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Abstract—Pediatric patient-specific dosimetry of ionizing
radiation is of great scientific and social interest. Children provide
a higher relative cancer-risk from exposure to ionizing radia-
tion compared to adults. The proposed study reviews the recent
techniques applied in pediatric imaging and therapy applica-
tions for dosimetry purposes. Modern medicine makes use of
advance computational tools for the personalization of internal
and external dosimetry, especially in the sensitive group of chil-
dren. Several groups of pediatric computational models have been
developed which are combined with Monte Carlo (MC) simula-
tions, machine learning (ML) techniques, and image processing
algorithms for accurate dosimetry assessment. More specifically,
this paper reviews the dosimetry applications in pediatric diag-
nostic procedures, including computed tomography and nuclear
medicine applications. Right afterward, the most recent appli-
cations in therapeutic brachytherapy protocols are presented,
which is a rather sensitive procedure in pediatrics. Finally, mod-
ern tools for dosimetry optimization are discussed, reviewing
the most indicative applications with: 1) MC simulations for
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pediatric dosimetry assessment; 2) pediatric computational mod-
els, widely used in medical applications; and 3) ML techniques
that provide an alternative method for estimating individualized
absorbed doses.

Index Terms—Monte Carlo (MC) simulations, pediatric com-
putational models, personalized dosimetry.

I. INTRODUCTION

ATIENT specific dosimetry is of high interest in pedi-
Patric applications as radiation sensitivity is noteworthy
higher compared to adults. Children have a higher risk of
developing cancer compared to adults receiving the equiva-
lent dose [1]. In addition, exposure to ionizing radiation in
children has a longer period in which it may cause devel-
opment of radiation-induced complications that may include
cancer or as future parents, risk for passing on radiation-
induced genetic defects in the next generations [2]. Diagnostic
applications (CT/SPECT/PET), therapeutic schemes targeted
radionuclide therapy and radiation treatment (RT) plans have
to be reconsidered reflecting the individual characteristics of
pediatric patients.

Radiation dose calculations from internal sources of
radioactivity have been a challenge to our scientific society
for over 50 years, from the simple thyroid self-dose estimates
of Marinelli et al. [3] to the 3-D dose maps and dose-volume
histograms for individual organs and tumors [4]. Over the
past three decades, administered doses in pediatric nuclear
medicine (NM) have evolved through clinical experience, con-
sidering the radiation-absorbed dose to the patient, the type
of study required, available photon flux, instrumentation, and
amount of time needed to perform the examination. Estimates
of administered activities for children older than 1 year have
typically been based on the recommended adult dose, corrected
for body mass or body surface area [5], [6]. MIRD Pamphlet
No. 17 [7] in 1999 presented the S-values at voxel level for
the dosimetry of nonuniform activity distribution of radiation
absorbed dose in body organs and tissues.

Previous studies have shown that increased exposure
to medical radiation increases the incidence of cancer
inductance [8], especially for those exposed in childhood or
adolescence [9], [10] although the extent of the excess relative
risk is still widely debated. The current methods to estimate
organ and effective dose from medical imaging examinations
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are based on studies using physical or computational phan-
toms, and/or models [11]-[19]. Computer-based phantoms,
with the flexibility to model an unlimited set of anatomies,
have the greatest potential to estimate patient-specific organ
and effective dose. Recent work in the development of comput-
erized phantoms has focused on the creation of ideal “hybrid”
models that seek to combine the realism of a voxelized phan-
tom and the flexibility of a mathematical phantom. In addition,
different morphometric categories include reference (limited
database of phantoms by age at 50th height/weight percentile),
patient-dependent (more extended database of phantoms cover-
ing a broad range of body shapes and sizes), patient-sculpted
(phantoms altered to match the patient’s unique outer body
contour), and patient-specific (an exact representation of
the patient with respect to both body contour and internal
anatomy) [20].

The development of accurate anatomical virtual anthro-
pomorphic models has reached a mature state for clinical
exploitation [21]. Monte Carlo (MC) simulations are widely
recognized as an essential method to study the physics of
NM, radiology, radiation therapy, and dosimetry. Combined
with accurate pediatric computational models, MC serve as
reference for the accurate determination of absorbed dose,
toward personalized dosimetry [22], [23]. The absorbed dose
per organ is crucial for children, where significant organ differ-
entiations exist compared to the adult population. The known
anatomy of the models and the MC tracking of the particles
serve as the ground truth in modern medicine.

Developing and optimizing dosimetry protocols in pediatric
applications is therefore of great social interest and worldwide
health community. However, there are important challenges to
address.

1) The computational time and the need of comput-
ing resources for implementing heavy and accurate
realistic MC simulations incorporating patient specific
characteristics.

2) Validation of several clinical protocols used in pediatric
diagnosis and therapy based on real data.

3) There are common difficulties on applying experimen-
tal dosimetry during clinical practice on children (such
as the CT dosimetry-based TLDs at the surface of the
body).

The aim of this review is to address the recent developments
in pediatric computational models, MC simulations, machine
learning (ML) techniques and advanced image processing
algorithms for dosimetry applications. These advanced tools
are required for the personalization of dosimetry assessment
in pediatric applications and will offer the clinician the pos-
sibility to assess imaging and therapeutic protocols predicting
the absorbed dose per organ with accuracy.

II. DOSIMETRY IN PEDIATRIC DIAGNOSIS APPLICATIONS
A. CT Dosimetry

Within the field of Radiology, X-ray imaging of the
pediatric population for diagnosis and/or therapy routinely

involves exposure to ionizing radiation for diagnostic and/or
guidance purposes [24]. The Image Gently Alliance is

a coalition of health care organizations dedicated to pro-
viding safe, high quality pediatric imaging worldwide [25],
and its primary objective is to raise awareness in the imag-
ing community of the need to adjust radiation dose when
imaging children. The Image Gently campaign dictates cer-
tain general principles [26]. First, X-ray exposure should be
considered/undertaken only when a clear diagnostic/medical
benefit is expected. Second, radiation-free alternative imag-
ing methods like ultrasonography and/or magnetic resonance
imaging should be used if possible. Third, the safest imaging
protocols and techniques matched to the size (not age) of the
child must be practiced at all times.

Special attention should be paid in the optimization and
modification of equipment, application of appropriate tech-
nique, and imaging parameters. Radiography represents 84%
of all ionizing radiation imaging examinations in children. To
best manage dose exposure while achieving good image qual-
ity for diagnosis, digital radiography (DR) (term used for both
computed radiography and direct DR) is recommended over
older generation analog screen-film technologies [26] because
of its more than 100 times greater latitude of exposure and the
versatility of digital image storage, distribution, and manip-
ulation that may partly compensate for underexposure and
overexposure of the relevant body [27].

The “Best practices in DR” white paper by the American
Society of Radiology Technologists explores in detail the nec-
essary steps and measures in the current era of DR [28].
In brief, prior to the medical examination, the radiographer
should consult with the radiologist and/or ordering physi-
cian to ensure the clinical validity and appropriateness of
the examination and prevent duplication. Departmental stan-
dards and protocols are usually centered around automatic
exposure control (AEC), use of the highest kVp within the
optimal range for the position and part coupled with the
lowest amount of mAs needed to provide an adequate expo-
sure to the image receptor, collimation of the X-ray beam to
the anatomic area appropriate for the procedure, use of lead
shielding for anatomic parts that are adjacent to the X-ray
field, etc.

However, in pediatric radiology the effective radiation dose
largely depends on patient thickness and target organ size
and adult AEC settings are not recommended. X-ray absorp-
tion/transmission depends on the atomic number composition
and thickness of the body part being imaged [29]. The Image
Gently campaign recommends measuring the size of children
with calipers if possible to ensure application of a standardized
imaging technique [25]. The relevant size-generated technique
charts may be used to appropriately size acquisition settings
for each child [30].

Adult radiography employs anti-scatter grids to reduce scat-
ter and improve contrast to noise ratio (CNR). Grids are
infrequently used in pediatric DR according to both the
American College of Radiology (ACR)—Society for Pediatric
Radiology [31], and the ACR—American Association of
Physicists in Medicine (AAPM)—society for imaging infor-
matics [32] guidelines. Furthermore, care should be taken for
appropriate positioning of the patient under the X-ray beam
in combination with appropriate collimation prior to radiation
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exposure. Collimation is necessary to protect body parts not
contributing to the clinical diagnosis or image guidance.

With the aim to standardize exposure settings, and espoused
by the 2004 ALARA conference in digital radiography [33],
both the international electrotechnical commission (IEC) [34],
and the AAPM, independently developed standardized ter-
minology. There are three important terms to be learned by
radiologists, radiologic technologists, and medical physicists
according to the new IEC standard: target exposure index
(ElT), exposure index (EI), and deviation index (DI) [35]. EI
is an index of the exposure of the detector in the relevant
image region. Elt is the target reference exposure when the
image receptor is exposed properly. The DI measures how
far the actual EI deviates from the theoretical Elt and serves
as an immediate feedback number to both the technologist
and interpreting radiologist indicating the adequacy of the
exposure [36]. Overall, use of exposure and deviation indices
in routine everyday practice may standardize local quality
improvement frameworks and help harmonize pediatric DR.

In the case of computed tomography (CT), it is estimated
that more than 10% of the more than 100 million CT caseload
per annum is performed in patients less than 18 years old [37].
Available risk estimates suggest that pediatric CT will result
in significantly increased lifetime radiation and consequently
cancer risk over adult CT examinations [38]. There are three
aspects that are unique to radiation dose in CT. First, sin-
gle axial CT images are acquired in a highly axial collimated
manner; second, there is more homogeneous exposure of the
tissue slice to radiation because of the rotational nature of
the CT X-ray beam, and third, radiation dose to the slice
volume is significantly higher because of the mAs and KVp
settings used to achieve a higher signal to noise ratio and
CNR. In addition, scattered dose in CT can be considerable
and may be even higher than the radiation burden from expo-
sure to the primary beam [39]. The CT dose index is defined
as the integral of the dose profile along a line parallel to
the axis of rotation for a single scan, divided by the nomi-
nal slice thickness and provides a good approximation of the
average tissue dose from multiple scans. For pediatric CT pro-
tocols, the Image Gently campaign recommends development
of children-specific CT protocols based on the thickness of
the body part imaged, along with automatic tube current mod-
ulation, reduced KVp techniques and iterative reconstruction
algorithms [40].

Frush et al. [41] have proposed the introduction of weight-
based color-coded CT body protocols to optimize radiation
exposure in children. These protocols employ fixed tube cur-
rent and peak voltage according to the children’s weight.
Establishment of pediatric patient abdominal and pelvic diag-
nostic reference levels (DRLs) using AEC settings has also
been recommended for all CT scanners in pediatric radiol-
ogy departments and have already been developed in several
European countries [37]. It has been shown that compliance
with the aforementioned protocols and guidance may result in
an up to 90% reduction of CT related radiation exposure [42].
In summary, for pediatric CT, dose reduction should be opti-
mized by the adjustment of scan parameters according to
patient weight or age, region scanned, and study indication
(e.g., images with greater noise should be accepted if they

are of sufficient diagnostic quality). Other strategies include
restricting multiphase examination protocols, avoiding over-
lapping of scan regions, and only scanning the area in question.
DRLs may help toward a quality assurance and improvement
framework in pediatric CT [43].

Interventional radiology (IR) in children employs real-time
fluoroscopy combined with digital angiography for the diagno-
sis and/or treatment of variety of medical conditions. Effective
radiation dose estimates in IR may vary widely during pedi-
atric IR procedures depending on the clinical aims at hand, the
experience of the operator, the child’s size and shape, and the
challenges of the particular anatomy being investigated [44].
A certain level of training in radiological protection is desir-
able and—in some countries—mandatory to ensure optimal
use of radiation [45]. Because of the dynamic nature of the
IR procedures, maintaining the proper source to table/patient
distance (no less than 15 In), minimizing patient to intensifier
distance, and carefully adapting patient position and tight col-
limation around the area of interest along with minimization
of fluoroscopy time with the least number of angiographic
exposure runs are the key elements for a safe pediatric IR
practice. In collaboration with the relevant vendors, children
specific angiographic protocols may be installed, or custom
made with dose reductions, variable frame rates and appro-
priate lengths of angiographic runs. Good medical practice
within the IR angiography suite should also include routine
use of “last image hold” and “fluoro save” options instead of
proper runs, pulsed fluoroscopy with a rate as low as 3 pulses
per second, and particular care not to expose the eyes, thyroid
and gonads [46]. Finally, relevant exposure indices, including
DAP, Air kerma, fluoroscopy time, etc., should be recorded
and monitored as part of a regular quality assurance and
improvement program [47].

In the conclusion, children have a longer life expectancy
and therefore have a higher average risk of future cancer
development compared to adults receiving the same dose of
radiation. The importance of rigorous justification of the need
for each radiological examination involving ionizing radiation
cannot be over-emphasized, and the application of alternative
radiation-free imaging modalities should always be consid-
ered. Imaging parameters may be adjusted, and protective
measures may be instituted so that the required image is
obtained with the lowest possible dose whilst sufficient image
quality is maintained for diagnostic purposes or therapeutic
guidance. Examples of good radiographic and fluoroscopic
practice include attention to patient positioning, adequate
collimation of field size, use of protective shielding as nec-
essary, optimization of exposure factors, preferential use of
pulsed over continuous fluoroscopy, CT tube current modula-
tion and organ-based CT dose modulation along with auto kV
technology and iterative reconstruction algorithms, etc. [1].

B. SPECT/PET Dosimetry

NM is a medical field involving the use of low radi-
ation activities for diagnostic and therapeutic applications,
appropriate for a big variety of clinical problems, such as
different types of cancers, gastrointestinal, endocrine, neu-
rological, and heart disorders. NM applications pinpoint the
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spatial distribution of a radioactive pharmaceutical within
the body, giving the opportunity for early disease diagnosis
and therefore for improved patient’s response to therapeutic
operations [48]-[50].

Due to the small amounts of radiation exposure, the arising
radiation risk from commonly used NM procedures is not sig-
nificant and there is no evidence of unwanted health effects.
Therefore, pediatric NM techniques are highly recommended.
Nevertheless, it is important to consider the guidelines for jus-
tification and optimization of image quality, and dose [6], [51].
There is lack of documentation in the low-dose range of the
long-term effects, while risk estimations below 100 mSv have
big uncertainties [52]-[54].

Therefore, the methods leading to dose reduction are a mat-
ter of concern and can be achieved with plenty of ways, such
as appropriate use, updated dose guidelines, adjusting imaging
protocols, image processing, and the development of advanced
imaging systems [55].

The appropriate use of a clinical application depends on
physicians, who have to select the safest and most effective
examination for a certain clinical problem and then have to
optimize the performance of the exam. The choice of the most
effective examination is a good strategy for early diagnosis,
therefore facilitates the immediate beginning of the therapy,
whereas, inadequate techniques can be harmful, increasing the
total number of examinations and decreasing patient’s comfort,
cooperation and satisfaction.

Universal dose guidelines for administering radiopharma-
ceutical doses are essentials especially in pediatric applica-
tions. In 2008, a survey carried out in North America revealed
that the administered doses of radiopharmaceuticals to chil-
dren varied a lot, especially with respect to minimum total
administered dose. This broad variation caused concerns and
emphasized the urgent need to develop pediatric standards,
according to the ALARA concept (as low as reasonably
achievable) [5].

The Image Gently Alliance encouraged the collabora-
tion of radiologic technologists, medical imaging physicists,
and pediatric radiologists in order to achieve a standardiza-
tion of the administered doses in pediatric NM. After the
organization of four consensus workshops, the 2010 North
American Consensus Guidelines for Pediatric Administered
Radiopharmaceuticals were developed [56], [57]. Image
Gently Alliance endorsed by the society of NM and molecular
imaging (SNMMI) proposed these guidelines and additional
posters and Web-based tools [58] have been developed.

The “A radiopharmaceuticals schedule for imaging in
pediatrics” guidelines with formulas based on the body
surface area and body-weight suggested minimum activi-
ties for mainly 99mTc-labeled radiopharmaceuticals were
published by the Paediatric Task Group of the European
Association of NM (EANM) [59]. Based on this paper,
Jacobs et al. [60] proposed new cards to calculate weight-
independent effective doses. Later EANM published a pae-
diatric dosage card for 39 radiopharmaceuticals [61], and
the dose limits for F-18 were updated with a new
study in 2008 [62]. In addition, the EANM released an
online dosage calculator [63] and generated an application

for iPhone/iPad (iAPP) under a project of the European
Union [64]. During 2012, the EANM and SNMMI collab-
orated to harmonize the guidelines proposed by the two
associations [65], [66]. The publication of new of international
guidelines (Pediatric Radiopharmaceutical Administration:
Harmonization Guidelines), including twelve radiopharmaceu-
ticals, was the result of this collaboration in 2014. Most
of the weight-based administered activities were computed
using adult reference activities, excluding gastric emptying
and cystography. Special procedure guidelines for diuretic
and standard renography in children were also addressed by
SNMMI and the EANM [67], [68].

The differences of the suggested procedures between
EANM (version 1.5.2008) and the 2010 North American
Consensus Guidelines were reported on 2015. Standard mod-
els and nominal organ-weighting data were used to estimate
critical-organ radiation doses for 5 typical pediatric patients
and 12 diagnostic examinations. The 37% of the studied pro-
cedures had no remarkable difference, while in 24% of the
cases, the resulting effective doses resulted from the American
consensus guidelines were more than 20% higher, especially
for dynamic renography (99mTc-MAG3) and 99mTc-sodium
pertechnetate for radionuclide cystography [69]. In the rest
of the cases (39%), the resulting effective doses resulted
from the EANM were more than 20% higher. The basic
difference occurs from the fact that weight-scaling is linear
for the North American Consensus Guidelines and nonlin-
ear for the EANM guidelines. The EANM pediatric dosage
card was last updated and published in 2016 [70] and the
North American guidelines published new recommendations
for 12 more radiopharmaceutical applications [71]. The sur-
veys that were followed showed that a few clinicians had
followed the new guidelines [72], [73].

The Japanese society of NM (JSNM) guidelines are also
widely used and have been translated into English. The JSNM
Optimization Committee-based their results on a survey of
14 Japanese clinical centers. The proposed guidelines have
the basis on the EANM class, baseline activity, and minimum
activity, with weight-based normalization factors and 24 radio-
pharmaceuticals were modified. Fahey et al. [74] in 2016,
reported the differences between the American Consensus
Guidelines, the JSNM and the EANM dosage card. They con-
cluded that all of them propose activities based on patient
weight, but still have significant differences for some cases
that should be further studied, especially for PET/CT minimum
activities [75], [76].

Fine-tuning of the imaging protocols is also an efficient way
to reduce the administered doses. The selection of the most
effective type of examination, dynamic or static can optimize
the radiation dose. For instance, some dynamic scintigra-
phies, such as **™Tc-MAGS3 for renography and hepatobiliary
scintigraphy are acquired by a first fast framing rate and then
are followed by a slower framing [77].

The dose and the total time of the acquisition can also be
reduced by advanced image processing algorithms, such as the
application of spatially adaptive filtering software [78], [79].
Adapting the degree of filtration to the image, random noise
can be decreased, keeping the spatial resolution high. Iterative
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image reconstruction provides high-quality studies, obtained
with much lower radiation exposure to the patient and shorter
acquisition times [80]—[84].

Improvements of the conventional instrumentation in NM,
such as optimized collimators for SPECT can increase the sen-
sitivity of a study and therefore reduce radiation burden [85].
In addition, solid-angle coverage in SPECT and PET can
also help to detect many more counts at a time, and detector
advances in new materials and technologies can also contribute
to a reduction of administered dose in pediatrics [86].

A new dosimetry methodology was proposed recently,
within the ERROR project [87], for personalizing the assess-
ment of pediatric dosimetry, considering the anatomical dif-
ferences of pediatric patients. The specific absorbed dose
rates metric was introduced and validated both in pre-
clinical and pediatric applications, creating new dosimetry
databases [88], [89].

III. BRACHYTHERAPY DOSIMETRY IN PEDIATRIC
THERAPY APPLICATIONS

Brachytherapy (BT) is a widely used alternative treatment
option to external beam radiotherapy (EBRT) for the con-
frontation of various cancer types in adults (e.g., prostate,
breast, cervical, gynecological, etc.). Advantages of BT over
EBRT are namely the high radiation conformity to the target
area; the high local control rate (80%) [90]; and the reduced
dose delivery to surrounding healthy tissue.

In face of the referred advantages, BT has become an
important aspect in the treatment of pediatric malignancies.
Pediatric patients (age <21) cannot be considered small adults.
Tumors in these patients are generally very sensitive to both
chemotherapy and radiotherapy, and long-term toxicities (e.g.,
growth retardation) are of great importance. The potential
danger of adverse effects of ionizing radiation upon growth
and normal tissue development, as well as potential second
malignancy induction restricts the delivery of high radiation
dose [91]. The ability to deliver localized dose with increased
dose sparing of healthy proximal tissue renders BT a valuable
asset for the cancer treatment of pediatric population. BT can
be used as standalone therapy or more commonly in combi-
nation with surgical resection. Patients with large tumor bed
cannot be treated with BT alone and require low-dose EBRT
boost when surgical resection is not performed [92].

We have reviewed the available literature from 1994 to
2018 and we noticed a considerable increase of BT appli-
cation for the treatment of pediatric carcinomas. Clinical
trials reporting the local control (LC), overall survival (OS),
morbidity, toxicity, and side-effects have been performed
investigating the effectiveness of various BT types [93]-[101].
Low dose rate BT (LDR-BT), intraoperative high dose rate
BT (IO-HDR-BT), and pulsed dose rate BT are few of the
considered BT types in the so far clinical experience with BT.

Clinical Experience With BT in Pediatrics: The largest
clinical experience with BT in pediatrics has been reported
for soft-tissue sarcoma [94], [97], [99], [100]. Furthermore,
clinical trials on patients with solid tumors [95], low-
grade gliomas [96], [101], and genital cancer—for both

male [93] and female [98] pediatric populations—have been
published. Merchant et al. [99] have reported on the treatment
of soft-tissue sarcoma with BT alone or as boost to EBRT.
A population of 31 patients that received treatment between
1988 and 1999 at St. Jude Children’s Research Hospital was
considered. Patients were treated with temporary or perma-
nent interstitial implants using iridium-192 or iodine-125. No
local or regional failures were recorded in the group treated
with BRT alone (n = 10). On the other hand, when BT and
EBRT were combined (n = 21) there were one local failure,
two regional failures, and three patients who developed pul-
monary metastasis. The median survival was 34 months. The
most common reported BT-related side effects were wound
dehiscence, fibrosis/telangectasia, pigment changes, and cel-
lulitis. Patients received 900—1000 cGy per day to a minimum
5 mm tissue depth.

Nag et al. [100] have studied the effectiveness of
IO-HDR-BT for the treatment of soft-tissue sarcoma patients.
From 1992 through 1999, 13 pediatric patients were treated
with a combination of chemotherapy, EBRT, IO-HDR-BT, and
surgical resection. The dose delivered at 5 mm tissue depth
with IO-HDR-BT was 10-15 Gy. EBRT dose was restricted
to 27-30 Gy. The median follow-up was 47 months (range
12-97). OS was 85% (11 patients alive). The reported LC rate
was 95% and the distant failure rate 23%. The authors con-
cluded that IO-HDR-BT is most effective when used as boost
of 10-20 Gy in completely resected or minimally residual
tumors. The dosimetric advantage of IO-HDR-BT in treat-
ing superficial residual tumors and previously irradiated fields
while avoiding underlying critical structures has been reported.

More recently, Folkert ef al. [94] performed a larger ret-
rospective study (75 patients) reporting on their 20-year
experience (1993-2013) with IO-HDR-BT for pediatric sar-
coma treatment. The median follow-up was 7.8 years. The
S-year rates of LC, OS, and event-free survival were 63%
(50%-76%), 43% (30%—-55%), and 33% (21%—-45%). Acute
toxicity > grade 3 and late toxicity > grade 3 occurrence were
found 2.5% and 5.3%, respectively, at 0.3-9.9 years after 10-
HDR-BT. All toxicity >grade 3 occurred in patients < 6 years
treated with IO-HDR-BT doses > 12 Gy. Therefore, it was
concluded that doses between 8-12 Gy are appropriate for
IO-HDR-BT in patients < 6 years of age.

Similarly, Laskar er al. [97] reported high LC in a clinical
study, including 105 children with soft-tissue sarcoma who
were treated with BT from 1984 through 2014. Median follow-
up was 65 months. LC and OS at 10 years were found 83
and 73%, respectively. Tumor size and location were found
significant while there was not considerable difference in LC
between patients receiving BT alone or BT combined with
EBRT (84% versus 80%, P = 0.43). Negligible difference
in LC was also reported between LDR-BT and IO-HDR-BT
(86% versus 83%, P = 0.30). From the 105 patients, 33 (31%)
received LDR-BT and 72 (69%) I0-HDR-BT. Combination of
BT and EBRT was delivered to 20 patients with median EBRT
dose 45 Gy (range: 30-60 Gy, 1.8-2 Gy daily fractions) and
LDR-BT dose 25-30 Gy (median: 30 Gy). IO-HDR-BT dose
was 15 Gy in five fractions. For the patients treated with BT
alone, median LDR-BT dose was 39.5 Gy (range: 35-50 Gy)



612 IEEE TRANSACTIONS ON RADIATION AND PLASMA MEDICAL SCIENCES, VOL. 3, NO. 6, NOVEMBER 2019

and median IO-HDR-BT dose was 36 Gy in nine fractions
(range: 24.5-40 Gy, 3.54 Gy fraction, over 6—10 fractions).

Clinical experience with IO-HDR-BT has also been reported
for solid tumors [95]. In this paper, Goodman et al. ana-
lyzed retrospectively records of 66 patients for a period of
10 years (1993-2002). LC and OS actuarial rates after 2 years
were reported 56% and 54%, respectively, with a median
survival of 29 months. In cases, where EBRT was also
delivered the 2-year LC significantly improved (83% ver-
sus 29%). The actuarial 2-year late complication rate was
12%. Late local complication events were limited to 12%
and included small bowel obstruction, broncho-esophageal fis-
tula, and bone growth retardation. Based on these findings,
the authors concluded that IO-HDR-BT has a potential bene-
fit when combined with EBRT for pediatric patients with solid
tumors.

Considering children with low grade gliomas (LGGs),
stereotactic BT (SBT) with iodine-125 has been proven
a highly effective local treatment option for pediatric patients
with unresectable or residual LGG WHO grades I and II. Ruge
et al. [101] have reported survival rates at 5 and 10 years at
93% and 82%, respectively. From the 147 included patients, 21
(14.8%) presented tumor relapse. For the remaining patients,
24.6% revealed completed response, 31.0% partial response,
and 29.6% stable disease. The considered patients were treated
with 50-65 Gy cumulative therapeutic dose delivered within
9 months. Kunz et al. [96] reported similar results in a clini-
cal study performed on 58 pediatric patients. SBT alone was
performed on patients with LGG of < 4 c¢m in diameter. For
larger tumors, best safe resection was combined with SBT. The
median delivered dose was 54 Gy. Five-year survival was
reported 87%. Moreover, the overall early (delayed) toxic-
ity rate was 8.6% (10.3%), respectively, and no permanent
morbidity has occurred.

Pediatric BT Dose Guidelines: Dose guidelines in BT
for pediatric patients depends strongly on factors, such
as patient’s age, tumor’s type, tumor’s radiosensitivity and
selected BT type. According to the considered literature addi-
tional clinical trials are deemed necessary to conclude on dose
recommendations.

Soft-Tissue Sarcoma: For temporary or permanent implants
with iridium-192 or iodine-125, 900-1000 c¢Gy per day to
a minimum 5 mm tissue depth are recommended. For IO-
HDR-BT, 10-15 Gy delivered dose at 5 mm tissue depth is
recommended. If combined with EBRT, the EBRT dose should
be restricted to 27-30 Gy. IO-HDR-BT may be more effec-
tive as boost of 10-20 Gy in completely resected or minimally
residual tumors. When patients < 6 years of age, then 8-12 Gy
are appropriate for IO-HDR-BT. Higher doses increase the
chance for toxicity > grade 3 in this group.

Solid Tumors: For treatment areas ranging from 6 to
345 cm? implants with iridium-192, the prescribed dose to
5 mm tissue depth ranges from 4-15 Gy.

Low Grade Glioma: When lower grade glioma WHO type I
or II is treated with SBT using iodine-125 implants, a cumula-
tive therapeutic dose of 50-65 Gy delivered within 9 months
is proven highly effective for patients with unresectable or
residual tumors.

IV. MODERN TOOLS FOR DOSIMETRY OPTIMIZATION
A. MC Simulations

MC mathematical techniques can be described as statisti-
cal methods that use random generators to perform realistic
simulations for specific cases. MC simulations simplify the
calculations that best describe the physical (and recently chem-
ical) interactions that are taking place in an application (e.g.,
production of secondary charged particles, very-low energy
photon interactions, electron ionization, photon elastic scatter-
ing, attenuated particles, etc.). Over the last years, computer
science has been vigorously evolved, speeding up MC simu-
lations by enabling graphical physical units (GPUs), as well
as clusters and grids of central processing units (CPUs) and
high-performance computers (HPCs).

Several MC codes have been exploited (Table I). We
can refer EGS [102], ITS [103], MCNP [104], ETRAN [105],
PENELOPE [106], [107] and Geant4 [108]. Geant4 [109]
managed to be one of the leading reference MC codes in
the field of medical physics, for clinical and preclinical simu-
lations. This statement can be understandable by the future
widely used MC codes that were developed based on the
core of Geant4. GATE [110], GGEMS [111], GAMOS [112],
TOPAS [113], and PTSIM [114], are typical examples of such
codes. GATE is an advanced toolkit developed by the inter-
national OpenGATE collaboration [115] and is dedicated to
numerical simulations in medical imaging and radiotherapy
(PET, SPECT, CT, RT, Dosimetry). GGEMS [116] is an
advanced platform using GPU architecture targeting medical
applications (imaging and particle therapy).

Studies referring to pediatric dosimetry using MC simula-
tions have been increased over the past years. They evaluate
CT as while as NM imaging protocols. Straton et al. [117]
and Lee et al. [118] used MCNP5 to simulate the irradiation
of newborn patients by a 16 helical scanner. A new approach
in which patient size and not only age was used to correlate
dose with the risk was investigated by Li et al. [119] and they
also widen their study to 42 different patient models [120]
they used an upgraded version of PENELOPE. Studies have
also been done for the dosimetric evaluation of CT proto-
cols used for pregnant patient and the fetus [121]. Another
technique used for dose-saving is tube current modulation.
Schlattl et al. [122] used EGS to evaluate its impact on
the dose when used on pediatric patients. One more study
focused on dose calculations for 40 pediatric patients using
Geant4 [123]. Currently, the ERROR dosimetry software [87],
based on GATE, aims to optimize dosimetry during pedi-
atric CT examinations by modeling and validating clinical
commercial CT scanners. The process of simulating a CT
protocol with GATE software is summarized in Fig. 1. The
proposed methodology is to create a simulated dosimetry
database using a large population of several pediatric mod-
els. Thus, the database could be used in clinical practice by
matching every new patient to the closest anatomical pedi-
atric model and to extract the precalculated absorbed doses
per organ for the specific imaging protocol and for the specific
CT scanner [48], [49].

MC simulation techniques appear the most precise and
advanced approach for internal dose calculations [124]-[126].
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Fig. 1. Process in MC software for the CT simulation. (a) Generation of spec-
trum. (b) Geometry definition (focal spot, fan and cone angles). (c) Filtration
definition (bowtie filter). (d) Source Path definition (collimation, pitch, start
and stop locations).
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Fig. 2. Simulation procedure in GATE for an NM study. Manual region
of interest segmentation is applied to the clinical data to derive the time
activity curves of the organs of interest. The resulting whole-body activity
biodistribution is inserted into the phantoms and used for voxel-based radiation
transport and dose deposition simulations integrated over time.

Fig. 3. Simulation of a pediatric BT application. Isodose curves are depicted.

These techniques are also getting into the clinical prac-
tice with the development of more user-friendly software,
such as the Minerva, Celldose, RADAR, DOSIMG, 3D-RD,
OEDIPE and DPM [127]-[133]. For research purpose differ-
ent teams have different code for dosimetry of NM, such as the
MCNP [134]-[137], FLUKA [138], and Geant4 [139], [140].
At last, GATE MC code [22] has been widely used for internal
dosimetry [89], [141]-[147]. Fig. 2 shows the procedure for
the simulation of an NM study in GATE.

There is also a radiotherapy study comparing MC tech-
niques with a clinical Treatment Planning System, for Proton
therapy dose distribution to pediatric patients [148]. In another
radiotherapy study, several commercial BT seeds were mod-
eled and validated which could be directly applied in MC
treatment simulations for pediatric purposes. Initial results
were presented by Chatzipapas et al. [149].

Fig. 3 presents the phantom used for the BT simulation and
the corresponding isodose curves that were depicted.

TABLE I
MAIN MC CODES CATEGORIZED IN “GENERIC” AND “DEDICATED,”
INCLUDING THEIR MAIN CHARACTERISTICS

Name Description
Generic codes
EGS4 SLAC (US), the National Research
Council of Canada and KEK (Japan)
ITS Sandia National Laboratories, (US)
MCNP Los Alamos National Laboratory (US)
GEANT4 CERN (EU)
PENELOPE  University of Barcelona (EU)
ETRAN Center for Radiation Research (US)
Dedicated codes
Particle Therapy — RT — Dosimetry
PTSIM (based on Geant4)
FLUKA Dosimetry
Particle Therapy — RT — Dosimetry
TOPAS (based on Geant4)
SPECT — PET — RT — Dosimetry
GAMOS (based on Geant4)
Dosimetry — GPU capabilities
GGEMS (based on Geant4)
SPECT — PET — RT — Dosimetry
GATE (based on Geant4)
Dedicated software for NM
Minerva Based on Peregrine
Celldose Based on EGS4
RADAR Based on EGS4
DOSIMG Based on EGS4
3D-RD Based on EGS
OEDIPE Based on MCNPX
DPM

B. Pediatric Computational Phantoms

Committee II of the ICRP was given the task of developing
recommended limits for the maximum permissible amounts of
radionuclides that could be delivered to the human body [150].
The committee modeled the human body as a set of sepa-
rate spheres, whose size and composition were based on the
characteristics of the “standard man.” The current generation
of anthropomorphic phantoms began with the development of
the Fisher—Snyder phantom [151]. This phantom used a com-
bination of geometric shapes to create a more anatomically
accurate representation of the body. This phantom was used
with MC techniques, which simulated the creation and trans-
port of photons through these various structures in the body
whose atomic composition and density were based on data pro-
vided in the ICRP report on the Reference Man [152]. The
MIRD method [153] for internal dosimetry has been used
for many years, employing S values in combination with
agent-specific biokinetic data, to obtain organ doses for vari-
ous radionuclides. Dose estimates thus derived, are applicable
only to an individual who is well represented by the size
and shape of the Reference Man. Even then, there may be
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considerable differences between the real structures of the
body and the stylized representations of it in the computer-
ized phantom. Nonetheless, this has been the state of the art
for two decades and is still widely used in internal dose assess-
ment. The development of the Cristy and Eckerman [154]
phantoms allowed dose calculations for different individu-
als, for variable size and age. Six phantoms were developed,
which were assumed to represent children and adults of both
genders. Absorbed fractions for photons at discrete ener-
gies were published for these phantoms, which contained
approximately 25 source and target regions. The S value
datasets were made available in the MIRDOSE computer
software [155]. Lee et al. [156] proposed six more computa-
tional phantoms of pediatric patients. They are tomographic
computational phantoms which provide distinct advantages
over stylized phantoms, such as the MIRD. The UF hybrid
reference phantoms [157] are well suited for manual adjust-
ment to match anthropometry. Researchers have developed
methods to systematically scale phantoms to various body
morphometries using the software Rhinoceros.

The handbook of Anatomical Models for Radiation
Dosimetry has been published reviewing the whole his-
tory and progress of anatomical computational models [21].
Xu et al. [158] proposed a different approach than MIRD,
leading to an image-based whole-body adult male model,
constructed using color photographs, the VIP-Man. DUKE
University has developed a series of realistic 4-D anthropomor-
phic models (XCAT model [159]) based on the nonuniform
rational b-spline (NURBS) and subdivision surfaces. In 2009,
the ITIS foundation developed and published the “virtual fam-
ily”; a series of surface-based anatomical models, including
two children. Two years later they extended their dataset with
a “virtual classroom,” including four more children based on
healthy clinical MR data [160].

Recently some  realistic ~ phantoms have  been
published [161]. In this paper, 80 deformable pediatric
reference NURBS computational phantoms are described,
ranging from newborn to 15-year-old, male and female. They
follow the guidelines for reference anatomies and organ
masses of normal-stature children.

Another work contains the largest library available today,
including 1100 female and male pediatric phantoms [162].
The population contains newborn, 1, 2, 5, 10, and 15-year-
old children. The computational phantoms were evaluated with
qualitative approach using 3-D visualization as while as quan-
titatively by the analysis of internal organ masses. They follow
the same trend as the ICRP reference data, when correlated
with age.

A series of in-house pediatric models are also developed
using clinical whole-body PET/CT data within the ERROR
dosimetry software. At least ten pediatric patients are con-
verted in computational models with different anatomical
characteristics and varying in gender, age, mass, height [163].

C. Machine Learning Techniques

Accurate organ segmentation is a vital step in dosime-
try since it affects the computed organ volumes, shapes and

relative positions. Manual segmentation of 3-D medical images
is highly labor intensive rendering it impractical especial when
it concerns the full body, multiorgan segmentation scenario,
which is the case for the creation of computational phantoms.
Organ and tissue segmentation can be cast as a pixel-wise
classification task and as such a wide range of ML algorithms
and techniques are applicable either directly or as ingredients
in the segmentation pipeline [164].

Until recently, Atlas guided methods [163], [165] were
the most powerful approaches when attempting automatic
multiple organ segmentation. These methods naturally incor-
porate spatial information, information on anatomy, shape,
size, and features of different, organs or soft tissues in the
form of anatomical atlases [166]-[173] or statistical shape
models [169], [174], [175] which are calculated by aver-
aging location or shape priors of multiple spatially aligned
atlases. In principle, atlas-based methods rely on the pair-
wise intersubject registration of the medical image that need
to be segmented to one or more predefined deterministic
or probabilistic anatomical atlases in order to convey a-
priori information associated to the position and/or shape of
the organs of interest facilitating the segmentation process.
However, medical image registration process is a challenging
task since most of the organs relative positions and appearance,
especially the abdominal ones, vary considerably between
patients due to natural variability, medical treatments, and soft
tissue deformation [176]. ML has been recently employed to
better assist and enhance the atlas selection and the registration
process in atlas-based segmentation approaches [168], [171]
leading to some improvements.

The recent advances in deep learning have rendered deep
convolutional neural networks (CNNs) the methodology of
choice in numerous classification tasks and applications [177].
The same is true in medical imaging in general and organ
segmentation specifically [178]. These methods, in general,
offer registration free segmentation with performance bet-
ter than conventional atlas-based registration. The landmark
year for the introduction of deep learning to the field is
2016 with a deluge of research works employing break-
throughs recently emerged in computer vision and semantic
segmentation [179], [180] adjusted in higher or lessen degree
to the peculiarities of the medical image organ segmentation
setup. The most critical CNN variants which at the moment
offer clear performance advantages are those operating in
a fully convolutional end-to-end fashion employing directly
the 3-D volumes generated in CT imaging. In their basic setup,
these deep neural networks (DNNs) usually equipped with
skip connections in a U-Net topology, are directly fed with
the entire CT scan or relatively large subvolumes of it (rather
than a densely patched version of it and/or operating in 2-D
slice-by-slice fashion) providing a direct full resolution seg-
mentation map of the organs under consideration [181]-[183].

The aforementioned 3-D DNN approaches suffer from
a major drawback, which poses certain challenges to their
application; they are extremely memory hungry a problem that
tends to be more intense when the multiorgan case is consid-
ered. A number of rather ad-hoc practices, such as reducing the
network depth, working on down-sampled versions of the CT
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image or working on small patches of the CT image have been
considered hampering, though, the segmentation performance.
More sophisticated alternatives, which are explicitly trying
to tackle the complexity of 3-D CNNs and higher memory
requirement problem have also appeared, e.g., using 3-D repre-
sentations with fewer, but higher-resolution, features by using
dense blocks [184]-[186] or working with 2-D multiview
aspects of the data and 3-D majority voting in a compact
all-in-one network fashion [187].

With respect to training data requirements, the research
studies above used from 90 to more than 300 properly anno-
tated CT scans. This figure is large, comparable, however, to
the number of atlases required in atlas-based approaches.

Many of the CNN approaches above have been recently
incorporated in the TensorFlow-based open-source CNNs plat-
form, NiftyNet [188] facilitating research in medical image
analysis and image-guided therapy.

Multiple organ segmentation in pediatric medical imaging
poses extra difficulties, which have not yet investigated under
the novel deep learning technologies perspective. Indeed,
CNN-based segmentation, so far mostly concerns adult pop-
ulations. A major with pediatric CT-scan segmentation is
that tends to be noisier and less detailed compared to adult
scans due to the low dose acquisition protocols that are used.
Furthermore, children usually move during the acquisition
resulting in artifacts and blurry images. Moreover, pediatric
CT-scans exhibit a much larger variability across kid ages. For
the reasons above, it is an open issue to study the performance
as well as the adequate number of training data required in the
pediatric case.

CNN-based segmentation has already been explicitly used in
the segmentation stage preceding organ-specific radiation dose
calculation, e.g., for treatment planning in radiation oncol-
ogy [189]-[193]. These works are focusing on a single organ
or a small set of organs at risk (e.g., lungs, spinal cord,
esophagus, and heart). Fu et al. [194] is the first 3-D CNN-
based organ segmentation concerning an extensive range of
14 organs, which is explicitly used as preprocessing stage
for dose estimation via MC simulations. In this method, the
CNN segmentation model was combined with an alternative
approach in order to deal with organs hard to be segmented.
The latter were filled up by the corresponding organs of
appropriately selected and transformed XCAT phantoms. The
overall approach showed remarkably close dose calculations
with those computed based on manual segmentation (2%
difference for the segmented organs). An alternative path fol-
lowed in [195], where a 22-layer CNN used for the detection
rather than the exact segmentation of 16 different organs from
the axial view of CT images. This allowed the classified organs
to be automatically mapped to the slab number of a mathe-
matical phantom to determine the scan range of ImPACT CT
dose calculator.

Both methods above require the patient CT scan to be taken
for the organ-specific dose calculation to take place, so they
are useful for the effective generation of new computational
phantoms or for hospitals to keep a record of dose per patient
CT scan to monitor and manage radiation risks. They are not
directly useful, however, for the prediction and assessment of

the dose per organ that will be absorbed from a certain med-
ical procedure before the latter takes places something that
of critical interest especially in the pediatric case. The major
established approach which succeeds in organ dose estimates
prior to the medical exam is the convolution-based radia-
tion field estimation approach developed at Duke University,
which concerns tube current modulated CT [196]. According
to this approach a new clinical patient is matched to a unique
member of a library of computational phantoms according
to a single anthropometric characteristic, namely the trunk
height, defined as the distance between the top of clavicle
to the end of pelvic region. Such a patient matching provides
information about the patient’s z-dimensional organ distribu-
tion prior to the CT examination, which is used to quantify
regional irradiation field corresponding to specific organs. The
impact of the body size and shape was accommodated exploit-
ing the average chest and abdominopelvic diameter in order
to normalize organ dose guided by an exponential regression
model. Recently, GE Healthcare announced that has licensed
a CT organ dosimetry technology that is based on the above
principles [197].

V. CONCLUSION

In this paper, a review on the evolvement of pediatric
dosimetry has been applied, referring the medical protocols
used in clinical practice. A large number of medical societies
and agencies are working together toward the promotion of
radiation protection for children through updated guidelines,
good strategies, improved instrumentation, and reconstruction
algorithms. The rapid evolution of computer technology in
combination with the clinical needs of modern medicine for
personalized protocols, have emerged the growth of numerous
pediatric models, fast simulation procedures (GPU, HPC, etc.)
and new deep learning techniques that can predict dosime-
try using large databases of presimulated data. The individual
anatomical and functional characteristics play crucial role in
the assessment of accurate dosimetry and modern medicine
and the scientific community aim to overcome obstacles for
such an issue of pediatric dosimetry.

The recent published research studies in the last decays have
shown the potentiality of reconsidering the dosimetry that is
currently applied in clinical routine, toward to personalized
protocols. The “hybrid” computational patient-specific phan-
toms are considered to be the best representation in terms of
physiological and functional information of the human body
at the organ and cellular levels [198]. In a more recent study,
Xie et al. [162], also concluded that a hybrid anthropomet-
ric paediatric phantom library for internal radiation dosimetry
represents an efficient and flexible way to describe realistically
the anatomy of the human body and offer unique advantages
for patient-specific absorbed dose assessment and individual
risks estimations. The advantage of patient-specific phantoms
in comparison with patient-dependent hybrid phantoms, in
its ability to predict patient dose with accuracy was also
addressed Marshall et al. [199] for pediatric patients under-
going fluoroscopically guided cardiac procedures. Moreover,
Stepusin et al. [200] concluded that matching a patient to
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a computational hybrid phantom in a library is superior to
matching to a reference phantom.

In the next few years, we anticipate that developments
in the hybrid phantom technology will further evolve and
will significantly improve organ dose assessments in several
clinical applications. Functionalized, dynamic computational
phantoms with more detailed nerve trajectories, lung and heart
motion, vascular blood flow and thermal properties will be
rapidly developed [201]-[203]. Moreover, cellular and even
DNA-level models combined with MC simulations have been
used to deeply comprehend the effects of radiation dosime-
try [204]-[206]. The trend in modern medicine gives a positive
insight for the achievement of personalized dosimetry during
diagnostic and therapeutic medical procedures by correlating
the absorbed dose to critical organs with biological, thermal,
and genetic effects. Important findings in the fields of com-
puter science, engineering, and biology will offer a boost in
the understanding of radiation in medicine.
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