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Abstract

With advances in multimodality therapy, childhood cancer cure rates approach 80%. However, both radiotherapy and chemotherapy can cause debilitating or
even fatal late adverse events that are critical to understand, mitigate or prevent. QUANTEC (Quantitative Analysis of Normal Tissue Effects in the Clinic)
identified radiation dose constraints for normal tissues in adults and pointed out the uncertainties in those constraints. The range of adverse events seen in
children is different from that in adults, in part due to the vulnerability/characteristics of radiation damage to developing tissues, and in part due to the typical
body sites affected by childhood cancer that lead to collateral irradiation of somewhat different normal tissues and organs compared with adults. Many
childhood cancer survivors have a long life expectancy and may develop treatment-induced secondary cancers and severe organ/tissue injury 10, 20 or more
years after treatment. Collaborative long-term observational studies and clinical research programmes for survivors of paediatric and adolescent cancer provide
adverse event data for follow-up periods exceeding 40 years. Data analysis is challenging due to the interaction between therapeutic and developmental
variables, the lack of radiation doseevolume data and the fact that most childhood malignancies are managed with combined modality therapy. PENTEC
(Pediatric Normal Tissue Effects in the Clinic) is a volunteer research collaboration of more than 150 physicians, medical physicists, mathematical modellers and
epidemiologists organised into 18 organ-specific working groups conducting a critical review and synthesis of quantitative data from existing studies aiming to:
(1) establish quantitative, evidence-based dose/volume/risk guidelines to inform radiation treatment planning and, in turn, improve outcomes after radiation
therapy for childhood cancers; (2) explore the most relevant risk factors for toxicity, including developmental status; (3) describe specific physics and dosimetric
issues relevant to paediatric radiotherapy; and (4) propose doseevolume outcome reporting standards for publications on childhood cancer therapy outcomes.
The impact of other critical modifiers of normal tissue radiation damage, including chemotherapy, surgery, stem cell transplantation and underlying genetic
predispositions are also considered. The aims of the PENTEC reports are to provide clinicians with an analysis of the best available data to make informed
decisions regarding radiation therapy normal organ dose constraints for planning childhood cancer treatment, and to define future research priorities.
� 2019 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
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Introduction

Although the cellular and subcellular effects of ionising
radiation are identical in adults and children, the tissue
remodelling and functional consequences of radiation
injury differ markedly. The fibroticeatrophic pathway
dominates the radiation pathogenesis of late normal tissue
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effects across the age range [1]; what is unique to children,
however, is that this pathway interferes with growth and
tissue maturation and may result in hypoplasia and hypo-
function [2]. This gives rise to a marked dependence for the
risk and severity of these effects as a function of the child’s
age (a surrogate for development) at the time of irradiation
[3]. Additionally, the long latent period for many of these
effects also creates a dependency of risk as a function of
attained age. In a report from the Childhood Cancer Survi-
vor Study, the 30-year cumulative incidence for severe
(grade 3) or disabling/life-threatening (grade 4) conditions
or death (grade 5) due to a chronic conditionwas 42% [4]. In
another report from this same cohort study, the 30-year
cumulative mortality was 18% among long-term survivors;
radiotherapy increased the risk 2.2-fold [5]. Overall,
60e90% of childhood cancer survivors will develop one or
more chronic health conditions, and 20e80% will experi-
ence severe or life-threatening complications [6e8].

The challenge for clinicians is to devise therapy that can
simultaneously optimise health-related quality of life and
maximise the child’s life expectancy. In fact, it is the late
adverse effects of treatment that have driven the evolution
of therapies for many childhood curable cancers. Unfortu-
nately, many paediatric malignancies require an aggressive
treatment approach that often causes a substantial risk of
late adverse effects. Thus, the potential to ameliorate or
prevent such normal tissue damage, or to manage and
rehabilitate affected patients, requires an understanding of
normal tissue tolerances to radiation and systemic therapy
across the age spectrum. This is affected by the total and
fractional dose of radiation, the dose rate, overall treatment
time, radiation modality and radiation dose distribution [9].
Cytotoxic or molecular targeted agents may have a direct
effect on normal tissue injury, but in addition may interfere
with radiation damage induction and processing. PENTEC
(Pediatric Normal Tissue Effects in the Clinic) seeks to un-
ravel this conundrum by exploring and defining normal
tissue tolerance in developing children as a function of ra-
diation dose/volume, type and scheduling of chemotherapy,
and surgery. This information can ideally be used to inform
radiation oncologists, patients and parents on the
riskebenefit of multimodality therapy involving radiation
therapy, define treatment planning radiation dose con-
straints and propose new research directions. PENTEC has
three main objectives:

� To establish quantitative evidence-based dose/vol-
ume guidelines to inform treatment planning and
potentially improve outcomes for survivors of radi-
ation therapy for childhood cancers;

� To appreciate clinical, dosimetric and modelling
complexities that are important to paediatric radia-
tion therapy;

� To recognise the special considerations for normal
tissue radiation response of children/adolescents, e.g.
the interplay between development and radio-
therapy effects, and the impact of other risk factors
such as systemic therapies.
Physics Considerations

Most of the published literature reviewed by the PENTEC
work groups reports outcomes in children treated before the
computed tomography treatment planning era. In these
studies, it is common for reported doses to be those pre-
scribed to the tumour, rather than doses to adjacent critical
normal tissues. When normal-tissue doses are reported,
uncertainties resulting from a lack of three-dimensional
planning need to be considered, such as hand calculation-
based planning often to a single reference point. Correction
for tissue homogeneitywas only carried out in the recent two
decades; therefore, previously reported doses might be
somewhat under- or over-estimated. Much higher levels of
uncertainty should be expected when organs are located out
offield or in the penumbral regions, such as the gonads or the
lens. Even when the treatment fields were designed to
include the entire structure, such as vertebral bodies, this
target may not have received a uniform dose simply because
of the rapid dose fall-off of electron and orthovoltage beams
commonly used before the 1980s. In a minority of cases, the
organ dose has been retrospectively reconstructed based on
computational phantoms of varying complexity aided by a
review of patient treatment records [10,11]. These tend to be
the basis for large-scale epidemiology studies that group
organ doses into wide bins. Nonetheless, a number of
quantitative late effect studies have analysed continuous
dosemetrics to assess the shape of the doseeresponse curve,
taking advantage of rich treatment and outcome data
collection [12]. When organ doses were not reported, and
treatment methods were not sufficiently described, then it is
necessary to assume common field arrangements for the era
in which the patient was treated, and this may lead to dosi-
metric inconsistencies that are difficult to quantify. The
physicist members of each working group were tasked to
participate in the review of the papers used in the modelling
of the doseeresponse data to provide guidance on interpre-
tation of the stated doses. PENTEC task forces and future late
effect studies are encouraged to clearly state the methodol-
ogy and assumptions made in estimating the organ doses as
well as how this affects derived doseevolume constraints.

With the advent of three-dimensional computed
tomography-based treatment planning, prospective archival
registration of patient doseevolume histograms and cen-
tralised storage of Digital Imaging and Communications in
Medicine (DICOM)-based treatment plans is increasingly
advocated. The advantages of the latter include the possi-
bility to re-contour organs at risk and/or to add contours of
tissues that previously were not considered of prime interest
in treatment planning. Widespread use of three-dimensional
conformal and other multibeam techniques did not occur
until after 1990; therefore, large-scale studies addressing
side-effects after 30 or 40 years of follow-up will not be
available soon. Extrapolations from risk measures derived
from older cohorts treatedwith other techniques resulting in
different dose distributions across an organ will remain
important for at least another two decades while the ‘mod-
ern radiotherapy’ survivor cohorts mature [13].
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Epidemiological Considerations

Epidemiological studies are a cornerstone to increase our
knowledge on the impact of ionising radiation on human
health [14,15]. The late G. D’Angio, a paediatric radiation
oncologist, introduced such study designs to investigate the
side-effects among children treated for cancer [16]. Several
existing large-scale cohort studies provide knowledge on
radiation-related side-effects among children, adolescents
and young adults spanning over four decades of follow-up
for those treated in the 1970s and 1980s. Comparatively
few clinical trials randomise radiotherapy dose schedules,
let alone trials comparing old and newly developed tech-
nology for radiotherapy. Nonetheless, opportunities to
study side-effects of radiotherapy beyond 90 days after
initial treatment based on clinical trials are increasingly
available.

Large-scale retrospective cohort studies, including hun-
dreds or even several thousands of 1-, 2- or 5-year child-
hood cancer survivors typically involve retrospective
registration of treatment characteristics to a varying degree
of detail (and completeness), whereas smaller-scale efforts
typically allow for a more in-depth characterisation of
treatment per individual; short-term side-effects cannot be
studied here. For the pre-millennium era, in-depth studies
rely on retrospective radiation dose reconstruction, using
two-dimensional simulation films and radiotherapy treat-
ment charts as a basis to derive mean organ doses, or, in
nested caseecontrol studies, to estimate the radiation dose
received by the tissue that later developed a second tumour
or adverse normal tissue effects [17,18].
Modelling Considerations

Normal tissue complication probability modelling ap-
plies a relatively well-defined set of statistical tools. What
is typically modeled is the probability (or incidence in a
group of patients) of a dichotomous (binary or yes/no)
endpoint as a function of dose and volume; adjustments
can also be made for patient-level risk factors or other
treatment modalities. Central to this is a sigmoidal dose
response curve, frequently assumed to follow a logistic or,
in case of the Lyman model, a probit dose-response rela-
tionship [19]. Analysis of late end points require an
analytical method that takes latent time and censored ob-
servations into account and this is often accomplished us-
ing the Cox proportional hazards model or in some studies
a mixture model [20,21]. In general, it is necessary tomodel
both the effect of follow-up time since treatment as well as
attained age. In some situations, attained age has been used
as the underlying time scale, rather than follow-up time
[22]. In terms of reporting the outcome of a Cox model
analysis, it is desirable to report the baseline hazard func-
tion in addition to the estimated hazard ratios. This will
allow assessment of the progression of the dose response of
toxicity over time. Note though, that the proportional
hazards assumption may or may not be fulfilled for a given
end point. This assumption should be tested to evaluate
whether this model is an adequate description of risketime
relationships.

This data analytical framework is not always a good fit for
the end points of relevance in childhood cancer survivors,
largely for two reasons. First, because of continuous growth
and development in childhood cancer survivors, modelling
the probability of exceeding a threshold effect size (i.e.
dichotomising the outcome) represents a loss of informa-
tion when the end point is naturally represented as a
continuous (scale) variable, e.g. retardation of bone growth
[23], intelligence quotient decline [24] or endocrine func-
tion [25]. In these cases, a more adequate description may
be obtained from considering the actual value at a given
time point as a function of dose, age or other variables. In
the case of serial observations, the measurements at
different time points will not be independent and this must
be taken into account in the modelling approach. Second,
many of the late morbidities associated with childhood
cancer therapy are not specific to treatment. Examples
could be cardiovascular events evaluated as valvular
dysfunction or acute coronary events, or second solid ma-
lignancies. These events will also occur with a given prob-
ability in external (non-cancer survivor) controls. In this
case it is more informative to consider the excess absolute
risk or the excess relative risk of developing the morbidity
at a given attained age. Again, multivariable models may be
used, which allows for the consideration of covariates.

When individual-level dose assessment is available, the
linear-quadratic model is often applied to adjust for
doseetime fractionation [12,14]. Adjustment for patient
characteristics or other treatment modalities in multivari-
able models and, where relevant, stratified analyses, is key
owing to the importance of these variables for risk esti-
mation. This relates to the increasing number of side-effects
from chemotherapeutic agents and their additive or syn-
ergistic effects with radiation that are being recognised and
the fact that demographic and treatment details are far
from being uniformly distributed in a childhood cancer
survivorship cohort [26].

Reports of paediatric late effects often have a relatively
small sample size, may have heavy censoring, i.e. relatively
short follow-up in many patients, or may not have accurate
individual organ doses. PENTEC researchers face the
dilemma of whether to exclude those data that probably
underestimated the incidence of morbidity or have a sig-
nificant uncertainty in estimated doses.

Infants and young children may require specific toxicity
evaluations to capture effects on cognitive ability and co-
operation. An example is the use of auditory brainstem
response and optoacoustic emissions for evaluating hearing
of younger children and pure-tone air conduction testing
for older children. When test methods and toxicity scales
change during long-term follow-up, care should be taken to
minimise the influence of such changes in model fitting.
Another source of variability arises from variation in the
selection of end points and toxicity grading instruments
adopted by different institutions. Judgement should be
exercised in determining if models built based on syn-
thesised data are reliable given the heterogeneity, and if
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they contradict empirical experience. When modelling
toxicity for paired organs, such as ovaries, cochlea and
kidneys, one should consider if the radiation effect can be
assessed per organ, and measures of organ function in the
literature reports to be synthesised are consistent with each
other. Glomerular filtration rate for kidney function is an
example of a test where it is difficult to tease out the effect
of differential irradiation to paired organs.
Data Identification and Abstraction
Methodology

Like its predecessor QUANTEC (Quantitative Analysis of
Normal Tissue Effects in the Clinic) [27], the PENTEC
collaboration aims to provide a comprehensive overview of
the published literature on long-term side-effects of radia-
tion therapy for cancer in children and adolescents and to
derive guidance for current and future clinical practice on
the doseevolumeerisk relationship for several organs at
risk. Given the potential impact of these findings on care for
individual patients, adequate methodology and critical
appraisal of available data is required.

The PENTEC Core Group thus proposed a standardised
methodology to identify, select and evaluate eligible evi-
dence. The methods were based on the experience with
systematic review development within the Cochrane
Childhood Cancer Group [28] and with clinical guideline
development [29]. A systematic review summarises the
evidence on a specific subject in a transparent and repro-
ducible manner.

PENTEC uses a four-step approach for identification and
extraction of data for each organ-specific report. Each
working group (task force) prepared a protocol with sup-
port from Core Group members with experience in sys-
tematic reviews, guideline development and epidemiology
(LK, CMR). First, relevant clinical questions were formu-
lated, e.g. ‘What is the association between radiation dose/
volume and impaired spermatogenesis, defined as azoo-
spermia and oligospermia, in male childhood cancer sur-
vivors treated with radiotherapy involving the testes?’
(Figure 1). For each clinical question, a so-called PICO was
established, unequivocally defining four elements of
eligible research findings: P ¼ patient, I ¼ intervention;
C¼ comparison; O¼ outcome. Second, based on the PICOs,
the Cochrane Childhood Cancer Group together with the
For example, for the report on male reproducƟve system, one of t
deficiency and spermatogenesis.  The precise research quesƟons o
 •“What is the associaƟon between radiaƟon dose/volume and the
and/or high FSH, in male childhood cancer survivors treated with r
•“What is the associaƟon between radiaƟon dose/volume and imp
oligospermia, in male childhood cancer survivors treated with radi
There may be studies that describe the clinical outcome in terms o
group if these studies should be included. Within the InternaƟonal
childhood cancer survivors (www.ighg.org), we decided that these
not to be a suitable surrogate marker of sperm concentraƟon (Gre
proposals that should be discussed in the organ-specific working g

Fig 1. Example res
individual task force leaders developed a literature search
in an iterative process. Then each of the four elements of
the PICO was translated into standardised terms that could
be entered in a PubMed search combined by AND or OR
(Figure 2). Most searches were of the form: #Radiotherapy
AND #Childhood Cancer (4) AND #<specific outcome>.
The exceptions were the clinical questions for total body
irradiation as a conditioning for haematopoietic stem cell
transplantation where the intervention (I) was defined
more specifically compared with the standardised radio-
therapy search term developed for other chapters. The
expert task force leader was consulted at least once during
the building of the final search definition, to allow for
further adaptations. Generally, a balance was necessary
between overly specific search terms, resulting in a few
hundred potentially eligible titles, but missing several
relevant reports, versus a rather general search that cap-
tures thousands or tens of thousands of reports. Third, a
set of initial inclusion and exclusion criteria for eligible
research studies were defined, based on study design (e.g.
no case reports), patient groups (e.g. maximum proportion
of adults in a study), radiation assessment definition
(depending on preferences of the respective task force and
availability of evidence that greatly varies across health
outcomes); and outcomes. Also, some groups chose to
limit eligible reports to English only, depending on foreign
language proficiency of their respective group members,
and most groups limited the eligibility to reports pub-
lished in recent decades only (Figure 3). Fourth, the data
were abstracted and general aspects of the quality of
studies, such as selection bias or follow-up bias, were
assessed by one or two task force members, using model
data extraction and coding forms where needed with
organ-specific extensions or modifications to suit the goals
of the respective task force. Finally, data analysis, including
descriptive synopsis of the most relevant reports and,
where possible, meta-analysis, will be undertaken. The
analyses are currently in progress. The final compendium
of reports will include a series of introductory reviews that
discuss relevant methodological issues (Table 1) and
‘visionary’ reviews that look to the future (Table 2). The
organ-specific reports will discuss a spectrum of critical
elements inherent to fulfilling the objectives of PENTEC
(Table 2). The organ-specific teams and leaders are deno-
ted in Table 3; the PENTEC core committee members are
detailed in Table 4.
he clinically-relevant side effects is related to androgen 
f interest can then be defined as:   
 risk of androgen deficiency, defined as low testosterone 

adiotherapy involving the testes? 
aired spermatogenesis, defined as azoospermia and 

otherapy involving the testes?  
f inhibin B levels; It should be discussed within the author 
 Guideline HarmonisaƟon Group (IGHG) for surveillance of 
 studies will not be included because this measure was shown 
en et al, 2013)..These examples are meant to serve as 
roups.  

earch question.



Radiotherapy AND Childhood Cancer AND Hearing Loss

Defini ons 

1. Childhood cancer 
(((leukemia OR leukemi* OR leukaemi* OR ALL OR AML OR lymphoma OR lymphom* OR hodgkin OR hodgkin* OR T-cell OR B-
cell OR non-hodgkin OR sarcoma OR sarcom* OR sarcoma, Ewing's OR Ewing* OR osteosarcoma OR osteosarcom* OR wilms 
tumor OR wilms* OR nephroblastom* OR neuroblastoma OR neuroblastom* OR rhabdomyosarcoma OR rhabdomyosarcom* 
OR teratoma OR teratom* OR hepatoma OR hepatom* OR hepatoblastoma OR hepatoblastom* OR PNET OR medulloblastoma 
OR medulloblastom* OR PNET* OR neuroectodermal tumors, primiƟve OR reƟnoblastoma OR reƟnoblastom* OR meningioma 
OR meningiom* OR glioma OR gliom*) OR (pediatric oncology OR paediatric oncology)) OR (childhood cancer OR childhood 
tumor OR childhood tumors)) OR (brain tumor* OR brain tumour* OR brain neoplasms OR central nervous system neoplasm OR 
central nervous system neoplasms OR central nervous system tumor* OR central nervous system tumour* OR brain cancer* OR 
brain neoplasm* OR intracranial neoplasm*) OR (leukemia lymphocyƟc acute) OR (leukemia, lymphocyƟc, acute[mh]) 

2. Radiotherapy 
radiometry OR radiaƟon dosage OR radiaƟon dose OR radiaƟon doses OR radiaƟon dosis OR radiaƟon dosage* OR radiaƟon 
dosimetry OR radiaƟon dosimetr* OR dose-response relaƟonship, radiaƟon OR radiometr* OR radiotherapy dosage OR 
radiotherapy[sh] OR radiotherapy/adverse effects OR irradiaƟon dose OR radiotherapy dose OR dose calculaƟon OR near beam 
dose OR in beam dose OR outside beam dose OR out of beam dose OR radiaƟon/epidemiology OR RadiaƟon monitoring OR 
Organs at risk OR radiaƟon effects[sh] OR radiaƟon injury OR radiaƟon injuries OR radiaƟon OR 
Radiotherapy/complicaƟons[Mesh] OR NCTP OR normal Ɵssue complicaƟon probability OR DVH OR Dose Volume Histogram OR 
Radiotherapy Planning OR Conformal/adverse effects OR Dose Response RelaƟonship, radiaƟon OR Organs at Risk/RadiaƟon 
Effects OR RadiaƟon Injuries/PrevenƟon and Control OR Chemoradiotherapy/Adverse Effects 

Example outcome:  

3. Hearing Loss 
Deafness OR hearing loss OR Loss, Hearing OR hearing disorder OR hearing disorders OR auditory OR hearing impairment OR 
hearing impairments OR hearing impairment* OR heari* OR audiology OR audiologic OR audiometry OR audiometr* OR 
audiogram OR audiography OR ototoxicology OR ototoxic* OR hypoacusis OR hypoacuses OR hypoacus* OR ototoxicity OR 
deaf* OR cochleotoxicity                

Result in Pubmed (Sept 23,2013): n=544 reports fulfill these criteria, and are therefore eligible for tle/abstract screening 

Fig 2. Example PubMed search strategy.
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Summary: Challenges, Needs, Hurdles,
Knowledge Gaps

PENTEC has revealed a multiplicity of challenges in
exploring and defining normal tissue tolerances in devel-
oping children as a function of radiation dose/volume,
chemotherapy and surgery. This information could inform
individual radiation oncologists regarding tolerance doses,
inform protocols regarding radiation dose constraints, and
PotenƟally relevant arƟcles idenƟfied 
in the electronic databases (N=731) 

ArƟcles excluded on basis of 
Ɵtle and abstract (N=710) 

ArƟcles retrieved in full text for 
more detailed examinaƟon (N=21) 

ArƟcles excluded (N=31) 

ArƟcles meeƟng all 
inclusion criteria (N=14) 

AddiƟonal arƟcles 
supplied by experts (N=20) 

AddiƟonal arƟcles 
retrieved aŌer scanning 
the reference lists of 
relevant reviews (N=4) 

Fig 3. Example flow diagram to show included and excluded studies.
envision research directions. However, PENTEC has identi-
fied several hurdles to surmount:

� Inadequate data on the organ developmental
changes that alter tissue radiation effects, and
shortcomings of existing models.

� Inadequate data on the association of radiation dose/
volume/fraction size and other parameters that
impact radiation sensitivity to injury.

� Inadequate consideration of confounding factors
(surgery, chemotherapy, pre-existing conditions) in
decision-making on radiation doseevolume frac-
tionation choices.

� Inadequate data analytical methods and insufficient
reporting of modelling results.

� Inadequate patient-level dosimetry for relevant or-
gans at risk.

Selected examples of more specific knowledge gaps are:

1. Age dependence of dose tolerances for most organs;
for somewe have excellent data but for most we have
huge data deficiencies.

2. The influence of chemotherapy (agents, doses) on
radiotherapy dose tolerance for many organs.

3. For many paediatric organ systems, we lack data on
plasticity/compensatory potentials following injury.



Table 1
Introductory and visionary reports

Introductory reports Visionary reports

Introduction to scientific issues Methodology for accurate data acquisition of radiation dose data
Summary of paediatric NTCP data and models Biomarkers and surrogate end points
Paediatric bio-developmental considerations Paediatric imaging issues
Paediatric physics aspects Secondary malignancy as impacted by evolution of technology
Epidemiological considerations Recommendations for reporting and gathering datadto co-operative groups
Improving NTCP and modelling in paediatrics Future directions
Contrasting PENTEC versus QUANTEC

NTCP, normal tissue complication probability; PENTEC, Pediatric Normal Tissue Effects in the Clinic; QUANTEC, Quantitative Analysis of
Normal Tissue Effects in the Clinic.

Table 2
Sections within each organ-specific report

Required sections Content

Anatomy and developmental
dynamics

�Define anatomy as it impacts normal tissue damage
�Describe anatomic and physiological development according to age as it impacts organ
sensitivity to damage and repair

Clinical significance �Describe the clinical situations where the organ is irradiated
�Describe the frequency, characteristics, significance of injury

End points and toxicity scoring �Address strengths and limitations of existing systems
�Recommend how to score organ injury
�Describe the different end points often considered when assessing injury
�Describe the time course of organ injury

Challenges defining volumes:
paediatric imaging issues

�Describe recommended imaging modality and acquisition methods
�Discuss the impact of intra-/inter-fractional organ movement or volume change during the
course of treatment
�Discuss the need for contouring planning organ at risk volumes
�Note normal organ contouring atlases or reference existing publicly available atlases

Review of doseevolume response
data/risk factors

�Review of doseevolume data: for each organ (tissue), published data on toxicity risks as
correlated with dosimetric parameters and other relevant variables (i.e. age, developmental
status), are reviewed. From the available data, meaningful dose/volume limits with associated
risk rates are presented. Include data on various dose fractionations, adequacy, quality and bias.
�Doseevolume end points:
eOrgan function: laboratory/subclinical end points, imaging end points, physiological/functional
issues
eOrgan development: impact of age
eSecond malignant neoplasms: volume, dose
�Risk factors: genetic predispositions, gender, race, age, co-medical conditions
�Chemotherapy/combined modality: relevant chemotherapy data impacting radiation
sensitivity
�Mathematical/biological models þ epidemiological issues: for each organ, models that have
been used to relate dose/volume data to normal tissue complications and secondmalignancies in
the organ are summarised, together with associated model parameters, limitations and
uncertainties
�Recommended dose/volume limits: the available information is condensed into meaningful
dose/volume limits, with associated risk rates, for clinical application. Limits are according to end
points and age.
�Level of evidence: specify for each report
�Special situations: situations where the presented data/models may not apply (e.g.
hypofractionation)

Toxicity scoring recommendations �Recommendations on how to score organ injury and toxicities
Interventions and management
Contrast paediatric and adult NTCP
data

Future investigations �Describes areas in need of future study

NTCP, normal tissue complication probability.
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Table 3
PENTEC working groups

Organ Principal investigator

Central nervous system Anita Mahajan, MD
Head and neck Arnold Paulino, MD
Cerebrovascular Shannon MacDonald, MD
Endocrine Gregory Wheeler, MBBS, FRANZCR
Hearing Torunn Yock, MD
Ocular Stephanie Terezakis, MD
Thyroid Michael Milano, MD, PhD
Pulmonary Mary Frances McAleer, MD, PhD
Breast Karen Marcus, MD
Cardiovascular David Hodgson, MD, MPH, FRCPC
Gastrointestinal and hepatic Julie Bradley, MD
Genitourinary Matthew Poppe, MD
Male reproductive system Bradford Hoppe, MD, MPH
Female reproductive system Christine Hill-Kayser, MD
Musculoskeletal/integument Natia Esiashvili, MD
Spinal cord Nadia Laack, MD
Second malignancies Kenneth Roberts, MD
Stem cell transplantation (total body irradiation) Kathryn Dusenbery, MD
Re-irradiation Thankamma Ajithkumar, MD

Table 4
PENTEC core committee

Name Affiliation

Louis S. Constine, MD, FASTRO, FACR University of Rochester
Soren Bentzen, DSc, PhD, FASTRO University of Maryland School of Medicine
David Hodgson, MD, MPH University of Toronto
Rebecca Howell, PhD M.D. Anderson
Chia-Ho Hua, PhD St Jude Children’s Research Hospital
Melissa Hudson, MD St Jude Children’s Research Hospital
Andrew Jackson, PhD Memorial Sloan-Kettering Cancer Center
Leontien Kremer, MD, PhD Emma Children’s Hospital/AMC, Amsterdam
Karen Marcus, MD, FACR Dana Farber Cancer Institute
Lawrence Marks, MD University of North Carolina
Michael Milano, MD, PhD University of Rochester
Arthur Olch, PhD, FAAPM University of Southern California Keck School of Medicine and Children’s Hospital Los Angeles
Cecile Ronckers, PhD Emma Children’s Hospital/AMC, Amsterdam
Jackie Williams, PhD University of Rochester
Ellen Yorke, PhD Memorial Sloan-Kettering Cancer Center
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4. Role of known behavioural risk factors (e.g. smoking,
obesity, nutrition, etc.) on radiation-related adverse
events (e.g. cardiac, pulmonary, some Second Ma-
lignant Neoplasms (SMN), etc.).

5. Doseeresponse associations for long-term (>10
years .. >20 years . >30 years) risk of almost all of
the PENTEC outcomes.

6. Retreatment dose tolerances.
7. For most organs, substructures exist and for these

we lack data on dose tolerance, much less the
impact of volume (i.e. the entirety of the sub-
structure versus a portion of that substructure).
Examples include:

a. Normal brain substructure tolerances such as
the hippocampus, corpus collosum.

b. Specific cardiac substructures (chambers,
valves) and coronary arteries.
c. Individual and joint roles of cardiac, carotid
artery and cerebral vessel radiation exposure
on cerebrovascular accident risk.

8. Role of hormonal exposures (either intrinsic de-
ficiencies or external exposures) on the probability of
developing organ-specific SMN (in particular
hormone-receptor positive tumours).

9. The timing of exposures during the years of devel-
opment and puberty on bone hypoplasia.

10. Relevance of low-dose exposures versus peak or
mean doses on SMNs.

11. Normal tissue tolerances after particle therapy,
acknowledging the immaturity of the follow-up data
available to address this.

12. Besides exposure assessment for radiotherapy, there
is a great need for clear, clinically relevant definitions
of health outcomes, and well-described methods to
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ascertain health outcomes in the reality of clinical
practice, insurance programmes, funding for
research and data protection laws [13].

Although PENTECwill address some of these (andmultiple
other) knowledge gaps, many of these clinically and scientif-
ically important issues will await future investigations.
Conclusions

Advances in radiation therapy and chemotherapy have
markedly increased the survival rate for almost all paedi-
atric malignancies. Unfortunately, these treatment modal-
ities on their own or in combination may result in long-
term adverse outcomes that may affect the individual’s
quality of life. Therefore, it is essential to balance the ben-
efits against risks. Both length of survival and the impact of
late normal-tissue effects on the quality of that survival
must be considered in therapy decision-making. Although
the range of adverse effects is well described, the quanti-
tative doseevolumeeeffect estimates for their generation
must be better defined, as well as the impact of risk/patient
factors such as developmental status and genetic suscepti-
bility. Other therapeutic factors are also critical to explore;
chemotherapymay enhance radiation effects, and very little
is known about the evolving use of immunotherapy and
how these agents interact with other treatments, including
radiation. Thus, the optimal use of radiation therapy in
multimodality therapy that can cure children with cancer
requires a better understanding of the adverse conse-
quences of all treatment modalities. Finally, new patterns of
late morbidity and mortality may emerge as survivors
continue to age, and it is only through continued study that
such patterns will be identified and interventions for
treatment and prevention of adverse effects can be
designed. These are the gaps that PENTEC seeks to elucidate
and potentially fill.

The PENTEC investigators are gratified to play a role in
refining and enhancing the role of radiation therapy in
safely and effectively treating paediatric malignancy, and
we dedicate our efforts to all future children who will be
affected by this malady.
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