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Purpose: A Pediatric Normal Tissue Effects in the Clinic (PENTEC) analysis of published investigations of central nervous
system (CNS) subsequent neoplasms (SNs), subsequent sarcomas, and subsequent lung cancers in childhood cancer survivors
who received radiation therapy (RT) was performed to estimate the effect of RT dose on the risk of SNs and the modification
of this risk by host and treatment factors.

Methods and Materials: A systematic literature review was performed to identify data published from 1975 to 2022 on SNs
after prior RT in childhood cancer survivors. After abstract review, usable quantitative and qualitative data were extracted
from 83 studies for CNS SN, 118 for subsequent sarcomas, and 10 for lung SNs with 4 additional studies (3 for CNS SNs and
1 for lung SNs) later added. The incidences of SNs, RT dose, age, sex, primary cancer diagnosis, chemotherapy exposure, and
latent time from primary diagnosis to SNs were extracted to assess the factors influencing risk for SNs. The excess relative ratio
(ERR) for developing SN as a function of dose was analyzed using inverse-variance weighted linear regression, and the ERR/
Gy was estimated. Excess absolute risks were also calculated.
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Results: The ERR/Gy for subsequent meningiomas was estimated at 0.44 (95% CI, 0.19-0.68); for malignant CNS neoplasms,
0.15 (95% CI, 0.11-0.18); for sarcomas, 0.045 (95% CI, 0.023-0.067); and for lung cancer, 0.068 (95% CI, 0.03-0.11). Younger
age at time of primary diagnosis was associated with higher risk of subsequent meningioma and sarcoma, whereas no signifi-
cant effect was observed for age at exposure for risk of malignant CNS neoplasm, and insufficient data were available regarding
age for lung cancer. Females had a higher risk of subsequent meningioma (odds ratio, 1.46; 95% CI, 1.22-1.76; P < .0001) rela-
tive to males, whereas no statistically significant sex difference was seen in risk of malignant CNS neoplasms, sarcoma SN, or
lung SNs. There was an association between chemotherapy receipt (specifically alkylating agents and anthracyclines) and sub-
sequent sarcoma risk, whereas there was no clear association between specific chemotherapeutic agents and risk of CNS SNs
and lung SNs.

Conclusions: This PENTEC systematic review shows a significant radiation dose-response relationship for CNS SN, sarco-
mas, and lung SNs. Given the linear dose response, improved conformality around the target volume that limits the high dose
volume might be a promising strategy for reducing the risk of SN after RT. Other host- and treatment-related factors such as
age and chemotherapy play a significant contributory role in the development of SNs and should be considered when estimat-

ing the risk of SN after RT among childhood cancer survivors. © 2023 Elsevier Inc. All rights reserved.

Introduction

Radiation therapy (RT) is critical in the management of
pediatric malignancies. However, RT can be toxic and can
predispose survivors to complications that may affect dura-
tion and quality of life, with one serious complication being
that of a treatment-induced subsequent neoplasm. This
comprehensive review from Pediatric Normal Tissue Effects
in the Clinic (PENTEC) aims to estimate the excess and
absolute risk of central nervous system (CNS) subsequent
neoplasms (SNs), sarcomas, and lung malignancies in can-
cer survivors who were treated with RT as children as well
as the modification of this risk by factors related to the host
and to other treatments.

Clinical Significance

Radiation therapy is commonly used as part of the definitive
or adjuvant treatment for many primary pediatric CNS
malignancies (eg, medulloblastoma, ependymoma, glioma,
and germ cell tumors) and non-CNS malignancies (eg,
Hodgkin lymphoma, rhabdomyosarcoma, Ewing sarcoma,
Wilms tumor, and neuroblastoma). RT doses to and irradi-
ated volumes of the brain and other organs in each of these
indications vary depending on tumor histology and primary
site. For example, CNS-directed RT can vary from low-dose
whole-brain RT (eg, for hematologic malignancies) to focal
RT alone (eg, for ependymomas and gliomas) to craniospi-
nal RT with focal boosts (eg, in medulloblastoma and other
CNS embryonal tumors). For non-CNS—directed RT, doses
and volumes can vary from low-dose, large-flank field RT
used in Wilms tumor with favorable histology to high-dose,
focal RT used in pediatric sarcomas.

With advances in multimodality therapy, survival after
childhood cancer is improving, with more than 80% of children
treated for pediatric cancers now 5-year survivors."* Childhood
cancer survivors are at risk of late effects from treatment of
their primary cancer, making it imperative to fully evaluate the

therapeutic ratio of RT (ie, optimally balancing the desire to
reduce late morbidity and increase oncologic control).

Although the risk of SNs after RT in childhood cancer
survivors is well established, further characterization of the
contributing factors, including the specific contribution of
RT dose, is needed. The incidence of SNs in childhood can-
cer survivors is approximately 9% at 30 years from primary
cancer diagnosis,” and SNs represent the most common eti-
ology of excess mortality in long-term childhood cancer sur-
vivors, with reported standardized mortality ratios around
15. In fact, beyond 20 years from initial diagnosis, the cumu-
lative risk of death associated with development of SNs
exceeds that associated with primary tumor recurrence in
childhood cancer survivors.” Given the significant morbidity
and mortality that results from SNs, as well as the increase
in risk of SNs with increased longevity of childhood cancer
survivors, it is critical to gain a better understanding of the
contribution and risk of SNs after RT.

Endpoint Characterization

Characterization of SNs can be made via an actuarial risk, a
relative risk compared with the standard population of non-
exposed patients with cancer, or as an attributable risk as a
result of a specific predisposing factor or exposure. SNs are
often distinguished from relapses of the primary childhood
cancer (eg, locoregional recurrence, distant metastases) by
histologic differentiation as well as latency period, with sub-
sequent malignancies often developing at a later time from
initial diagnosis than primary tumor recurrence.’ Differen-
ces in definitions have further challenged the characteriza-
tion of SN, because some reports solely include subsequent
malignant neoplasms, whereas others include both benign
and malignant neoplasms and occasionally nonmelanoma
skin cancers as well. Detection of SN also varies, from those
that present as clinically overt or symptomatic tumors to
those that are coincidentally found as part of medical care at
survivorship clinics, from imaging for other health prob-
lems, or as part of systematic surveillance for primary tumor
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recurrences or SNs among asymptomatic high-risk survi-
vors. Additionally, the time course to the various SNs dif-
fers, with subsequent hematologic malignancies (e,
myelodysplastic syndrome and acute leukemia) most often
occurring within 5 years of treatment of the primary tumor
versus subsequent solid malignancies that often present
more than 5 to 10 years (and even many decades) from ini-
tial treatment.*”’

For this review, the endpoints of primary interest
included the following SNs observed in childhood cancer
survivors who received RT: (1) subsequent CNS SNs (distin-
guishing high-grade gliomas from meningiomas); (2) subse-
quent sarcomas; and (3) subsequent lung cancers. Although
other SNs outside of these 3 categories were observed, for
the purpose of this study, only the aforementioned SN types
were included and analyzed. Other sites of SN's may be con-
sidered by PENTEC in the future.

Anatomy and Developmental Dynamics

From a radiation biology standpoint, radiation’s carcino-
genic potential stems from its promotion of cell prolifera-
tion and re-entering of the cell cycle with escape from
senescence and apoptosis.” Although radiation’s production
of irreparable DNA damage is essential for its efficacy,
developing organs and tissues in children can be particularly
sensitive to off-target mutational events, increasing the risk
of developing an RT-related SN in children compared with
adults with already developed tissues. Confirming the vul-
nerability of developing organs to radiation-induced dam-
age, disproportionate rates of secondary leukemias and
thyroid cancers have been observed in children <10 years
old versus adult atomic bomb survivors,”'” and higher rates
of SNs have also been observed among children exposed to
therapeutic doses of radiation compared with adults
exposed to those same doses,'*'” even after accounting for
known genetic predispositions.

The etiology of SNs in childhood cancer survivors is
complex and often multifactorial, including a combination
of underlying genetic predisposition (with or without a
known germline genetic driver), environmental factors, sex,
age at the time of primary diagnosis, attained age, organ-
specific factors, hormonal factors, immunosuppression, and
treatment-related factors (eg, RT doses and techniques, che-
motherapy, and other antineoplastic agents). Especially in
pediatric cancers, where the prevalence of having an under-
lying germline mutation in a predisposition gene is approxi-
mately 9%,"” the role of genetic predisposition to SN risk
cannot be understated. There is likely an additional interac-
tion of underlying genomics with treatment-related expo-
sures, as evidenced by the very high SN rate (approximately
40%-50%) among those with hereditary retinoblastoma who
receive RT.'*'” With regard to RT and the risk of SN, there
is a clear dose-response relationship observed after low-dose
total body exposure among atomic bomb survivors in the
Life Span Study cohort,” and a linear dose response has also

been observed after high-dose fractionated RT. The 1 known
exception of the linear dose-response relationship after ther-
apeutic doses of RT is for thyroid cancer, in which there is a
plateau bell—shaped dose-effect relationship with a decrease
in radiation-induced risk after exposure of 20 Gy or more,
which is consistent with findings in radiobiology and
thought to be due to cell killing with higher doses.'*"”

Defining Volumes: Irradiated Volume and
Dose Distribution

Although most of the included studies provided the pre-
scribed dose (and range) of RT exposure, few studies pro-
vided dosimetric information regarding dose at the site of
SN development. In this study, the prescription dose was
generally used in the dose-SN risk analysis. Determining
whether the SN was in the high-dose region of the irradiated
volume (defined as within the target volume) or within the
lower dose volume (often referred to as the low-dose bath
with intensity modulated radiation therapy [IMRT] plans),
was not possible for CNS SNs and subsequent lung cancers,
but information regarding this detail was sufficiently avail-
able for the subsequent sarcoma analysis. A major limitation
of this or any such study relying on prescribed dose is that
the actual dose giving rise to the SN may be different than
what is used in the modeling effort. Additionally, even when
the dose at the site of the SN is reconstructed, the uncer-
tainty in that dose is estimated to be at least 10% owing to
limitations in the retrospective reconstruction of dose,'” and
if the SN arose near the edge of the target volume, then an
even higher dose uncertainty should be assigned.

Review of Dose-Volume Response Data and
Risk Factors

Search methodology and data extraction

A comprehensive literature search was performed using the
Covidence platform in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) method."” Search terms used are in Appendix
E1. Eligible studies included those that assessed risk of CNS
SN after cranial RT as a child, subsequent sarcomas after
RT to any site as a child, and subsequent lung cancers after
chest RT as a child. Only studies with sufficient (>7-year)
median follow-up were included to balance latency time
with inclusivity. For the specified SN endpoints, any infor-
mation about RT exposure and SN was deemed valuable,
including data from studies that found no SNs when report-
ing on late effects with appropriate follow-up. As shown in
Appendix E1 and Appendix E2, 2156 studies were screened
for potential inclusion for CNS SN, 1790 studies for subse-
quent sarcomas, and 1003 studies for subsequent lung can-
cer. Three authors (J.M., A.O., and K.B.R)) reviewed all
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abstracts and excluded articles that were not relevant, leav-
ing 235 articles for full review for CNS SN, 469 for subse-
quent sarcomas, and 49 for subsequent lung cancer. After
these studies were read in full and assessed for eligibility, 83
studies were identified for CNS SNs, 118 for subsequent sar-
comas, and 10 for subsequent lung cancer. Of these, 61 had
adequate data (and thus were used) for quantitative analysis
for CNS SNs, 47 for sarcomas, and 10 for lung cancer, with
adequate data defined as those studies that provided infor-
mation about dose response (either studies that reported
odds ratios (ORs) or relative risk (RR) or studies that
allowed for calculations by providing the incidence of SNs
at different dose levels), latency period, and/or contribution
of sex, age, or chemotherapy to risk of SNs. Four additional
studies (3 for CNS SNs and 1 for lung cancer) known to the
authors were later added that were not identified in the ini-
tial search but met eligibility criteria (Tables E1-E4 in
Appendix E2 show the lists of included studies).

In addition to available RT data, when available, data
regarding age, sex, primary diagnosis, latency from primary
cancer to SNs, and chemotherapy exposure were also collected
for analysis. Information regarding smoking history was only
sparsely available for those with subsequent lung neoplasms,
limiting analysis of the contribution of smoking on subse-
quent lung cancer risk to qualitative only. For the purpose of
this review and its focus on RT contribution to risk, data
focusing on risk of SNs in patients with known genetic predis-
positions (ie, hereditary retinoblastoma) were excluded. For
CNS SN, analyses were performed separately for subsequent
meningiomas and subsequent CNS malignancies, given the
different phenotypes of these. In addition, for the dose-
response analysis for CNS SN, analyses were performed sepa-
rately for patients with a primary diagnosis of acute lympho-
cytic leukemia (ALL) versus primary CNS malignancy.

Mathematical Models

Dose-response meta-analyses

Odds ratio or RR estimates with corresponding 95% confi-
dence intervals (CIs) comparing the risk of developing an
SN at different dose levels were extracted from each study
where these were given. Alternatively, ORs were calculated
if sufficient data for cases and controls were reported at dif-
ferent dose levels. Generally, when the incidence of an event
is low, such as for SNs, then the OR and RR estimates will
be approximately the same numerically. The excess risks
ratio (ERR) per Gy was derived for a given type of SN using
each of the individual OR or RR estimates at a given dose
point extracted from the included studies. If dose levels
were given as ranges without indication of the mean or
median, then the midpoint in the range interval was used
for the modeling. The pooled ERRs/Gy with 95% Cls were
estimated using inverse variance weighted linear regression.
Sensitivity analyses were performed using a leave-one-out

strategy for CNS SNs, where ERR/Gy estimates were derived
by sequentially excluding 1 study at a time to assess how
much each study’s exclusion would affect the slope estimate.
In the sarcoma and lung SN analyses, the Levenberg-Mar-
quardt algorithm was used for determining the best-fitting
function and its confidence intervals.”’

The ERR can be converted to absolute risk under the
assumption of a given background incidence using the for-
mulae discussed in the “PENTEC-State of the Science” arti-
cle from this issue. A reference absolute risk (AR) is needed
for a nonexposed individual. This AR will vary substantially
with the attained age of the reference patient. The excess AR
represents an average patient according to study cohorts,
and the effect will be modified by, for example, age accord-
ing to the previously provided effect estimates. We provide
estimates using cumulative incidences of the given neoplasm
in the general population at an attained age of 50 and
75 years and representative assumptions of RT dose and
chemotherapy. Personalized calculations using a given
exposure can be estimated using the same approach. Cumu-
lative incidence data are extracted from available resources
as detailed and referenced in individual sections that follow.

Latency time distribution for various types of
SNs

The median latent time to the development of a given type of
SN was extracted from each study where reported. This was
compared with the median follow-up time in the correspond-
ing study to assess whether there was an association between
reported latency time and length of follow-up. We further
examined this association in relation to the number of SNs
reported in each study and estimated a weighted average of
the median latent time for the different types of SNs.

Effect of age at exposure meta-analysis

The ORs, RRs, or hazard ratios for SNs were extracted indi-
vidually for each studied SN type and assessed in a univari-
ate model. Data were transformed to the common scale of
ERR assuming a background incidence of 0.1% for all 3 end-
points. A sensitivity analysis against this assumption was
performed. In addition, we recalculated reported data to
have the lowest reported age group as the reference
(ERR = 0). After reconciling the effect measures on the com-
mon scale of ERR, all studies of ERR versus age were plotted
together, and linear regression of the type ERR~age at expo-
sure weighted by inverse variance was performed. Here, the
reference group was excluded in the fit, and the fit was per-
formed with zero intercept on the ERR axis at age 0. To
account for varying width of the lowest age bin, the data
were renormalized by shifting along the x-axis to a common
“age 0.” This is consistent with the mathematical form of a
linear regression but adjusts for the shift of the intercept
arising from a different reference group in different studies.
Details of the fit are provided from the generating R scripts
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available online and referenced in each section. If a study
could not be included in the linear regression, it is discussed
separately in the results section.

Effect of sex meta-analysis

The ORs were calculated using event (occurrence of an SN)
and nonevent data for males and females in a univariate
model. Studies that were included in this analysis consisted
of those with at least 100 patients with childhood cancer
and sufficient data to calculate ORs. Excluded from this
analysis were studies that reported matched case-control
data on sex, as matching in case-control studies will distort
the association between the matching variables and out-
come. Although some studies with adult populations were
included, most patients in these studies were <21 years of
age at primary cancer diagnosis. For each of the studied
malignancies, a fixed-effects meta-analysis using the Man-
tel-Haenszel method was performed in Review Manager,
version 5.4.1 (software that can carry out meta-analyses).”'

Chemotherapy exposure meta-analysis

For CNS SNs and lung SNs, given a lack of sufficient data
for quantitative analysis, a qualitative analysis was per-
formed. For secondary sarcoma, the same approach as for
sex was used, with ORs calculated in univariate analysis for
alkylating agents and anthracyclines (yes vs no for each
agent). In addition, we sought after studies reporting multi-
variable analysis of the same agents and reported a synthe-
sized multivariate estimate using inverse variance weighting
of the reported multivariate ORs.

Review of Data

CNS SNs: Overall CNS SN cohort

Dose response

Tables E1 and E2 in Appendix E3 summarize the individual
studies included in the dose-response analysis. Combining
all individual data points of RRs or ORs at given dose levels
for subsequent CNS malignancies using inverse variance
weighting resulted in a significant dose-response relation-
ship with an estimated pooled ERR/Gy of 0.146 (95% ClI,
0.112-0.181). Similarly, the estimated pooled ERR/Gy for
subsequent meningiomas was 0.436 (95% CI, 0.192-0.680).

The leave-one-out analyses showed that no single study
had a major effect on the resulting dose-response curve
when removed from the fit for subsequent CNS malignan-
cies, whereas for subsequent meningiomas, removing the
study by Kok et al’” resulted in a higher estimated ERR/Gy
of 0.69. The dose-response data along with leave-one-out
analyses are shown for subsequent CNS malignancies in
Fig. 1 and for subsequent meningiomas in Fig. 2.

The cumulative incidence of brain and CNS tumors
excluding endocrine tumors in the normal population in the
NORDCAN countries at 50 and 75 years, respectively, is
0.54% and 1.55%.”** With these numbers, a dose of 20 Gy
would lead to an excess absolute risk of CNS malignancy of
1.6% at age 50 (95% CI, 1.1%-2%) and 4.5% at age 75 (95%
CI, 3.4%-5.6%), and a dose of 50 Gy would lead to an excess
absolute risk of CNS malignancy of 3.9% at age 50 (95% ClI,
3.0%-4.9%) and 11% at age 75 (95% CI, 8.7%-14%).

Dose response: ALL survivors receiving cranial
radiation therapy

There were 9 publications that provided event rates and/or
relative risk estimates of subsequent malignant CNS
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Fig. 1.

Individual data points used to estimate the pooled excess relative ratio (ERR)/Gy for subsequent malignant neo-

plasms are shown along with the resulting dose-response curve and 95% confidence intervals. The shaded lines show the result-
ing dose-response curves from the leave-one-out (LOO) analysis. Vertical bars show the odds ratio (OR)/relative risk (RR) and

95% confidence interval of the individual data points.
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Fig. 2.

Individual data points used to estimate the pooled excess relative ratio (ERR)/Gy for subsequent meningiomas are

shown along with the resulting dose-response curve and 95% confidence intervals. The shaded lines show the resulting dose-
response curves from the leave-one-out (LOO) analysis. Vertical bars show the odds ratio (OR)/relative risk (RR) 95% confi-

dence interval of the individual data points.

neoplasms and meningiomas after whole-brain RT for ALL
(Tables E1 and E2 in Appendix E3). Doses used were gener-
ally less than 30 Gy, most commonly 18 or 24 Gy. We ana-
lyzed the dose response of CNS SNs in this specific
population because patients receive a relatively low radiation
dose to their whole brain and may represent a unique biologi-
cal cohort. Figure 3 shows rates of CNS SNs among this pop-
ulation by whole-brain dose. In the 2 studies with rates of
subsequent meningioma >25%, surveillance imaging was per-
formed, resulting in the detection of asymptomatic cases.

Latency

For the latent time analysis, 40 studies of 736 subsequent CNS
malignant neoplasms were available and revealed a weighted
average median latency time of 10.3 years (range, 1.0-20.3
years) (Table E1 in Appendix E3) after a median follow-up of
12 years. There were 32 studies of 1035 subsequent meningio-
mas available, resulting in a considerably longer weighted aver-
age median latency time of 20.5 years (range, 5.0-30.2 years)
(Table E2 in Appendix E3) after a median follow-up of 16 years.
Figure 4 shows the median latency times from each study as a
function of the median follow-up time. This figure highlights
that the reported latent times are longer in studies with longer
follow-up time, suggesting that the latency estimated in studies
with shorter follow-up is downward biased. However, compar-
ing cohorts with a given median follow-up time shows that the
latent period in meningioma tends to be longer than that of
malignant CNS neoplasms.

Age

The analysis of age at exposure versus risk of subsequent
malignant CNS neoplasms did not reveal a significant asso-
ciation (95% CI of regression b, —0.056 to 0.2 ERR per year;
P =.23), in agreement with the reports with the largest num-
ber of patients. See https://ostio/739hn for details on this
analysis. However, Neglia et al”® (14,361 5-year survivors)

suggest an interaction of age with radiation dose, where chil-
dren younger than 5 years have a higher sensitivity to radia-
tion dose (vs those 5 years of age or older), although the
interaction was not statistically significant (P = .15). Neverthe-
less, given the much steeper point estimates for the excess
odds ratio (EOR) per Gy in young children (0.64 per Gy for
children aged <5 years compared with 0.15 per Gy for chil-
dren aged 10-20 years), additional caution may be warranted
when estimating the risk in younger patients.

Five studies reported data amenable for analysis for the
effect of age at exposure for meningioma (Table E2 in
Appendix E3). Four of these”***** allowed quantitative syn-
thesis. The linear regression ERR = b x Age yields
b = —0.070 (95% CI, —0.065 to —0.076; P < .0001), corre-
sponding to a 70% decrease in excess risk for a 10-year-old
child relative to a newborn. This result remained highly sig-
nificant with any of the 3 studies left out of the sensitivity
analysis. See https://osf.io/qx2t3 for details. One important
study from Journy et al,”” not included in this analysis, sug-
gests an interaction where younger children have a higher
sensitivity to radiation dose, reporting excess ORs for subse-
quent meningioma per Gy of radiation decreasing from
EOR = 4.8 per Gy at ages <5 years to EOR/Gy = 0.22 at ages
>10 years. Because the Journy et al report is matched with 4
cases per controls in each age interval, it could not be
included in the univariable analysis of the current study,
and other reports did not allow verification of the interac-
tion between age and dose-risk relationship.

Sex

The risk of subsequent meningiomas was higher in females
than males (OR, 1.46; 95% CI, 1.22-1.76; 7 studies; 52,507
patients; 456 events; P < .0001) (Fig. 5), whereas no differ-
ence between sexes was seen in risk of malignant CNS neo-
plasms (OR, 0.94; 95% CI, 0.68-1.31; 4 studies; 32,952
patients; 142 events; P = .71) (Appendix E4).
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Fig. 3. Rate of central nervous system (CNS) subsequent

neoplasms (SNs) including (A) malignant CNS neoplasms
and (B) meningiomas by dose in childhood cancer survivors
of acute lymphocytic leukemia treated with whole-brain
radiation therapy. As noted, the 2 studies with rates of sub-
sequent meningioma >25% used surveillance imaging (and
thus detected asymptomatic cases), whereas this was not
routinely done in the other studies.

Interestingly, the OR for females versus males in Fig. 5 is
smaller than what is reported in the NORDCAN database”
(ERR = 2.5 at 50 years and 1.46 at 75 years, compared with
the ERR of 0.46 [95% CI, 0.22-0.76] observed in the current
study—OR is essentially equal to ERR + 1 at these back-
ground incidences). This challenges the assumption of a
pure multiplicative effect of treatment-induced risk to the
background spontaneous risk. In light of these systematic
uncertainties, we refrain from providing an absolute risk
estimate for meningioma.

Chemotherapy

Overall, there is weak evidence supporting that specific che-
motherapeutic agents affect the risk of CNS SNs. With
regard to subsequent malignant CNS neoplasm, among the
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Fig. 4. Median latency times from each study are shown

as a function of the median follow-up time for subsequent
malignant central nervous system (CNS) neoplasms (green
circles), meningiomas (purple circles), sarcoma (blue
circles), and lung cancer (red circles), with data points sized
according to the number of study participants.

Childhood Cancer Survivor Study (CCSS) cohort, Neglia et
al” showed that chemotherapy exposure (categorized as yes
or no as well as by specific agents including alkylating
agents, anthracyclines, epipodophyllotoxins, platinum
agents, and antimetabolites) did not increase the risk of sub-
sequent glioma after accounting for radiation dose. A simi-
lar lack of association between alkylating agents that
penetrate the brain and subsequent risk of SNs was observed
among a cohort of childhood cancer survivors in France and
the United Kingdom.” In the French Childhood Cancer
Survivor study, Journy et al*’ also found no increase in risk
of glioma after various chemotherapeutic exposures with
the exception of epipodophyllotoxin exposure (although no
dose-response relationship was observed). Similarly, there
was no association between chemotherapy exposure on risk
of subsequent glioma in the British Childhood Cancer Sur-
vivor Study (BCCSS).” Walter et al’® also showed that
among a cohort of children treated for ALL, there was no
effect of intrathecal chemotherapy on risk of subsequent gli-
oma.

In the CCSS cohort, Friedman et al** found no effect of
various chemotherapeutic agents (alkylators, anthracyclines,
epipodophyllotoxin, and platinum) on risk of meningioma,
although an updated report from the CCSS from Turcotte et
al”® suggests a weak association between both alkylators and
platinums and subsequent meningioma risk (albeit without
a dose-response relationship). In the BCCSS, the dose of
intrathecal methotrexate was associated in a linear fashion
with risk of subsequent meningioma, with a 36-fold
increased risk among those exposed to 70 mg/m® or more
compared with those unexposed.”’ However, this finding of
increased risk of meningioma after intrathecal therapy has
not been confirmed in other series from the CCSS™ nor the
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Fig. 5.
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Risk of meningioma versus sex. Studies are ordered by inverse variance. The risk of subsequent meningiomas was

higher in females than males; this result was statistically significant (P < .0001).

Dutch LATER cohort.”” Additionally, in the BCCSS cohort,
there was no effect of other cytotoxic agents on risk of sub-
sequent meningioma.”' In the French Childhood Cancer
Survivor study, Journy et al found a modest association
between cumulative dose of alkylating agent and risk of sub-
sequent meningioma but no association with other chemo-
therapeutic agents.”” In the Dutch LATER cohort, only
carboplatin exposure was associated with increased risk of
subsequent meningioma, although without a dose-response
relationship; the authors postulate that this effect could have
been seen in part owing to the fact that the main subgroup
of patients who received carboplatin were those with medul-
loblastoma.”” Last, Cardous-Ubbink et al found that among
childhood cancer survivors treated at the Emma Children’s
Hospital in Amsterdam, chemotherapy (yes or no) was not
associated with the risk of subsequent meningioma on mul-
tivariate analysis, although specific chemotherapy agents
and doses were not specified.”* Altogether, there is not
enough evidence to definitively conclude a consistent rela-
tionship between specific chemotherapeutic agents and the
risk of subsequent meningioma.

Subsequent sarcoma

Dose response

Table E3 in Appendix E3 lists studies included in the sar-
coma dose-response meta-analysis. Combining all individ-
ual data points of RRs at given dose levels for sarcoma
using inverse variance weighting resulted in a significant
dose-response relationship with an estimated pooled ERR/
Gy of 0.045. More specifically, the linear regression
ERR = b x Dose yields b = 0.045 (95% CI, 0.023-0.067;
P =.002). However, there is a suggestion of a biphasic dose
response (see Fig. 6A), with much higher RRs and rates of
subsequent sarcoma above 55 Gy, similar to findings from
Henderson et al,”” who reported an OR of 116 for >50 Gy
(mean dose, 53 Gy) compared with an OR of 16 for 30 to
50 Gy (mean dose, 37 Gy). However, the significance of
this apparent bimodal response must be tempered by con-
sidering the small number of patients in the higher dose
bins (reflected in the large confidence intervals shown)

and the lack of a known mechanism for this potential
threshold effect for an increase in the steepness of the dose
response.

Of note, among 14 studies with information regarding
the location of the subsequent sarcoma after RT exposure,
113 of 128 subsequent sarcomas (88%) occurred in field and
12% occurred out of field, of which approximately one-third
(or 4% of the total) were labeled as being at or near the field
edge. When analyzing dose response from matched case-
control studies reporting dose to the site of subsequent sar-
coma, the ERR could be described using ERR/Gy = 0.131
(95% CI, 0.0821-0.180; P < .0001) (Fig. 6B).

Excess absolute risk of a subsequent soft-tissue sarcoma
for a 20-Gy exposure and anthracyclines (univariate value,
so representing an “average” combination) lead to an
EAR = Dose x 0.05 Gy ' + 2.42 = 3.42. Assuming a back-
ground cumulative incidence of 0.07% and 0.25% for soft-
tissue sarcoma at 50 and 75 years, respectively,” then the
excess absolute risk becomes 0.24% (95% CI, 0.2%-0.28%)
and 0.86% (95% CI, 0.7%-1%) at 50 and 75 years after 20-
Gy exposure, respectively, and 0.3% (95% CI, 0.3%-0.4%)
and 1.2% (95% CI, 0.95%-1.5%) at 50 and 75 years after 50-
Gy exposure, respectively.

Latency

For the latent time analysis, 29 studies with 312 subsequent
sarcomas were available and revealed a weighted average
median latency time of 11 years (range, 4-23 years) (Fig. 4)
after a median follow-up of 9 years. As with CNS SN, lon-
ger latencies were observed with longer reported follow-up.

Age
A tendency toward decreased risk of subsequent sarcoma
with increasing age at exposure was seen (b = —0.032; 95%

CI, —0.06 to —0.003 ERR per year; P = .035), meaning that a
10-year-old is at approximately 30% lower relative risk than
an infant. This result was, however, sensitive to leaving out
a study, which would often lead to insignificant slope of the
regression. See https://osf.io/q5hk4 for details.
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Individual data points used to estimate the pooled excess relative ratio (ERR)/Gy for subsequent sarcomas among (A)

cohort studies and (B) matched case-control studies are shown along with the resulting dose-response curve and 95% confi-
dence intervals. Vertical bars show the ERR 95% confidence interval of the individual data points. (A) Insert represents dose
response from 40 to 65 Gy, with the ERR/Gy higher than the linear fit for doses >60 Gy.

Sex

The risk of subsequent sarcomas showed a numerical higher
value in females compared with males (OR, 1.56; 95% CI,
0.84-2.90; 9 studies; 18,701 patients; 38 events; P = .16,
Fig. 7), which was not statistically significant.

Chemotherapy exposure

Figure 8 depicts univariate and multivariate analyses of the
effect of alkylating agents and anthracyclines on the risk of
subsequent sarcoma. There is good evidence that anthracy-
clines or alkylating agents both will increase the risk of sub-
sequent sarcoma. Correlations by indication and study

heterogeneity make it difficult to draw conclusions of the
relative contributions of the 2 classes of drugs. Univariate
analyses suggest that alkylating agents are the main driver,
but the large CCSS study by Henderson et al’ points to
anthracyclines as the dominant risk factor. Because there is
a high correlation between patients receiving both agents
and confounding by indication, we suspect that the multi-
variate analyses can be unstable in this situation. It can be
concluded, however, that evidence points to an increased
risk of subsequent sarcoma when common pediatric chemo-
therapy regimens including alkylators and/or anthracyclines
are received.
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Risk of secondary sarcomas versus patient sex. The studies are ordered by inverse variance. *Studies that included

adults in the cohort; the majority of patients in these cohorts were older than 21 years at primary cancer diagnosis.
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Association between chemotherapy agents and risk of subsequent sarcoma. Top row: univariate analyses; bottom

row: multivariate analyses. The left column shows data for alkylating agents and the right, data for anthracyclines.

Subsequent lung cancer

Dose response

Combining all individual data points of RRs at given dose
levels for lung cancer using inverse variance weighting
resulted in a significant dose-response relationship with
an estimated ERR/Gy of 0.068; linear model
ERR = 0.068 x Dose (95% CI, 0.03-0.11; P = .003) (Fig. 9).
See Table E4 in Appendix E3 for studies used in the dose-
response analysis.

Using a background cumulative incidence of lung cancer
at attained age of 50 and 75 years of 0.20% and 4.4%, respec-
tively,”’ we estimated excess absolute risks after 20-Gy expo-
sure of 0.27% at 50 years of age (95% CI, 0.12%-0.4%) and
6% at 75 years of age (95% CI, 2.6%-9.7%), and after 50-Gy
exposure, we estimate excess absolute risks of 0.7% at
50 years (95% CI, 0.3%-1.1%) and 15% at 75 years of age
(95% CI, 6.6%-24%).

Latency
For the latent time analysis, 3 studies of 143 subsequent lung
cancer were available and revealed a weighted average

median latency time of 25 years (range, 19-29 years) (Fig. 4)
after a median follow-up of 23 years.

Age

There was insufficient data to perform an analysis on the
effect of age at exposure versus risk of subsequent lung can-
cer. However, among the CCSS cohort, Ghosh et al’*® found
that older age at diagnosis was associated with an increased
risk of subsequent lung cancer on multivariate analysis
(with a reference group of age 0-4 years at diagnosis; hazard
ratios for age 5-9 years, 10-14 years, and 15-21 years were
7.0, 11.4, and 27.0, respectively). This is a unique finding
and opposite of what most others report regarding the age-
dependency of RT-associated SN at other sites.

Sex

No statistically significant sex difference was seen in the risk
of subsequent lung cancer (OR, 1.04; 95% CI, 0.60-1.80; 3
studies; 32,956 patients; 52 events; P = .88) (Fig. 10).

Chemotherapy exposure

Ghosh et al evaluated the risk of subsequent lung cancer
among the CCSS cohort and observed a significant effect of
anthracycline cumulative dose, bleomycin exposure, and
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Fig. 9.

Individual data points used to estimate the pooled excess relative ratio (ERR)/Gy for subsequent lung cancer are

shown, along with the resulting dose-response curve and 95% confidence intervals. Vertical bars show the ERR 95% confidence

intervals of the individual data points.

Males Females Odds Ratio Odds Ratio
Study or Subgroup  Events  Total Events Total M-H, Fixed, 95% Cl M-H, Fixed, 95% Cl
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Ghosh 2022 21 13718 21 11935 0.87[0.47,1.59) -i—
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Test for overall effect: Z=0.15 (P = 0.88)

Fig. 10.

epipodophyllotoxin cumulative dose on risk of subsequent
lung cancer; however, after adjusting for chest RT and age,
there was only a trend toward a significant association for
bleomycin.”® Travis et al found an association with treat-
ment with alkylating agents and increased subsequent lung
cancer risk (RR, 4.2) among patients treated for Hodgkin
lymphoma.”” Behringer et al also observed the highest inci-
dence of subsequent lung cancer among survivors who
received combined modality therapy rather than chemo-
therapy or RT alone.”® In a meta-analysis of subsequent
lung cancer in Hodgkin lymphoma survivors by Ibrahim et
al, the RRs of subsequent lung cancer after RT alone versus
combined modality therapy versus chemotherapy alone
were 4.88, 5.15, and 2.39, respectively.” Taken together, the
risk of subsequent lung cancer, at least among Hodgkin sur-
vivors, does appear to depend in part on chemotherapy
exposure, but there are limited data comparing specific
agents.

Females higherrisk Males higher risk

Risk of secondary lung cancer by patient sex. The studies are ordered by inverse variance.

Smoking

Travis et al found that among a cohort of Hodgkin lym-
phoma survivors, current smoking increased lung cancer
risk by more than 20-fold.”” Additionally, the risk from
smoking appeared to further increase the risks from primary
treatment, with an additive relationship observed and the
largest risk seen among moderate to heavy smokers who
also received RT and alkylating agents (RR, 49.1). Ghosh et
al did not find smoking history to be an independent risk
factor for subsequent lung cancer among the CCSS cohort
after adjusting for other diagnostic and treatment factors.”
However, patients who developed lung cancer were more
likely to have a smoking history (50% vs 30%). In the meta-
analysis by Ibrahim et al, although data regarding smoking
history were limited, 80% of patients with a lung SN were
smokers.” Thus, although overall data are limited regarding
the effect of smoking in childhood cancer survivors, there
does appear to be some contribution toward the risk of
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Table 1

Summary of data

Malignant CNS neoplasm

Meningioma

Sarcoma

Lung

Dose response

Excess absolute risk

Linear, ERR/Gy = 0.15

Linear, ERR/Gy = 0.44

After 20 Gy exposure 1.6% at age 50 N/A*
4.5% at age 75
After 50 Gy exposure 3.9% at age 50 N/A*
11% at age 75
Latency, weighted average 10 21
median, y
Follow-up time, median,y 12 16
Age No effect Risk decreases with age at
time of RT
Sex No effect Female > male (odds
ratio, 1.5)
Chemotherapy N/A' N/A'

Linear, ERR/Gy = 0.05

0.2% at age 50
0.9% at age 75

0.3% at age 50
1.2% at age 75

11

9

Risk decreases with age at
time of RT

No effect

Anthracyclines, alkylators

Linear, ERR/Gy = 0.07

0.3% at age 50
6% at age 75

0.7% at age 50
15% at age 75
25

23

Insufficient data

No effect

N/A

T Not enough data to determine a consistent relationship.

Abbreviations: CNS = central nervous system; ERR = excess relative ratio; N/A = not applicable; RT = radiation therapy.
" Inconsistent results from assuming independent multiplicative risks for sex, dose, and attained age.

subsequent lung cancer, as to be expected based on data
from the adult literature.

Data Summary

Table 1 displays the summary of the variables evaluated and
their effect on SN development.

Dose-Volume Recommendations

The available data are consistent with a linear dose response
for all SNs (CNS SNs, sarcomas, and lung SNs), without a
bell-shaped curve and without a threshold, supporting an
approach of ALARA (as low as reasonably achievable) to
nontarget tissue as the most appropriate approach for mini-
mizing the risk of SNs. For sarcomas, although there is the
suggestion of a nonlinear increase in SN risk after 55 Gy,
establishing a threshold effect is difficult based on available
data. Nevertheless, these data do give pause to dose escalat-
ing beyond 55 to 60 Gy for pediatric tumors without a
known benefit in oncologic control.

Additionally, the majority of SNs appear to occur in the
high-dose region, at least for the sarcoma SNs (even more if
those at the field edge are included), rather than in the low-
dose bath. As such, making the target volume dose coverage
as conformal as possible, which can reduce the high-dose
volume where SNs are most likely to occur, may be the
more promising strategy for reducing SNs rather than
reducing low-dose spill. Other strategies to reduce high-
dose volume include a reduction in clinical target volume
and planning target volume margins, which is feasible with
daily image guided RT as well as improvements in

diagnostic imaging and planning. However, because the
low-dose volume is much larger than the high-dose volume,
the integrated risk theoretically could be meaningful in both
regions. The current analysis supports the use of decreased
clinical target volume and planning target volume margins
and a volume reduction approach when clinically feasible
(ie, lower radiation dose to the initially involved site that
has responded to systemic therapy) to limit the high-dose
volume (as is done for rhabdomyosarcoma and Ewing sar-
coma to account for prechemotherapy and postchemother-
apy extent of tumor, for example) as a potential method to
decrease risk of SNs.

Early reports based on SN risk calculations indicated that
the volume receiving low doses was especially concerning."'
These calculations were largely based on atomic bomb survi-
vor data, which have been more recently shown to greatly
overestimate the risk/Gy compared with therapeutic RT.”
Because IMRT has now been used for >20 years, recent and
ongoing studies will continue to shed light on the risk of SN
in the low-dose bath after IMRT compared with 3-dimen-
sional (3D) conformal RT (which was the predominant
technique of the studies included in our analysis). Existing
data at this time, although somewhat less mature than ideal,
show that the risk for SNs is not greater for IMRT than 3D
conformal therapy.’’”** Similar studies comparing protons
to photons have also not shown a significant benefit to pro-
tons at this time, but these are even less mature.*’

Special Situations

The data herein analyzed describe the risk of SN after deliv-
ery of RT with conventional fractionation, and for most
included studies, older techniques (ie, predating proton
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therapy and even IMRT). Although none of the included
studies used IMRT, many studies used multibeam 3D con-
formal techniques that can result in a similar low-dose bath.
The presented data and models may not apply to the follow-
ing situations:

® Hypofractionation

® Proton therapy

® Suspected or confirmed cancer predisposition syn-
dromes known to be associated with increased sensitiv-
ity to radiation-related carcinogenesis

Caveats

Despite the risk of SNs after RT, RT remains a critical
modality of treatment in pediatric cancers and contributes
to the long-term survival of many patients. With this in
mind, for many pediatric cancers, it is not possible to omit
radiation or reduce the volume or dose to the tumor with
the goal of reducing the risk of SNs. However, the data from
this study can help to inform optimal treatment decision
making and appropriate counseling about potential late
effects. Additionally, opportunities to reduce dose (espe-
cially high dose) to surrounding normal tissue without a
compromise in cure are critical for treatment of pediatric
malignancies and reduction in risk of SNs.

Limitations

The central limitation of our analyses is that the radiation
doses used in our analysis and modeling are uncertain. We
estimate this level of uncertainty to be at least 10%. This
estimate is based on a number of factors, including the fact
that the dose at the location of the SNs was rarely known
and the prescribed doses were the only dosimetric data
stated in most publications. Even if we assume the SNs were
always in the high-dose volume, to the extent that there is
an inhomogeneous dose, there is still uncertainty in the
dose at the location of the SNs. In addition, the delivered
dose can be different than the stated prescribed dose owing
to inaccuracies of manual dose calculations where comput-
erized treatment planning was not available, or if a treat-
ment planning system was used, there are potential
uncertainties in those calculations depending on the sophis-
tication of the system. For the lung SN, there is an addi-
tional uncertainty owing to the likely presence of lung
blocks, because nearly all the studies were of patients with
Hodgkin lymphoma who got mantle irradiation for at least
part of their treatment. If we assume the lung SNs were in
the open field, then there is a 10% to 15% systematically
higher dose to the site of the SN than the prescribed dose
owing to increased lung transmission. We conservatively
chose to scale up the prescribed doses stated in the publica-
tions by 10% for modeling purposes to account for this
effect.

Another source of dosimetric uncertainty is that the
stated doses were generally given as a range of doses, that is,
dose bins. These bins were often 20 Gy wide or more. We
systematically used the mean dose for the bin as the dose to
assign to events. To the extent that the actual patient doses
were not uniformly distributed in the bin (which is to be
expected, in particular for observational studies spanning
multiple childhood cancer types, calendar periods of diag-
nosis, and, accordingly, varying treatment scenarios), the
true mean dose could be different, potentially skewing the
dose-response curve.

Moreover, the quantitative volume of irradiated normal
tissue was not known. Older studies often included patients
treated with parallel opposed fields, whereas newer studies
include more sophisticated conformal techniques that can
reduce high-dose normal-tissue exposures to varying
degrees. Conversely, the latter tend to have shorter follow-
up intervals within which to observe SNs. All other things
being equal, the risk of an SN would be expected to increase
with increasing volumes of irradiated normal tissue, even
though, to date, there is no large body of empirical evidence
supporting this hypothesis for SNs. Thus, differences in risk
that we are associating with dose could be confounded by
changes in target volume and treatment technique. For
whole-brain RT, this concern about volume effects is not
germane, but for other body sites, the volume of irradiated
normal tissue depends on the standard of care at the time of
treatment as well as individual tumor and target variations.

In addition, in older studies in which survival rates are
lower than in more recent analyses, death secondary to dis-
ease may mask the true rate of SNs without a competing
risk analysis. Also, it is likely that virtually all the reported
rates of SNs are low because SN events continue to occur for
many decades after therapy, yet follow-up duration rarely
extended past about 20 years.

Excess absolute risks were calculated at example attained
ages of 50 and 75 years, and a substantial difference was
seen between those estimates. It is relatively robust to con-
clude that modeled lifetime risks will be dominated by
excess absolute risks occurring relatively late in life. How-
ever, it should be noted that as the attained age increases,
the results become increasingly dependent on the modeling
assumptions that the treatment-related ERR is multiplied
on an increasing background cumulative risk. Lifetime fol-
low-up of existing historic cohorts, as childhood cancer sur-
vivors mature into older ages, will allow for future
validation of these projected risk estimates. To our knowl-
edge, to date, no empirical data are available for SN risks
beyond an attained age of 60 years. For further discussion of
these modeling challenges, see the PENTEC state of science
introductory article by Bentzen et al and the vision paper
by Stokkevag et al in this issue.

It is possible that the pooling of risk estimates from mul-
tiple sources may mask real effects that are seen in individ-
ual studies. Throughout this review, we were cognizant of
this risk and depicted the associated findings in individual
studies where possible.
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Last, our analysis was limited to only CNS SN, sarco-
mas, and lung SN, and thus, our findings are not applicable
to other types of SNs.

Data Reporting Standards

For combining the results in a meaningful way and further
evaluation of SN risk with modern techniques, it is vital that
published data sets and ongoing and/or future central regis-
tries evaluating risk of SNs after RT conform to consistent
reporting standards. These should include the following:

® Patient sex

¢ Clinical diagnosis

® Genetic predisposition (if any)

® Age at time of RT

® Prescribed RT dose and fractionation

® RT technique (ie, photon-based 2D, 3D, IMRT, volu-
metric modulated arc therapy; proton therapy—passive
scatter, spot scanning, intensity modulated proton
therapy)

® Number of patients in the study and number of those
with or without SNs

® Dose-volume histogram data for the tissues at risk for
an SN so that the effect of irradiated volume can be bet-
ter defined

® Time from RT to SN development, with sufficient fol-
low-up when determining the risk of SNs given the
importance of follow-up on latency

® RT dose at the site of SN development and/or informa-
tion regarding proximity to target volume (or at least
an estimate)

® Use of chemotherapy (agent, timing, and dose)

® Frequency of clinical follow-up for late complications
of RT

e Lifestyle behavior (ie, smoking and drinking) during
and after completion of therapy

® Frequency of imaging follow-up in the RT field

Future Investigations

The overarching goal of this study and future investigations
regarding SN risk is to (1) inform optimal treatment deci-
sion making to increase cure rates while reducing late mor-
bidity and mortality and (2) guide surveillance strategies.
With modification of treatment regimens to optimize the
therapeutic ratio and with improvement of surveillance
strategies, the morbidity of late effects including SN can, in
fact, be decreased.”* With this in mind, additional studies
and centralized registries are needed to better elucidate the
following:

1. Effect on SN risk of more sophisticated RT techniques
that reduce integral dose, such as proton therapy, and
whether this effect influences the therapeutic ratio in

disease sites with multiple local control treatment
options (eg, Ewing sarcoma) and disease sites where
chemotherapy may be delivered in lieu of RT (eg,
Hodgkin lymphoma)

2. Comprehensive lifetime follow-up of long-term survi-
vors to fully determine the risk of SNs given the impor-
tance of follow-up length on latency results

3. Methods to define and mitigate the RT-induced injury
that leads to SN development

4. Genomic variants that may predispose to increased risk
of subsequent malignancies, specifically after RT expo-
sure (eg, chromosome 6q21 in children with Hodgkin
lymphoma)*’

5. Effect of irradiated volume on the risk of SNs and the
role of the low- versus high-dose volumes in the risk of
SNs

6. Genomic changes of subsequent malignancies after RT
to better understand methods to mitigate or intervene
upon these changes and reduce the potential for devel-
opment of SNs

7. Influence of subsequent lifestyle behavior (eg, smoking
and drinking) on risk of SNs after RT

8. Influence of chemotherapy agents and novel immuno-
therapy agents on SN risk and their potential joint
effects with RT

9. Organ-specific risk of SNs and potential implications
for RT planning

10. Potential harms and benefits of surveillance with imag-
ing and follow-up, or other methods to screen for SNs
after RT exposure among asymptomatic high-risk
childhood cancer survivors (eg, CNS imaging after CNS
RT exposure)

Conclusion

Subsequent neoplasms, particularly those that are malig-
nant, have been termed “the agony of victory” owing to their
lethality and the significant morbidities attendant to eradi-
cating them. The association of RT dose with their induc-
tion, and the latency to their occurrence, have been subjects
of study and debate for decades. This PENTEC report serves
to fill several gaps and suggests future investigations to
explore those left unfilled.
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