3 4.88E-5

Extrathoracic airways 1.11E-2 8.19E-3 2.15E-3 6.10E-3 1.01E-2 7.21E-3 4.75E-3 6.36E-3 5.66E-3 2.86E-3
*Female.
**Male.

dose of other target organs. Moreover, by increasing the
age and organ dimension, the self -absorbed dose S-
value decreased. For example, the self -absorbed dose
S-value of the brain ranged from 1.86E-1 to 1.61E-1
mGy/MBq.h for UF pediatric phantoms. Whereas, this

value for IT’IS phantoms was from 1.86E-1 to 1.49E-
1 mGy/MBq.h. A similar behavior was found for the
other source organs. The self -absorbed dose S-values
of the source organs and their masses for different ages
of phantoms are displayed in Figure 2. According to
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TABLE 6 The S-value of urinary bladder content as source for different target organs

UF IT’IS
Age (year) 4 8 11 14 5 6 8(F*) 8(M**) 11 14

Skin 4.03E-3 2.38E-3 1.99E-3 1.5E-3 4.11E-3 3.49E-3 2.4E-3 2.59E-3 1.89E-3 1.6E-3

Stomach 3.74E-3 1.55E-3 6.79E-4 1.18E-3 1.83E-3 1.79E-3 1.43E-3 1.52E-3 9.81E-4 1.13E-3

Brain 6.96E-5 2.13E-5 1.22E-5 9.40E-6 3.46E-5 3.23E-5 1.89E-5 1.17E-5 7.63E-6 5.72E-6

Gall bladder 4.72E-3 1.61E-3 7.75E-4 1.27E-3 3.75E-3 2.92E-3 1.84E-3 1.57E-3 1.62E-3 1.91E-3

Thyroid 2.74E-4 6.42E-5 6.70E-5 6.33E-5 – – – – 3.09E-5 2.53E-5

Heart 1.04E-3 4.83E-4 2.45E-4 2.38E-4 7.66E-4 5.76E-4 4.85E-4 2.56E-4 1.97E-4 2.15E-4

Liver 2.62E-3 1.04E-3 5.67E-4 9.47E-4 1.88E-3 1.54E-3 1.26E-3 8.52E-4 6.42E-4 8.23E-4

Bladder 5.00E-1 8.29E-1 4.42E-1 1.30E-1 5.98E0 4.97E0 1.24E0 3.11E0 4.21E0 9.51E-1

Small intestine 1.00E-2 6.79E-3 6.05E-3 1.45E-2 4.60E-2 2.94E-3 1.12E-2 3.01E-3 4.11E-2 1.36E-2

Pancreas 4.43E-3 1.46E-3 9.97E-4 1.67E-3 2.76E-3 2.80E-3 2.26E-3 2.03E-3 1.50E-3 1.50E-3

Thymus 4.75E-4 2.59E-4 9.14E-5 9.13E-5 3.29E-4 2.83E-4 2.05E-4 1.37E-4 1.04E-4 6.86E-5

Kidney 4.14E-3 1.73E-3 9.75E-4 1.16E-3 3.47E-3 3.25E-3 2.14E-3 1.68E-3 1.41E-3 1.14E-3

Colon 5.00E-2 3.68E-2 3.21E-2 9.19E-3 3.09E-2 5.30E-2 2.32E-2 5.28E-2 3.03E-2 2.27E-2

Lungs 8.86E-4 3.53E-4 2.19E-4 2.61E-4 6.08E-4 4.75E-4 3.74E-4 2.29E-4 1.66E-4 1.59E-4

Adrenal 2.84E-3 1.08E-3 7.14E-4 6.53E-4 – 1.80E-3 1.15E-3 – 6.22E-4 5.79E-4

Red bone marrow 1.00E-2 5.93E-3 5.45E-3 4.34E-3 1.04E-2 4.49E-4 4.21E-3 5.62E-3 3.47E-3 1.53E-3

Extrathoracic airways 2.09E-4 6.68E-5 9.35E-5 3.72E-5 7.08E-5 2.02E-4 1.10E-4 8.46E-5 4.81E-5 1.90E-5
*Female.
**Male.

TABLE 7 The S-value of heart wall as source for different target organs

UF IT’IS
Age (year) 4 8 11 14 5 6 8(F*) 8(M**) 11 14

Skin 3.71E-3 2.46E-3 1.93E-3 1.49E-3 4.89E-3 3.01E-3 2.39E-3 2.49E-3 2.35E-3 1.56E-3

Stomach 2.48E-2 2.15E-2 1.74E-2 7.47E-3 3.86E-2 2.23E-2 2.40E-2 1.44E-2 1.54E-2 1.16E-2

Brain 1.49E-3 7.11E-4 7.08E-4 4.53E-4 7.97E-4 9.14E-4 6.78E-4 4.88E-4 4.40E-4 2.78E-4

Gall bladder 1.00E-2 5.33E-3 8.56E-3 4.23E-3 9.47E-3 7.89E-3 8.11E-3 5.86E-3 4.34E-3 3.33E-3

Thyroid 1.84E-2 7.15E-3 1.26E-2 7.11E-3 – – – – 5.17E-3 3.04E-3

Heart 1.82E0 1.40E0 9.95E-1 7.21E-1 2.66E0 7.54E-1 1.01E0 7.05E-1 1.03E0 4.24E-1

Liver 2.47E-2 1.54E-2 1.86E-2 7.87E-3 2.49E-2 2.07E-2 2.00E-2 1.80E-2 1.71E-2 9.97E-3

Bladder 1.00E-3 5.02E-4 2.39E-4 2.39E-4 8.06E-4 5.73E-4 4.94E-4 2.53E-4 1.96E-4 2.09E-4

Small intestine 4.76E-3 3.50E-3 2.52E-3 1.15E-3 6.74E-3 9.84E-3 3.76E-3 5.58E-3 8.28E-4 1.65E-3

Pancreas 1.48E-2 1.17E-2 9.44E-3 4.33E-3 2.11E-2 1.21E-2 1.31E-2 7.35E-3 6.24E-3 5.36E-3

Thymus 9.69E-2 1.02E-1 4.55E-2 3.84E-2 1.32E-1 9.54E-2 1.02E-1 9.41E-2 7.30E-2 4.39E-2

Kidney 8.53E-3 5.96E-3 5.89E-3 4.11E-3 8.81E-3 6.41E-3 8.06E-3 5.11E-3 4.89E-3 4.47E-3

Colon 3.20E-3 2.47E-3 2.22E-3 1.74E-3 7.41E-3 3.21E-3 2.99E-3 1.61E-3 1.14E-3 1.19E-3

Lungs 4.59E-2 3.21E-2 3.3E-2 2.36E-2 5.36E-2 4.22E-2 3.40E-2 3.31E-2 2.97E-2 2.04E-2

Adrenal 1.95E-2 1.40E-2 1.21E-2 9.71E-3 – 1.47E-2 1.81E-2 – 1.00E-2 1.06E-2

Red bone marrow 5.83E-3 4.33E-3 3.26E-3 2.21E-3 8.82E-4 1.33E-3 9.78E-4 9.26E-4 2.55E-4 2.18E-4

Extrathoracic airways 9.92E-3 4.38E-3 2.66E-2 3.29E-3 5.99E-3 2.13E-2 1.25E-2 1.16E-2 7.41E-3 5.33E-3
*Female.
**Male.

the results, the self -absorbed dose S-values decreased
when the source organs mass increased. As known,
absorbed dose is energy deposition per unit mass. So,
younger patients with smaller organs received higher
doses. So that, heart wall of IT’IS 5-year-old had the

lowest mass and the highest self -absorbed dose S-
value. Also, the self -absorbed dose S-value of heart
for UF 8-year-old was higher than those for IT’IS 8-
year-old male and female about 39% and 98%, respec-
tively.This amount was 9.95E-1 and 1.03 mGy/MBq.h for
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TABLE 8 The S-value of liver as source for different target organs

UF IT’IS
Age (year) 4 8 11 14 5 6 8(F*) 8(M**) 11 14

Skin 4.37E-3 2.83E-3 2.26E-3 1.57E-3 4.99E-3 3.35E-3 2.53E-3 2.65E-3 2.02E-3 1.67E-3

Stomach 2.53E-2 2.60E-2 2.48E-2 1.35E-2 2.89E-2 2.73E-2 2.65E-2 1.96E-2 1.64E-2 1.63E-2

Brain 7.03E-4 3.39E-4 3.52E-4 1.47E-4 4.52E-4 4.22E-4 3.01E-4 2.32E-4 2.07E-4 1.22E-4

Gall bladder 1.06E-1 9.43E-2 9.76E-2 6.84E-2 9.66E-2 8.71E-2 9.07E-2 6.97E-2 5.21E-2 4.52E-2

Thyroid 4.46E-3 2.33E-3 3.03E-3 1.23E-3 – – – – 1.63E-3 1.01E-3

Heart 2.48E-2 1.55E-2 1.87E-2 7.87E-3 2.49E-2 2.08E-2 2.00E-2 1.80E-2 1.71E-2 9.92E-3

Liver 3.95E-1 2.67E-1 2.48E-1 1.69E-1 4.04E-1 3.43E-1 2.87E-1 2.40E-1 2.38E-1 1.72E-1

Bladder 2.57E-3 1.04E-3 5.84E-4 9.66E-4 1.85E-3 1.52E-3 1.27E-3 8.28E-4 6.27E-4 8.64E-4

Small intestine 1.18E-2 8.17E-3 7.81E-3 6.70E-3 1.14E-2 2.58E-2 1.12E-2 1.49E-2 2.93E-3 5.24E-3

Pancreas 4.30E-2 2.99E-2 2.46E-2 1.15E-2 5.95E-2 4.44E-2 3.55E-2 3.22E-2 2.41E-2 2.04E-2

Thymus 8.07E-3 5.62E-3 4.59E-3 2.01E-3 9.01E-3 7.63E-3 5.51E-3 5.25E-3 6.2E-3 3.31E-3

Kidney 3.30E-2 2.09E-2 1.91E-2 1.08E-2 3.78E-2 3.02E-2 2.58E-2 2.46E-2 2.23E-2 1.95E-2

Colon 1.14E-2 5.82E-3 9.15E-3 1.22E-2 1.32E-2 1.17E-2 1.12E-2 7.77E-3 5.54E-3 5.46E-3

Lungs 1.87E-2 1.51E-2 1.41E-2 6.57E-3 2.03E-2 1.51E-2 1.26E-2 1.30E-2 1.14E-2 6.99E-3

Adrenal 4.86E-2 2.93E-2 3.41E-2 1.22E-2 – 6.43E-2 4.50E-2 – 2.93E-2 2.91E-2

Red bone marrow 4.83E-3 3.47E-3 2.89E-3 1.36E-3 9.46E-4 5.27E-4 7.28E-4 7.63E-4 1.79E-4 2.01E-4

Extrathoracic airways 2.97E-3 1.61E-3 3.96E-3 7.26E-4 2.16E-3 3.48E-3 2.25E-3 1.79E-3 1.81E-3 1.13E-3
*Female.
**Male.

F IGURE 2 Self -absorbed dose S-value for UF and IT’IS
phantoms

11-year-old UF model and IT’IS phantom, respectively.
While for 14-year-old, the heart S-value of IT’IS phan-
tom was 70% lower than that of UF phantom.

It can be seen that the cross-absorbed dose S-value
(when the source and target organs are not the same)
depended on the distance between source and target
organ.According to the results, the cross-absorbed dose
S-value had a complicated correlation with age and
source organs; because the amount of energy deposi-
tion from positrons and photons in the target organs is

more affected by source/target distance. As reported in
some studies, this behavior could be justified consider-
ing the location of the source organ compared to the
target organs.16

Given Table 5, for instance, by increasing the distance
between the brain (as the source) and target organs,
such as small intestine, kidneys, and colon, the cross-
absorbed dose S-value decreased. Mainly, the cross-
absorbed dose S-value decreased when the phantom
age increased. A similar tendency was observed for
other sources and target organs.

3.3 18F-FDG absorbed dose

The absorbed dose of target organs from 18F-FDG was
calculated using Equation (1). The absorbed doses per
unit administered activity to critical organs for all phan-
toms are displayed in Table 10.

According to this table, the minimum amount of
absorbed dose belonged to the skin for all ages
and types of phantoms. The liver and urinary blad-
der received the highest amount of dose in UF phan-
toms. While in IT’IS phantoms, heart and urinary
bladder had the maximum absorbed dose among the
other organs. Based on the results, the amount of
absorbed dose decreased with increasing the distance
of organs, which was strongly related to the anatomy
and type of the phantom. According to the calculations,
the liver absorbed dose of UF 8-year-old was higher
than that of IT’IS 8-year-old female and male models by
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TABLE 9 The S-value of rest of body as source for different target organs

UF IT’IS
Age (year) 4 8 11 14 5 6 8(F*) 8(M**) 11 14

Skin 6.82E-3 5.12E-3 4.24E-3 3.37E-3 4.90E-3 4.44E-3 8.3.0E-3 3.26E-3 7.32E-3 2.13E-3

Stomach 1.77E-2 1.79E-2 1.73E-2 1.23E-2 2.30E-2 2.12E-2 1.09E-2 1.42E-2 9.29E-3 8.36E-3

Brain 3.53E-3 2.3E-3 2.00E-3 1.87E-3 3.62E-3 1.28E-3 2.03E-3 3.52E-3 1.78E-3 1.20E-3

Gall bladder 1.66E-2 1.67E-2 1.34E-2 1.08E-2 8.65E-3 1.82E-2 1.01E-2 1.37E-2 9.50E-3 8.11E-3

Thyroid 2.01E-2 1.86E-2 1.49E-2 1.22E-2 – – – – 1.03E-2 6.86E-3

Heart 6.75E-3 3.56E-3 3.20E-3 2.38E-3 6.57E-3 5.85E-3 3.89E-3 4.01E-3 4.06E-3 2.67E-3

Liver 6.34E-3 3.47E-3 3.71E-3 2.57E-3 6.14E-3 6.46E-3 3.97E-3 4.07E-3 3.35E-3 3.02E-3

Bladder 1.97E-2 2.12E-2 1.69E-2 1.20E-2 1.12E-2 1.06E-2 6.10E-3 7.33E-3 5.88E-3 4.43E-3

Small intestine 2.08E-2 2.10E-2 1.70E-2 1.34E-2 2.33E-2 2.32E-2 1.19E-2 1.51E-2 1.02E-2 8.97E-3

Pancreas 2.09E-2 2.16E-2 1.89E-2 1.45E-2 2.43E-2 2.33E-2 1.20E-2 1.57E-2 1.01E-2 9.44E-3

Thymus 1.92E-2 1.92E-2 1.61E-2 1.32E-2 2.07E-2 1.95E-2 1.01E-2 1.33E-2 8.87E-3 7.51E-3

Kidney 2.09E-2 2.20E-2 1.77E-2 1.43E-2 2.42E-2 2.34E-2 1.17E-2 1.62E-2 8.78E-3 8.93E-3

Colon 1.87E-2 1.87E-2 1.59E-2 1.32E-2 2.33E-2 2.16E-2 1.17E-2 1.49E-2 1.04E-2 8.89E-3

Lungs 7.28E-3 3.98E-3 3.67E-3 2.86E-3 6.59E-3 7.25E-3 4.32E-3 4.89E-3 3.82E-3 3.14E-3

Adrenal 2.13E-2 2.20E-2 1.77E-2 1.30E-2 – 2.36E-2 1.11E-2 – 9.86E-3 8.9E-3

Red bone marrow 1.58E-2 1.62E-2 1.28E-2 1.05E-2 2.15E-2 1.83E-2 1.00E-2 1.49E-2 8.59E-3 7.39E-3

Extrathoracic airways 1.96E-2 1.86E-2 1.59E-2 1.21E-2 1.95E-2 2.08E-2 1.06E-2 1.54E-2 9.94E-3 7.81E-3
*Female.
**Male.

TABLE 10 Absorbed dose of 18F-FDG (mGy/MBq.h) for UF and IT’IS phantoms

UF IT’IS
Age (year) 4 8 11 14 5 6 8(F*) 8(M**) 11 14

Gonads 6.36E-2 5.45E-2 3.16E-2 2.40E-2 8.46E-2 1.61E-2 3.52E-2 1.56E-2 8.48E-2 4.35E-2

Skin 1.45E-2 1.07E-2 8.82E-3 6.93E-3 1.40E-2 7.4E-3 1.59E-2 4.72E-3 1.13E-2 9.83E-3

Stomach 3.88E-2 3.78E-2 3.59E-2 2.45E-2 2.05E-2 2.97E-2 2.59E-2 1.83E-2 4.94E-2 4.38E-2

Brain 4.55E-2 4.21E-2 3.75E-2 3.71E-2 3.99E-2 4.33E-2 3.89E-2 3.34E-2 4.55E-2 3.79E-2

Gall bladder 4.49E-2 4.22E-2 3.74E-2 2.85E-2 2.41E-2 3.38E-2 3.09E-2 2.07E-2 2.98E-2 4.43E-2

Thyroid 4.25E-2 4.17E-2 3.41E-2 2.70E-2 1.98E-2 – – 1.31E-2 – –

Heart 3.99E-2 3.44E-2 2.91E-2 2.31E-2 1.25E-1 8.95E-2 1.23E-1 5.42E-2 3.12E-1 9.93E-2

Liver 2.19E-1 1.65E-1 1.20E-1 8.64E-2 3.96E-2 4.14E-2 4.76E-2 2.94E-2 6.78E-2 5.95E-2

Urinary bladder 1.49E-1 2.52E-1 1.01E0 5.44E-2 1.10E0 8.21E-1 3.33E-1 2.55E-1 1.39E0 1.16E0

Small intestine 4.12E-2 3.92E-2 3.19E-2 2.76E-2 2.85E-2 2.93E-2 2.52E-2 1.97E-2 5.28E-2 4.51E-2

Esophagus 4.90E-2 4.53E-2 3.71E-2 2.81E-2 2.86E-2 3.54E-2 2.93E-2 2.09E-2 4.29E-2 4.64E-2

Pancreas 4.46E-2 4.29E-2 3.74E-2 2.75E-2 2.17E-2 3.26E-2 2.76E-2 2.00E-2 5.29E-2 4.81E-2

Kidneys 4.25E-2 4.16E-2 3.38E-2 2.70E-2 1.90E-2 3.21E-2 2.52E-2 1.88E-2 4.85E-2 4.57E-2

Colon 4.48E-2 4.25E-2 3.70E-2 2.68E-2 2.65E-2 4.04E-2 2.79E-2 2.19E-2 4.96E-2 5.10E-2

Lungs 6.69E-2 4.21E-2 3.39E-2 2.39E-2 3.54E-2 3.91E-2 4.13E-2 2.74E-2 5.99E-2 5.53E-2

Adrenals 4.68E-2 4.39E-2 3.72E-2 2.64E-2 – 5.15E-2 2.80E-2 2.09E-2 2.24E-2 2.09E-2

Red bone marrow 3.25E-2 3.19E-2 2.56E-2 2.07E-2 3.93E-2 3.41E-2 1.88E-2 2.82E-2 1.71E-2 1.30E-2

Eye lens 3.42E-2 3.33E-2 3.16E-2 2.19E-2 1.90E-2 1.23E-2 1.85E-2 2.85E-2 1.49E-2 –
*Female.
**Male.
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a factor of 3.46 and 5.61, respectively; while for UF 11-
and 14-year-old, the liver dose was 1.77 and 1.45 times
greater than that of IT’IS 11- and 14-year-old phantoms,
respectively.

4 DISCUSSION

In this study,organ and effective doses for weight-based
whole body pediatric PET/CT imaging were calculated.
In radiation protection dosimetry, anatomical variations
associated with body shape and size account for a
significant portion of uncertainty in the internal and
external dose estimates derived from 50th-percentile
phantoms. Although reference phantoms are valuable,
they have limited use in assigning organ doses for the
individual patients with a body’ shape and size far from
the 50th height/weight percentile. Since the reference
phantoms do not accurately reflect the range of varia-
tion in sizes of patients, the contribution of the present
work is to determine the dose values for additional sizes
of patients, so the practitioner could choose the model
that most closely matches his/her patient in terms of
height and weight. Thus, a wider range of patient sizes
has been analyzed in order to improve the accuracy of
dose estimates.Due to these issues,two different sets of
pediatric phantoms were investigated in the whole body
PET/CT imaging: UF reference and IT’IS nonreference
phantoms.

As suggested in the handbook of anatomical phan-
toms for future needs, a comparison between phantoms
is important to quantify the significance of dose uncer-
tainty due to variations in organ topology.36 Efforts in
developing database for radiation dose would also be
used to identify patients whose cumulative lifetime ion-
izing radiation dose from frequent imaging has reached
higher levels. This information may help determining
when alternative imaging could be considered.37 In addi-
tion, library of pediatric dose estimates could help the
manufacturer to improve the CT machine and reason-
ably maximizing the benefit to risk ratio. As known, the
benefit to risk ratio of CT imaging should be as high
as reasonably achievable. Accordingly, further work and
increased scrutiny on dose issues specifically for the
patient in CT practice is recommended to optimize dose
values. In this regard, CT manufacturers were chal-
lenged to focus on dose issue and improve their scan-
ners’dose efficiency.This trend is expected to be fulfilled
based on technical innovations and advances, so CT
can be a valuable very low-dose diagnostic modality.38

Although these considered PET/CT protocols result
in lower estimated effective doses for younger patients,
it does not address the children’s higher radiosensitiv-
ity, so that the same effective dose results in a greater
cancer risk for children than adults. As known, effec-
tive dose is the protection quantity, and its main use
is to assess dose for planning and optimization in

radiological protection.29 On the other hand,besides the
magnitude of the dose, cancer risk may depend on the
type of cancer, the quality of the radiation, the dose-rate,
the age, and gender of the exposed person.17 There-
fore, effective dose does not suffice to define pediatric
radiation-induced risks.

4.1 Comparison of absorbed dose
of 18F-FDG with ICRP values

Calculated absorbed doses and effective doses of 18F-
FDG for UF and IT’IS phantoms were compared with
those provided in ICRP publication 128 for 1-, 5-, 10-,
and 15-year-old children.26 This comparison is given in
Table 11.For better evaluation,the closest ages of phan-
toms were considered and organ absorbed doses of
IT’IS 5-year-old with ICRP 5-year-old, IT’IS and UF 11-
year-old with ICRP 10-year-old, and IT’IS and UF 14-
year-old with ICRP 15-year-old were compared together.
According to Table 11, a good agreement was found
between the data calculated in this study and ICRP pub-
lication 128 reference values. Our results were in the
same magnitude as those of ICRP publication 128, so
the calculation procedures were validated. This com-
parison confirmed that in general as age increases, the
absorbed dose of radiotracer decreases.The difference
between absorbed dose and effective dose for various
phantoms declared that the phantom type has an impor-
tant role in dosimetry calculations. It seems that anatom-
ical differences cause dose uncertainty at the same
ages of pediatric models. Since the amount of urinary
bladder contents (i.e., empty, partially filled, or full blad-
der) affects its size, the maximum difference in organ
absorbed doses between phantoms with the same age
was related to urinary bladder wall.Disregarding urinary
bladder, the maximum and minimum relative difference
in absorbed dose between IT’IS and ICRP phantoms
for 5-year-old was related to gonads (96.74%) and brain
(1.09%), respectively. The relative difference in effective
dose for two 5-year-old phantoms was 77.86%. The rel-
ative difference in absorbed dose between IT’IS and UF
of 11-year-old phantoms varied from 2.68% (for brain)
to 34.48% (for kidneys). Additionally, the maximum dis-
crepancy in effective dose was 78.38%. For 14-year-old
phantoms, the highest and lowest relative difference of
absorbed dose was for gall bladder wall (88.18%) and
liver (5%), respectively.While the uncertainty of effective
dose was 10.83%.

As Xie et al. stated, discrepancies between geome-
tries and tissue contours might affect S-values, and
therefore, absorbed dose; so that the ratios of S-value
between stylized and voxel phantoms varied between
0.21 and 2.32. On the other hand, for two voxel models
with different resolutions, there was a good agreement
between the ratios of S-value and given their results,
voxel size did not affect dose values significantly.21



MOHAMMADI AND AKHLAGHI 11 of 13

TABLE 11 Comparison of 18F-FDG absorbed dose (mGy/MBq.h) of UF and IT’IS phantoms with ICRP data

5-year-old 11-year-old 14-year-old

IT’IS ICRP IT’IS UF
ICRP
(10 years) IT’IS UF

ICRP
(15 years)

Gonads 8.46E-2 4.30E-2 2.87E-2 3.27E-2 2.70E-2 1.56E-2 2.40E-2 1.80E-2

Skin 1.13E-2 2.60E-2 1.40E-2 8.82E-03 1.50E-2 4.72E-3 6.93E-3 9.60E-3

Stomach 4.94E-2 3.50E-2 2.05E-2 3.59E-2 2.20E-2 1.83E-2 2.45E-2 1.40E-2

Brain 4.55E-2 4.60E-2 3.99E-2 3.75E-2 4.10E-2 3.34E-2 3.71E-2 3.90E-2

Gall bladder 2.98E-2 2.90E-2 2.41E-2 3.74E-2 1.80E-2 2.07E-2 2.84E-2 1.10E-2

Heart 3.12E-1 2.10E-1 1.25E-1 1.20E-1 1.30E-1 5.42E-2 8.64E-2 8.70E-2

Liver 6.78E-2 6.30E-2 3.96E-2 4.19E-2 4.20E-2 2.94E-2 2.80E-2 2.80E-2

Bladder 1.39E0 3.40E-1 1.10E0 1.44E-2 2.50E-1 2.55E-1 5.44E-2 1.60E-1

Small intestine 5.28E-2 4.00E-2 2.85E-2 3.19E-2 2.50E-2 1.97E-2 2.76E-2 1.60E-2

Esophagus 4.29E-2 3.50E-2 2.86E-2 3.71E-2 2.20E-2 2.09E-2 2.81E-2 1.50E-2

Pancreas 5.29E-2 4.00E-2 2.17E-2 0.03735 2.60E-2 2.00E-2 2.75E-2 1.60E-2

Thymus 5.46E-2 3.50E-2 2.67E-2 3.59E-2 2.20E-2 1.96E-2 2.89E-2 1.50E-2

Kidneys 4.85E-2 4.50E-2 1.90E-2 3.41E-2 2.90E-2 1.88E-2 2.70E-2 2.10E-2

Colon 4.96E-2 3.90E-2 2.65E-2 3.70E-2 2.50E-2 2.19E-2 2.68E-2 1.60E-2

Lungs 5.99E-2 6.20E-2 3.54E-2 3.39E-2 4.10E-2 2.74E-2 2.39E-2 2.90E-2

Red bone marrow 3.93E-2 3.20E-2 1.71E-2 2.57E-2 2.10E-2 1.30E-2 2.07E-2 1.40E-2

Effective dose (mSv/MBq) 9.96E-2 5.60E-2 6.60E-2 3.58E-2 3.70E-2 2.66E-2 3.34E-2 2.40E-2

4.2 Absorbed dose and effective dose
from whole body PET/CT

In this study, weight-based scanning protocols for whole
body PET/CT imaging of pediatric patients were applied,
so that the injected 18F-FDG activity of 6 MBq/kg39 and
CT tube loadings of 20 mAs for 4, 5, and 6 years
old, 25 mAs for 8 years old, and 30 mAs for 11 and
14 years old phantoms were considered.32 Therefore,
the absorbed dose from CT and PET components was
calculated (in mGy) based on the specifications of each
phantom. The comparison between absorbed doses of
PET and CT is illustrated in Figure 3 for UF and IT’IS
phantoms.

According to the results, the ratio of absorbed dose
from PET to CT scan was minimum for skin among the
other organs. So that this ratio was 1 for UF 4-year-
old and IT’IS 6-year-old and it was 1.96 for IT’IS 8-
year-old female phantom.While the maximum value was
observed for bladder and varied in the range of 17.78 for
UF 4-year-old to 230.89 for IT’IS 11-year-old phantom
depending on their bladder contents.

Effective doses of PET/CT imaging in terms of mSv
for all phantoms are provided in Figure 4. Based on
these data, PET contributes up to 90% of the effective
dose values. It is worth mentioning that total effective
dose (the sum of PET and CT component) of IT’IS 11-
year-old phantom had the largest value of 15.28 mSv,
and the UF 4-year-old phantom had the lowest value
of 6.15 mSv. The total effective dose of IT’IS 8-year-old
male phantom was 1.28 and 1.09 times higher than that

of IT’IS 8-year-old female and UF 8-year-old phantom,
respectively. Moreover, total effective doses of IT’IS 11-
and 14-year-old phantoms were 1.79 and 1.15 times
higher than those of UF phantoms with the same ages,
respectively.

According to the outcomes, the differences in the
amount of organ and effective doses of nonreference
phantoms (IT’IS), using data of UF reference phantoms,
are significant.This means that since anatomical data of
nonreference phantoms have not been adjusted based
on ICRP publication 89, they have many anatomical
differences (e.g., organ location, organ size, and organ
mass) with 50th percentile phantoms with the same age,
which causes discrepancies in dose values. Given the
fact that absorbed and effective doses vary according
to patient sizes, this investigation also emphasizes on
the importance of incorporating a library of phantoms
with various sizes into the database in order to help to
individualize dose calculations.

5 CONCLUSION

Monte Carlo method is a powerful tool for internal
radiation dosimetry calculation, where accurate dose
evaluation is grounded on reliable computational phan-
toms that simulate the internal anatomic geometries
and physical characteristics of the human body. The
results of absorbed dose and effective dose cal-
culations showed the discrepancies related to the
diversity of anatomy of the models (size, shape, and
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F IGURE 3 Comparison of absorbed dose due to PET and CT for (a) UF and (b) IT’IS phantoms

F IGURE 4 Comparison of effective dose due to PET and CT for
UF and IT’IS phantoms

position of the organs).Some physical characteristics of
organs/tissues in populations of different ages, shapes,
and sizes may be substantially different and present dif-
ferent radiosensitivity and radiation risks. So, evaluation
of age-, shape-, and size-dependent absorbed dose

using realistic anatomical computational phantoms is
recommended.

For this purpose, our study was conducted to evalu-
ate the radiation dose from whole body PET/CT pro-
cedures using UF and IT’IS computational phantoms
and to investigate the uncertainty dosimetric data. This
database of organ absorbed dose and effective dose for
18F-FDG can be used for radiation risk assessment of
pediatric patients in clinical routine.
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