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As modern radiotherapy, including intensity-modulated techniques, is associated with high dose gradi-
ents to normal tissues and large low-to-moderate dose volumes, the assessment of second primary can-
cer (SPC) risks requires quantification of dose-volume effects. We conducted a systematic review of
clinical and epidemiological studies investigating the effect of the irradiated volume or dose-volume dis-
tribution to the remaining volume at risk (RVR) on SPC incidence. We identified eighteen studies compar-
ing SPC risks according to the irradiated volume (i.e., in most studies, the size or number of fields used),
and four studies reporting risk estimates according to the dose distribution to the RVR (after whole-body
dose reconstruction). An increased risk of SPCs (mainly breast and lung cancers) with extended radiother-
apy was observed among patients treated for Hodgkin lymphoma or childhood cancers. However, normal
tissue dose distribution was not estimated, limiting the interpretation of those results in terms of volume
effects on organs at risk. Studies considering whole-body exposures quantified dose-response relation-
ships for point dose estimates, without accounting for dose-volume distributions. Therefore, they disre-
garded possible tissue effects (e.g. bystander and abscopal effects, stem cell repopulation) which may
play a role in the induction of SPCs. Currently, there is no clinical or epidemiological information about
a possible role of high dose gradients in surrounding organs, or increasing volumes of distant tissues
exposed to low doses, in the risk of SPCs. Opportunities for future research nevertheless now exist, since
methods and tools for estimating individual whole-body dose-volume distributions in large patient
populations have been developed.

© 2018 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 131 (2019) 150-159
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Second primary cancers (SPCs) occur in 3-40% of cancer sur-
vivors within 10 to more than 40 years after diagnosis of the first
cancer [1-7], in part as late effects of treatments. Cancer survivors
initially treated with radiotherapy (RT) at age >18 years have long-
term risks of SPC incidence (all sites combined) 1.1-3 times higher
than the general population [8], and the estimated risks relative to
the general population are 5-10 after childhood cancers [8,9].

Modern RT techniques, including intensity modulated radiation
therapy (IMRT), stereotactic body radiotherapy (SBRT) and particle
therapy, can deliver highly conformal dose distributions allowing
dose escalation and dose homogeneity improvement to the target
volume while reducing doses to normal tissues within the irradi-
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ated volume (i.e. the volume receiving >20% of the prescribed
dose). However, with IMRT and SBRT, it is at the expense of a larger
volume of distant tissues receiving low-to-moderate doses (<1 Gy)
compared to 3D-RT, with whole-body dose distributions varying
according to the technique used [10,11]. The late effects, particu-
larly SPCs (which mainly occur 10 to >25 years after RT), subse-
quent to large low-to-moderate dose volumes with modern RT
techniques remain poorly quantified due to short follow-up times
[12-14].

While awaiting for accumulating epidemiological data on mod-
ern techniques with a sufficient follow-up time, simulation studies
have compared predictions of long-term SPC incidence between
treatment techniques. They used dose-response estimates derived
from epidemiological studies on past RT techniques and other
sources of radiation exposures, and mechanistic models [15-19].
Most of them suggested that increasing low-to-moderate dose
volumes with IMRT may be associated with higher risks of SPC com-
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pared to 3D-RT, despite a dose reduction to surrounding tissues
[15-19]. The dose-response models used for these simulations
were derived from studies considering mean organ doses after
homogeneous exposures to low linear energy transfer radiation
(e.g. among Hiroshima and Nagasaki a-bombing survivors), or dose
estimates at the SPC location (or, less frequently, mean organ doses)
after radiotherapy. The risk of SPC at a given organ/tissue was then
simulated as the sum of “local” risks at different point estimates of
dose, generally using the concept of organ equivalent dose [20,21].
This approach thus did not consider systemic (“volume”) effects of
radiation on tissues (e.g. bystander and abscopal effects, and stem
cell repopulation) [22-25] and the potential biological effects of dif-
ferent dose gradients within organs. At the present time, it remains
uncertain to which extent those risk predictions, which are inher-
ently based on simplified modeling of the biological mechanisms
underlying SPC development, correlate to clinical outcomes in
patients receiving modern RT.

We hypothesized that evidence of the existence, or not, of vol-
ume effects on SPC risks may be available among the numerous
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published studies on patients treated with past RT techniques
who have now been followed for decades, and conducted a system-
atic review of clinical and epidemiological studies. This review
reports estimated risks of SPC incidence according to the irradiated
volume (i.e. treatment and organ-at-risk volumes that are delin-
eated for treatment planning [26]), or as a function of dose-volume
distribution to the remaining volume at risk (RVR - not delineated
organs/tissues for treatment planning [26]).

Material & methods

Search strategy and study selection. Studies were identified
through a systematic search in the PubMed/MEDLINE database
(the search terms are listed in Appendix). The reference lists of eli-
gible articles were also reviewed to identify studies which we
might have missed by searching terms in the titles and abstracts.
We included articles published in English up to 31 August 2017
which reported results of randomized controlled trials (RCTs) or
observational (cohort or case-control) studies. We excluded stud-
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Fig. 1. PRISMA Flow Diagram.

Reasons for exclusion: ‘did not match inclusion criteria (i.e. clinical and epidemiological studies investigating the effect of the irradiated volume or dose-volume distribution
to the remaining volume at risk in the risk of second primary cancers, n = 188), "no full-text available (n = 4), no information about the irradiated volume or dose distribution
to the remaining volume at risk (n = 4), total number of second cancers < 10 (n = 13), study population included in a meta-analysis/another publication with extended follow-

up (n =4), cancer mortality analysis only (n=1).



Table 1a

Study settings, population, treatment characteristics and methods of follow-up and statistical analyses of the 22 included studies.

Refs.  Study Study 1st Cancer  2nd Cancer N (# SPC)  Years of Median Radiotherapy modalities (for initial treatment) Median Case ascertainment Statistical

settings design or Case/ treatment age at 1st follow-up methods
Contr. diagnosis (range)
(range)

(a) Eighteen studies estimating risks of SPC according to the irradiated volume

[31] GELA-EORTC  RCT Hodgkin L.  all SPCs 1538 (55) 1993- 30-33(15- H8-F, Arm 1: 36- to 40-Gy STNI (mantle + spleen 8 (0-12) Hospital Kaplan-
H8 trial (91 (stage I-1II) 1999 70) and para-aortic nodes), Arm 2: IFRT; H8-U, Arm 1: Meier, log-
centers)' 36- to 40-Gy IFRT; Arm 2: 36- to 44-Gy IFRT; H8-U, rank test

Arm 3: 36- to 44-Gy STNI

[30] UK, BLNI- RCT Hodgkin L. all SPCs 603 (87) 1970- 30 (15- Stage IA-IIA, Arm 1: 40-Gy IFRT; Arm 2: 35- to 40- 25 (N/R- Hospital, national cancer Kaplan-
sponsored (stage I-1I) 1979 78) Gy EFRT (mantle); Stage IB-1IB, Arm 1: 35- to 40-Gy  32) registry Meier, log-
trial§ IFRT (mantle or inverted-Y); Arm 2: 35- to 40-Gy rank test

EFRT (mantle plus inverted-Y)

[29]  Cochrane Meta- Hodgkin L.  all SPCs 3221 1966- N/R Arm1: extended field, Arm 2: involved-field <10 Hospital, cancer registries’ Peto’s OR
systematic analysis  (stage I- (201) 1998 and
review (10 (RCTs) V) cumulative
studies)’ incidence

[34]  USA, cohort Hodgkin L.  all SPCs (excl. 210 (33) 1970- N/R Cobalt-60 or 4-10 MV photons; Stage I and II: 40- 16 (0-27) Hospital-based tumor SIR, annual
Minnesota (stage I- in situ and basal 1986 to 45-Gy with mantle + peri-aortic field or TNI wi/ registry excess rate
Hospital (1 111) cell carcinomas) wo 12-20 Gy lung irradiation; Stage III: 40- to 45-
center) Gy mantle + inverted-Y field wi/wo 20-35 Gy

splenic irradiation wi/wo 12-20 Gy lung wi/wo 18-
20 Gy liver irradiation.

[40]  Netherlands, cohort Hodgkin L.  all SPCs (excl. 3905 1965- 29 (15-50) Cobalt-60/orthovoltage therapy or photons linear 19 (5-47) Hospital, GPs, national Cox’s
population- (stage I- NMSC) (908) 2000 accelerators, 2D treatment planning, 36- to 44-Gy cancer registry regression
based cancer V) mantle, modified-mantle wi/wo model
registries and supraclavicular/neck, involved-field wi/wo
centers individual blocks

[36] USA, Harvard cohort Hodgkin L.  all SPCs 961 (161)  1969- 25 (N/R) 36- to 40-Gy total nodal, mantle + paraaortic, 12 (10- N/ Hospital, referring SIR, Chi-
(5 centers) (stage I- 1997 mantle alone or pelvic + paraaortic fields wi/wo R) physicians, patient/family’s square test

V) individualized blocks interview

[38] USA, Yale- cohort Hodgkin L.  all SPCs 404 (42) 1970- N/R 20- to 25-Gy involved-field with CT vs. 36- to 43-Gy 17 (3-40) Hospital-based tumor SIR
New Haven (stage I- 2004 extended field with no CT registry
(1 center) V)

[32]  Italy, cohort Hodgkin L.  all SPCs (excl. 1121 (73) 1960- 35 (N/R) No RT/involved-field or mantle/lumbar bar/ >9 (N/R) Hospital Cox’s
Florence (stage I- NMSC and 1988 inverted-Y or subtotal nodal/total nodal regression
University (1 V) myelodysplasia) model
center)

[39] UK, national cohort Hodgkin L.  breast (incl. 5002 1956- N/R (N/R- Mantle, modified mantle or other fields wi/wo x (N/R-53)  Hospital, national cancer SIR, p-trend
program of (stage I- in situ) (373) 2003 35) pelvic irradiation center network, cancer
breast cancer V) registries, self-reported
counseling questionnaires, radiologist

reports (parallel screening
study)

[33] USA, SUNY (1 cohort Hodgkin L.  breast (incl. 136 (11) 1962- 31 (N/R) Cobalt-60 or 4-6 MeV photons; 25- to 40.25 Gy 15 (N/R- Hospital Log-rank
center) (stage I- in situ) 1988 mantle/modified mantle, total nodal or 26) test,

V) supradiaphragmatic wi/wo periaortic field wi/wo multiple
splenic irradiation. linear
regression
model

[37] Italy, cohort Hodgkin L.  breast 725 (39) 1960- 30 (10-85) 36-40 Gy supradiaphragmatic wi/wo 16 (0.5- Hospital Kaplan-
Florence (stage I- 2003 infradiaphragmatic complementary extended field 48) Meier, log-
University (1 V) or 30-Gy supradiaphragmatic involved field or rank test,
center) infradiaphragmatic field alone Cox'’s

regression

model
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Table 1a (continued)

Refs.  Study Study 1st Cancer 2nd Cancer N (# SPC)  Years of Median Radiotherapy modalities (for initial treatment) Median Case ascertainment Statistical

settings design or Case/ treatment age at 1st follow-up methods
Contr. diagnosis (range)
(range)

(a) Eighteen studies estimating risks of SPC according to the irradiated volume

[35] UK, BCHD nested Hodgkin L.  lung 88/176 1963- >=40 years 35 to 40 Gy involved field (0-10% of total lung >=10years Hospital, regional cancer Logistic
cohort§ case- (stage I- 1993 in 78% of volume in the field) or mantle (>10% of total lung  in 31% of registries regression

control V) cases volume in the field) cases# model

[41]  USA, Yale cohort Breast all SPCs 1029 1970- N/R 4-6 MeV photons/13 MeV electrons, 46- to 54-Gy 15 (9- N/R) Hospital-based tumor life-table,
New Haven (stage I-1I) (117) 1990 tangential field (local) or 46- to 54-Gy tangential registry Mantel-
(1 center) field + 46-Gy regional nodal irradiation Haenszel

(locoregional) + 10- to 18-Gy electron boost test

[43]  Canada, cohort Breast all SPCs (excl. 12,836 1989- N/R (20- Cobalt-60 or 4-10-MV photon 3D-CRT, 50- to 50.4- 8 (3-20) Regional cancer registry Fine and
British (stage I-1I) NMSC) (1119) 2005 79) Gy breast/chest wall field (local) or 42.5-Gy Gray's
Columbia (4 supraclavicular fossa wi./wo. axilla field wi./wo. 40- regression
centers) Gy regional nodal irradiation (locoregional) + 10- to model*

18-Gy boost

[42]  Italy, cohort Breast all SPCs 5-year 1965- 55" (N/R) No RT/cobalt-60/6 MV photons/12-MeV electrons, 8" (5:-30) Hospital, regional cancer Cox’s
Florence (stage I- survivors: 1994 up to 60 Gy with breast field alone or internal registry regression
University (1 V) 3080 mammary chain, supraclavicular nodes, axillary model
center) (167) lymph nodes and/or chest wall fields

[7] USA/Canada,  cohort Childhood  Breast (incl. 1230 1970- 13 (0-20) Chest RT: mantle (median dose, 40 Gy, range, 5— 26 (8-41) Self/proxy-report, national Poisson
CCSS (26 (stage I- in situ) (203) 1986 54), mediastinal (incl. IFRT, median dose, 30; range, death registry regression
centers) IV)§ 3-54), whole lung (median dose, 14; range, 2-20), model

other one-sided anterior (median dose, 41; range,
10-61), posterior chest (median dose, 31; range, 6-
54), abdominal (median dose, 20; range, 4-40),
total body (median dose, 12; range, 4-16) wi/wo
pelvic irradiation

[44]  USA, St Jude nested Childhood  Colon and 19/148 1960- 10 (0-20) Median local received dose = 29 (in cases), 33 (in 25 (5-39) Clinic visits, Hospital-based Logistic
Hospital case- (stage I- rectum 2009 controls), range: 10-50 Gy tumor registry, national regression
control V) death registry model
[45]  USA, Fox cohort Prostate all SPCs 543 (31) 1973- 70 (N/R) 2D conventional or 3D conformal; 10 -18 MV 4 (0-21) Hospital Kaplan-
Chase Cancer (stage I- 1993 photons; 70-72 Gy to the prostate only or the Meier, log-
Center (1 III) whole pelvis rank test
center)

BCHD: British collaborative Hodgkin’s disease cohort, which includes patients from the British National Lymphoma Investigation (BNLI) cohort, the Royal Marsden Hospital and St Bartholomew’s Hospital.

BLNI: British National Lymphoma Investigation; CCSS: Childhood Cancer Survivor Study; EFRT: extended field radiotherapy; EORTC: European Organisation for Research and Treatment of Cancer.

GHSG: German Hodgkin’s Lymphoma Study Group; GP: general practitioner; IFRT: involved field radiotherapy; N/R: not reported; NHSCR: National Health Service central register; NMSC: non-melanoma skin cancer.

RCT: randomized controlled trial; RT: radiotherapy; SPC: second primary cancer; STNI: subtotal nodal irradiation; SUNY: State University of New York Health Science Center.

‘mean age/time; 'the follow-up methods differed in each individual trial; ‘relapse and death as competing risks; additional analyses were performed on leukemia risks (8 cases) among 4716 2-year survivors; §tumors of the central
nervous system, leukemia, Hodgkin or non-Hodgkin lymphoma, Wilms tumor, neuroblastoma, soft tissue or bone sarcoma, others #Interval time between first cancer diagnosis and the date of SPC diagnosis (among cases).
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Table 1b

Fours studies estimating risks of SPC according to dose-distributions to the remaining volume at risk.

Statistical methods

Case ascertainment

Median
follow-
up

Radiotherapy modalities
(for initial treatment)

Median age

at 1st

Years of

1st Cancer  2nd Cancer N (# SPC) or
Case/Contr.

Study
design

Study

Refs.

treatment

settings

diagnosis
(range)

(range)

(b) Eighteen studies estimating risks of SPC according to the irradiated volume

52" (x-X)

Logistic regression

model

N/R

>5 yrs.
in 70% of
cases#

No RT/orthovoltage, cobalt-60, linear

accelerator, Betatron

1920-
>1965

133/500

Leukemia

nested Cervical
case-

IRSCCP

[46]

(stage I-

V)

control
case-

Logistic regression

National radiotherapy
model

3(1-13)

#

No RT/orthovoltage, cobalt-60, linear
accelerator (photon and electrons),

8 (0-<18)
Betatron, brachytherapy

1980-
1997

61/196

Leukemia,

Childhood
(stage I-
V)

France,
SFOP

(47]

center network, regional

cancer registries

myelodysplasia,

control

myeloproliferative

syndrome

Cox’s regression model

Hospital, GPs, self-

27 (5-
62)

No RT/orthovoltage, cobalt-60, linear

4 (0-20)

1942-
1985

4171 (39)

Bone sarcoma

Childhood
(stage I-
V)

France- cohort
UK,

[49]

reported questionnaire,

accelerator (photon and electrons),

Betatron, brachytherapy

national death registry

Hospital, GPs, self-

Euro2K
France-

UK,

Logistic regression

6 (2-36)

#

No RT/orthovoltage, cobalt-60, linear
accelerator (photon and electrons),

6 (0-<17)
Betatron, brachytherapy

1964-
2000

35/140

Leukemia

Childhood
(stage I-
V)

case-

(48]

Volume effects of radiotherapy on second cancer risk

model; Proportional

reported questionnaire,

control

marginal means model

national death registry

Euro2K

‘Mean age/time; N/R: not reported; SPC: second primary cancer; RT: radiotherapy #Interval time between first cancer diagnosis and the date of SPC diagnosis (among cases).

ies with less than 10 SPC cases, which did not report information
on the irradiated volume or dose-volume distribution to the
RVR, or which did not collect information on observed SPC cases
(i.e. simulation studies or studies on SPC mortality only). No exclu-
sion was made on the earliest publication date, first/second cancer
site, treatment period and place, patient characteristics, RT tech-
nique, other treatment modalities, or methods of patient follow-
up. The results of the identification and selection process are dis-
played in a flow diagram (Fig. 1), as proposed in the PRISMA state-
ment [27].

Data extraction and study quality assessment. Information on
study settings and design, population characteristics, treatments
modalities, patient follow-up and statistical analysis were
extracted from the primary article, using a predefined data extrac-
tion form (Tables 1a, 1b). When necessary, companion or previous
reports were also reviewed to retrieve more information on treat-
ments and methods for patient selection and follow-up. The
methodological quality and potential biases of the included studies
were assessed using a pre-defined list of items that we considered
to be the most important for a reliable assessment of dose-volume
effects on the risk of SPCs (Table 2). This approach mainly addresses
the United Nations Scientific Committee on the Effects of Atomic
Radiation’s recommendations for reviews of epidemiological stud-
ies of radiation exposures [28]. Data extraction and study quality
assessment were performed independently by two reviewers (N],
IM), who then cross-checked their reports to validate the reported
information and reach a consensus on quality assessment.

Data synthesis. We summarized the methodological strengths,
limitations and main results of the included studies in Table 3
(and Table S1), and reported detailed results from the original arti-
cles in Table S2. We only considered methods and results related to
dose-volume effects on SPC risks, even though some of the
reviewed studies were primarily designed for other purposes.

Results

Selected studies

Among 235 non-duplicated articles screened, 47 eligible articles
were fully reviewed against our inclusion criteria. After exclusions,
22 studies (publication date: 1991-2015) were included (Fig. 1).
Eighteen studies compared the incidence of SPCs according to the
irradiated volume (i.e., in most studies, the size or number of fields
used) for treatment of Hodgkin lymphoma (n = 12), breast (n = 3),
childhood (n = 2) or prostate (n = 1) cancer (Table 1a). Four studies
reported risk estimates according to the dose distribution to the
RVR for treatment of cervical (n=1) or childhood (n=3) cancer
(Table 1b). The number of patients included in each study ranged
from 124 to 12,836, and the number of SPCs from 11 to 1,119 after
widely variable follow-up times (Tables 1a, 1b). Treatments mainly
involved photon non-conformal or 3D RT (cobalt-60, 4- to 10-MV
photon linear accelerator).

Risk of SPCs according to the irradiated volume

Hodgkin lymphoma

Several RCTs were conducted between 1966 and 1999 to evalu-
ate survival and toxicity rates associated with involved-field (IF)
versus extended field (EF) RT into adjacent clinically uninvolved
areas (i.e. inverted-Y or mantle field with, possibly, additional irra-
diation of the spleen and para-aortic, abdominal and/or pelvic
lymph nodes) (Table 1a). Prescribed doses were highly standard-
ized, usually ranging from 35 to 45 Gy. A meta-analysis combined
individual data of 3221 stage I-IV patients included in 10 RCTs
[29]. With a median follow-up time <10 years, no significant differ-
ence in the risk of all SPCs was observed between IFRT and EFRT



N. Journy et al./Radiotherapy and Oncology 131 (2019) 150-159 155

Table 2
Reviewing check list to assess quality and potential biases in the included studies.

item# Description and rating

1 Large number of cases, especially by cancer site'
Poor: <10 cases by cancer site & treatment group (all groups)
Medium: >10 cases by cancer site & treatment group (all groups)
High: >30 cases by cancer site & treatment group (all groups)

2 Adequate data collection, estimation and reporting of irradiated volumes

Poor: individual radiotherapy fields or irradiated volumes not adequately assessed and reported

Medium: individual radiotherapy fields adequately assessed and reported

High: individual volumes to organ(s) at risk adequately assessed and reported

3 Adequate data collection, estimation and reporting of radiation doses
Poor: no dose reported, or inadequately assessed

Medium: highly standardized doses to the treated volume or, if doses not highly standardized, individual dose variability to the treated volume adequately

estimated and reported

High-: individual doses to organ(s) at risk adequately assessed, estimated and reported (dose reconstruction based on medical records - no imaging)
High+: individual doses to organ(s) at risk adequately assessed, estimated and reported (dose estimation based on patient’s imaging)

4 Adequate duration of follow-up to estimate risks of second primary cancers

Poor: <10 years
Medium: >10 years
High: >20 years

5 High-quality follow-up: high overall rate of completeness and non-differential method by treatment group (in randomized controlled trials or cohort studies)

or between cases and controls (in case-control studies)
Poor: differential follow-up and completeness rate <90%

Medium: non-differential follow-up and completeness rate <90%, or completeness rate >90%
High: non-differential follow-up and completeness rate >90% (typically, population-based cancer and death registries with a nationwide coverage)

6 Randomization, stratification or adjustment for confounding factors

Poor: no randomization, stratification or adjustment for important confounding factors (e.g. age, time since radiotherapy, chemotherapy as primary treatment,

smoking history in studies on lung cancer, etc.)

Medium: randomization, stratification or adjustment for important confounding factors, but some potential confounding factors are not considered (e.g.
treatments at relapse, lifestyle factors other than smoking history in studies on lung cancer)
High: randomization, stratification or adjustment for important or potentially important confounding factors

7 Adequate statistical methods and analyses stratified by cancer site or in-/out-field sites of second primary cancers
Poor: comparison to incidence rates in the general population or no proper comparison between treatment groups
Medium-: multivariate regression models (or other more appropriate methods to specific study designs*) with no stratification on second cancer site
Medium: multivariate regression models (or other more appropriate methods to specific study designs*) with stratification on second cancer site

Medium+: accounting for competing risks (e.g. death)

High: multivariate regression models assessing the effect of irradiated volume with adjustment for radiation dose, assessing the joint effect of dose and volume

or assessing the effect of dose-volume distribution

 These quality criteria are arbitrary and should be ideally based on statistical power (which is however missing in all included articles) *For instance, Peto’s method for meta-

analyses.

(Table 3, Table S1). After 15 years or more since treatment, there
was a trend toward a higher SPC (all sites combined) incidence
with EFRT (25-year cumulative incidence after early stage disease:
34%) than with IFRT (25-year cumulative incidence after early
stage disease: 22%), among the few patients who were followed
for such a long time. The meta-analysis also showed a significantly
3-fold increased risk of breast cancer after EFRT compared to IFRT.
Other trials, which were not included in Franklin et al’'s meta-
analysis [29] (because individual patient data were not available
or the results have been published more recently), did not report
increased risks of all SPCs with EFRT [30,31], even after a median
follow-up of 25years [30] (Table 1a). These RCTs nevertheless
involved small numbers of SPCs (Table 1a) [30,31] (Table 3).
Beside RCTs, nine observational studies compared SPC risks in
patients treated between 1960 and 2003 according to the extent
of EFRT (total or subtotal nodal irradiation vs. mantle or modified
mantle field), or between EFRT and IFRT (which has progressively
replaced EFRT in routine practice since the 1990s for early-stage
patients) [32-40] (Table 1a). Most of those studies had a mean/me-
dian follow-up time >10years [32-34,36-38,40]. Five studies
reported lower risks of all SPCs [32,36], all solid cancers
[32,38,40], breast cancer [39,40] and non-Hodgkin lymphoma
[40] with reduced RT fields (Table 3). The risk of all SPCs was
reduced by 45-65% with mantle fields versus total nodal irradia-
tion [32,36,38], and the risk of breast cancer by 50-60% with mod-
ified mantle fields compared to full mantle RT (Table S2) [39,40].
The estimated 25-year cumulative incidence of all solid SPCs
decreased from 16% with total nodal irradiation to 9% with mantle

RT [38]. No significant effect of reducing the RT fields was reported
on the risk of leukemia or myelodysplasia [32,36,38,40], but most
studies involved few cases (11-23 for all treatment groups in each
study) [32,36,38]. Out of these five studies reporting a positive
association between the extent of RT fields and SPC risks, three
studies accounted for chemotherapy [32,36,40] and one for smok-
ing status [40]. The latter one also benefited from a high-quality
follow-up of 40years after treatment [40]. However, none
accounted for prescribed or delivered radiation doses which may
vary among individuals and across time periods [32,36,38-40].

Three studies found no significant association between the risk
of SPC and irradiated volume [33,35,37], but they included few
cases [33,37], and had a possibly incomplete and differential
follow-up between treatment groups [33,37] and no adjustment
for possible confounders [33] (Table 1a, Table 3). The risk of second
lung cancer was nevertheless non-significantly increased by 20%
after EFRT compared to IFRT (results remaining consistent after
adjustment for smoking when the information was available)
[35] (Table S2). One study reported an incidence rate of all SPCs
in patients treated with one field twice as high as in patients trea-
ted with two fields, which was probably due to a longer follow-up
of high-risk patients treated in the earliest years with less
extended RT [34].

Breast cancer

Three cohort studies compared the risk of non-breast and con-
tralateral breast SPCs in women with breast cancer treated between
1965 and 2005 with local RT (breast or chest wall tangential fields)
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Table 3

Review summary of study quality, potential biases and main findings of 22 studies investigating volume effects of radiotherapy on the risk of second primary cancer.

Study [ref.] Sample Volume Dose Follow- Case Confounding  Statistical ~Main findings about volume effects/dose-
size assessment assessment up time  ascertainment factors methods volume distribution & risk of second
primary cancer
GELA-EORTC H8 [31] Low Medium Medium Low Medium® Medium Low No association with the irradiated volume
BLNI [30] Medium Low Medium High Medium* Medium Medium No association with the irradiated volume
Cochrane [29] Low Medium Low Low Medium Medium Medium+  No association with the irradiated volume
Minnesota [34] Low Low Medium Medium  Medium Low Low Increasing risk with reduced irradiated
volume
Netherlands [40] Medium  Medium Low High High Medium Medium Decreasing risk with reduced irradiated
volume
Harvard [36] Medium® Medium Medium Medium  Not rated Medium- Low Decreasing risk with reduced irradiated
volume
Yale (Hodgkin_1) [38]  Low Medium Medium Medium  Not rated* Medium Low Decreasing risk with reduced irradiated
volume
Florence (Hodgkin_1) Low! Medium Low Medium* Not rated Medium- Medium- Decreasing risk with reduced irradiated
[32] volume
UK_breast_counseling  High Medium Low Medium* High Medium Low Decreasing risk with reduced irradiated
[39] volume
SUNY [33] Low Medium Medium Medium  Not rated Medium- Low No association with the irradiated volume
Florence (Breast_2) Low Medium Medium Medium  Not rated’ Low Low No association with the irradiated volume
[37]
BCHD [35] Medium* Medium Medium Not High Medium Medium No association with the irradiated volume
rated’
Yale (Breast_1) [41] Low Low Low Medium  Low Low Low No association with the irradiated volume
British Columbia [43] High Medium Medium Low High Medium- Medium+  No association with the irradiated volume
Florence (Breast_1) Low Medium Low Low Medium* Medium- Medium Ambiguous results
[42]
CCSS [7] High Medium Medium High Not rated Medium* High Decreasing risk with reduced irradiated
volume
Stjude [44] Not High High- High Not rated’ Low* Medium Decreasing risk with reduced irradiated
rated volume
Fox Chase [45] Low Medium Low Low Medium Low Low No association with the irradiated volume
IRSCCP [48] High' None High-* Not Not rated’ Low* Medium Risk depends on dose-volume
rated’ distribution
SFOP [49] Low None High-* Not Not rated High Medium No association with dose-volume
rated’ distribution
Euro2K_ Bone [51] Low None High-* High Not rated’ High Medium No association with dose-volume
distribution
Euro2K_ Leukemia Low None High-* Not Not rated’ High* Medium No association with dose-volume
[50] rated’ distribution
No. with medium/high 8 15 15 13 10 16 13
rate

 Rating is tentative due to missing/partial information in the original article. Some articles are not rated for quality items because we found insufficient information in the
original articles. NB: The study quality criteria and potential biases assessed only concerns dose-volume analyses on the risk of second primary cancer after radiotherapy,
which may not be the main objective of the original publications. The reviewed studies may have been designed for other purposes.

vs. loco-regional RT (including nodal areas), after radical or conser-
vative surgery and in combination or not with adjuvant treatments
[41-43] (Table 1a). Two studies found no difference between local
and loco-regional RT on the risk of SPCs [41,43], at in-field or out-
of-field organs [43] (Table 3, Table S2). A non-significantly higher
15-year cumulative incidence rate for all SPCs (19% vs. 15%) was
observed with regional RT including internal mammary lymph
nodes as compared to tangential fields only [41]. This study possi-
bly had, however, an incomplete follow-up through a single-
hospital database and lacked information on potential confounders
including age at treatment. The other study had many methodolog-
ical strengths (a large sample size, unbiased follow-up through the
regional cancer registry, detailed information on treatments and
potential confounders), but probably had a too short follow-up time
(median: 8 years) to evaluate risks of SPC [43] (Table 3). With a sim-
ilar follow-up time (mean: 8 years), a third study suggested a 3-fold
increased risk of all SPCs with loco-regional RT as compared to local
RT, mainly driven by contralateral breast cancers, after adjustment
for major potential confounders (Table 3, Table S2) [42]. Among
women with loco-regional RT, there was a significant trend toward
a reduced risk with the use of a higher number of fields for nodal
irradiation, but the lack of detailed information on the irradiation
fields and adjustment for prescribed/delivered doses limited the
interpretation of these results.

Childhood cancers

Moskowitz et al compared incidence rates of breast cancer
according to the irradiated chest volume among 1230 children and
adolescents, with a median follow-up time of 26 years [ 7] (Table 1a).
The analyses were adjusted for the maximal delivered dose (in addi-
tion to age and calendar year) to account for the variability of clinical
indications and treatment modalities (Table 3, Table S2). The study
showed a significantly 2-fold increased risk of breast cancer among
girls treated with mantle fields (cumulative incidence by age
45 years: 21%) as compared to girls treated with mediastinal fields
(cumulative incidence by age 45 years: 9%) who received similar
doses to the target volume. Breast cancer risk was even higher after
whole lung irradiation (cumulative incidence by age 45 years: 30%)
which was typically associated with lower doses than mediastinal
RT (Table S2). The number of cases was nevertheless relatively low
in some treatment groups (20, 17 and 156 cases after, respectively,
mediastinal, whole lung and mantle RT fields). Other limitations
were a lack of data about blockings used with mantle/mediastinal
fields that may reduce doses delivered to the breasts, a possibly sub-
stantial rate of loss to follow-up through self-reported question-
naires (though no details are provided in the original article) and a
relatively young age at study exit (median: 37 years). With a median
follow-up time of 25 years, Nottage et al also reported an increased
risk of second colorectal cancer among children who were irradiated
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to a larger volume of the colon, but the analyses were based on only
19 cases and not adjusted for radiation doses [44].

Prostate cancer

Movsas et al compared the risk of all SPCs according to
treatment modalities for prostate cancer in a small-sized, single-
institution cohort study with a median age at treatment of 70 years
[45] (Table 1a). They found no difference in the risk of all SPCs after
RT to the prostate +/— seminal vesicles compared to local RT plus
irradiation of lower pelvic lymph nodes (Table 3, Table S2). The
follow-up time (median: 4 years) was nevertheless too short to
evaluate the risk of SPCs and only results of univariate analyses
were reported.

Risk of SPCs according to dose distribution in the remaining volume at
risk

Four studies estimated risks of leukemia [46-48] or bone
sarcoma [49] associated with whole-body radiation exposures to
active bone marrow [46-48] or bones [49] resulting from the
primary beam and scattered radiations for treatment of cervical
|46] or childhood [47-49] cancers (Table 1b). Individual whole-
body dose distributions were defined as mean or local dose
estimates to several compartments of the skeleton, which were ret-
rospectively reconstructed by medical physicists using the patients’
radiotherapy records, mathematical human phantoms and treat-
ment planning systems to simulate treatment conditions. The
approach differs from estimating isodoses in that dose compart-
ments were defined based on anatomical substructures, rather than
volumes that received a given dose level. SPC risks were estimated
by tissue compartment (each one being considered to receive a rel-
atively homogenous dose distribution), and then averaged at indi-
vidual level in two studies while accounting for age-dependencies
of the whole-body distribution of bone marrow [46,47].

In a study involving 133 cases of leukemia and 500 controls
after RT for cervical cancer, Blettner et al reported a significant
non-linear dose-response relationship compatible with a cell kill-
ing effect at high doses (Table 1b) [46]. This study showed that
ignoring the whole-body dose distribution (but considering
whole-body mean doses) would have yielded to an erroneous con-
clusion of lack of departure from linearity in the dose-response
relationship. Studies after childhood cancers did not reject linear-
ity, but they involved smaller numbers of cases (Table 1b) [47-49].

Discussion

Current evidence of dose-volume effects on SPC risks

Among patients treated for Hodgkin lymphoma within RCTs,
the risk of SPCs appeared to be increased after extended vs.
involved-field RT after 15 years or more after treatment, for organs
located within or close to the irradiated volume (breast, lung) [29].
However, the short follow-up times in most studies prevented pro-
viding firm results. This conclusion was re-affirmed in an updated
meta-analysis on RCTs for Hodgkin lymphoma management that
was published after the end of data collection for the present
review [50]. A follow-up of >40 years after treatment of Hodgkin
lymphoma was achieved in several large observational studies that
accounted for major risk factors [35,39,40]. In these studies, the
risk of SPCs was increased with larger RT fields, mainly due to
increased risks of breast [39,40] and lung [35,40] cancers, and
non-Hodgkin lymphoma [40]. Increased incidence risk of breast
and colorectal cancers with larger irradiated volumes was also
reported after radiotherapy for childhood cancers [7,44]. No evi-
dence of an association between the irradiated volume and risks
of SPC at organs located within the RVR was reported, based on

few cases [40]. Thus, most of the increased risks were seen at
organs located close to the clinical target volume, which were, by
definition, exposed to higher doses when larger fields were used.
Dose-volume distributions in normal tissues were nevertheless
not estimated in those studies. As a consequence, they did not
allow to disentangle dose and volume effects, and investigate
whether the risk of SPCs increased (or decreased) when a larger
amount of normal tissues was exposed at given dose levels.

Other observational studies reconstructed whole-body expo-
sures and estimated dose-distributions in normal tissues within
and outside the irradiated volume [46-48,51]. Unlike many other
studies that only considered local doses at the SPC site (or matched
site for controls) [52], they considered the dose distribution within
entire organs/tissues. In one study, this approach demonstrated the
non-linearity of the dose-response relationship for risk of second
leukemia [46]. In other situations where the dose-response
relationship is linear, the sum of risks at each tissue/organ
compartment would equal the risk associated with the averaged
dose to the tissue/organ. The method of “compartmental dose-
risk” analysis was thus useful to investigate the shape of the
dose-response relationship for particular endpoints. However, it
did not allow to investigate the effects of the exposed volume per
se, at the tissue level. It should also be noted that, the RT-
associated risks might be have been concealed by high proportions
of patients treated with chemotherapy, in particular in leukemia
analyses [46-48]. Other major limitations frequently observed in
the 22 included studies were a small number of SPC cases, and
an incomplete and potentially differential follow-up between
treatment groups or insufficient information provided in the orig-
inal articles on follow-up methods and completeness (Table 3,
Table S1). Several studies also lacked information on treatments
at relapse/progression, and most of them did not account for death
as a competing risk.

Biological mechanisms potentially underlying volume effects on SPC
risks

Cellular effects of radiation include DNA damages and chromoso-
mal aberrations, repair mechanisms and cell killing/repopulation
effects, which have been described by a linear-quadratic-
exponential (LQE) model that applies to doses per fraction
<5-6 Gy [53]. This model has been the conceptual framework of sim-
ulation studies predicting risks of SPC after different RT techniques
[15-19], and was also the basis of the “compartmental dose-risk”
approach [46]. Shuryak et al extended the LQE model (described
by the authors as reflecting short-term biological processes) by
incorporating the long-term kinetics of the cell population to predict
lifetime rates of spontaneous and radiation-induced pre-malignant
stem cells that will grow as malignant clones, in a mechanistic
“initiation-inactivation-proliferation-migration” model [54,55].

Non-targeted tissue effects also play a role on radiation-induced
cancers [22-25]. Radiation-induced genomic instability transmit-
ted by irradiated cells to their progeny can lead to chromosomal
aberrations, gene mutations and malignant transformation in the
clonal cells that received themselves no radiation exposure
[22,23,25]. Bystander and abscopal effects also induce genetic
damages in non-irradiated cells located in close proximity or far-
ther from irradiated cells, through intercellular communication
and signaling pathways, inflammatory processes and immune
response [22,23,25]. Radiation-induced bystander and abscopal
effects are believed to have a greater influence on radiation-
induced SPCs in tissues receiving low doses than in highly irradi-
ated tissues, because a smaller proportion of cells are actually hit
by ionizing particles and a larger proportion of cells remain alive.
Another important factor in the influence of irradiated volume is
the migration of non-irradiated stem cells [24]. In-vivo experi-
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ments demonstrated that irradiated active bone marrow can be
repopulated by hematopoietic stem cells circulating in the blood
or recruited from non-irradiated bone marrow [24,55]. Similarly,
the radiosensitivity of epithelial cells with a high cellular migratory
capacity (such as skin and intestinal epithelium) decreases with
reduction of the irradiated volume [24]. This type of volume effect
is related to the organ architecture. Serial or tubular organs (in
which high doses to a small volume can impair the function of
the whole organ) are more likely to be repopulated by non-
irradiated, or less irradiated surrounding tissues than parallel
organs (in which functional damages depend on the dose-volume
distribution in the entire organ) [24]. It should however be noted
that these effects related to the organ architecture were described
for functional and structural damages, not carcinogenesis.

In summary, tissue effects (kinetics of the cell population,
radiation-induced genomic instability, bystander and abscopal
effects, and stem cell repopulation) influence the development of
radiation-induced cancers, beyond the sole cellular effects, and
may modify the effect of ionizing particles to individual cells
according to the volume of the organ/tissue irradiated and to the
doses received by others tissues. Volume effects likely depend on
the cell types and organs/tissues considered, and vary among
individuals.

Opportunities for future epidemiological studies

Diallo et al reported that, among 115 patients who developed a
solid SPC after RT for childhood cancer, 66% of the SPCs were
located at the border of the beam and 22% in distant tissues
(>5 cm outward from the edge of the irradiated volume) that
received doses ranging from 0 to 3 Gy (median: 0.3 Gy) [56]. These
results suggest that estimating dose-volume-response relation-
ships for SPCs requires considering both normal tissues receiving
high dose gradients (beam-bordering tissues) and those receiving
low-to-moderate doses (distant tissues).

In order to investigate dose-volume effects in epidemiological
studies, precise in-field and out-of-field dosimetry is needed. This
implies that detailed information on treatment plans are collected,
and that patient’s anatomy modeling (in the absence of imaging for
each individual, in particular of out-of-field organs) and particle-
transport simulation (including primary beam, leakage and scatter
radiation) are sufficiently automated to be applied for large cohorts
of patients and can provide accurate whole-body dose-volume dis-
tributions. Such efforts have already been made [57-59], providing
methods and tools for further dose-volume risk analyses. It should
nevertheless be noted that these methods have only been applied
so far to photon non-conformal and 3D RT, and further progresses
are needed to reconstruct organ doses for more advanced confor-
mal techniques, such as IMRT and SBRT, and particle therapy.

Unlike previous epidemiological studies which estimated SPC
risks as a function of point dose estimates (dose estimates at the
SPC location or at various locations within the skeleton) or mean
organ doses, multivariate models including dose-volume his-
togram parameters and other clinical parameters can now be devel-
oped. Applying the methodological framework of normal tissue
complication probability models for early and non-SPC late toxici-
ties [60] to define dose-volume constraints (or indexes) is one pos-
sible option, which may have important implications for treatment
planning to reduce risks of SPCs. To understand the respective effect
of reducing doses and/or the irradiated volume, statistical methods
for dose-volume interaction modeling in the presence of spatial
correlations should be considered. In exploratory analyses, non-
parametric approaches have been tested (e.g. [61]). The combined
effect of RT and chemotherapy and additional radiation exposures
due to repeated imaging for patient positioning during image-
guided radiotherapy are also important aspects to consider.

Conclusion

Current evidence from clinical and epidemiological studies sug-
gests that risks of SPC at organs/tissues located within or close to
the target volume increase with larger RT fields. Most of them,
however, did not have sufficient sample size or follow-up time to
assess risks at distant organs exposed to low doses, and none
investigated the effect of dose-volume distribution on normal tis-
sues. Those studies thus did not allow to quantify risks associated
with different dose gradients in surrounding organs or increasing
distant tissue volumes exposed to low-to-moderate doses.
Opportunities for research on this topic now exist, with the avail-
ability of methods and tools for estimating individual whole-body
dose-volume distributions in large populations. Future studies
could use data that have been accumulated in large cohorts of
patients who were treated in the past, including with conformal
RT, and followed for decades after their initial treatment. Dose-
volume analyses in such cohorts may provide useful information
to attempt predicting SPC risks from modern techniques of radio-
therapy, provided that there is a sufficient variability of treatment
plans among the included patients and that risk models can be val-
idated against prospective data.
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