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OIMPORTANCE - Cancer treatments are associated with subsequent neoplasms in childhood cancer survivors. It is
unknown whether temporal changes in therapy are associated with changes in subsequent neoplasm risk.
Objective—Quantify the association between temporal treatment dosing changes and subsequent neoplasm risk.

DESIGN, SETTING, PARTICIPANTS —Retrospective, multicenter cohort of five-year cancer survivors diagnosed before
age 21 years from pediatric tertiary hospitals in the United States and Canada between 1970-1999, with follow-up through
December 2015.

EXPOSURES — Radiation and chemotherapy dose changes over time.

MAIN OUTCOMES AND MEASURES — Subsequent neoplasm 15-year cumulative incidence, cumulative burden, and
standardized incidence ratios (SIRs) for subsequent malignancies were compared by treatment decade. Multivariable
models assessed relative rates (RRs) of subsequent neoplasms by 5-year increments, adjusting for demographic and clinical
characteristics. Mediation analyses assessed whether changes in subsequent neoplasm rates over time were mediated by
treatment variable modifications.

RESULTS — Among 23,603 childhood cancer survivors (mean age at diagnosis, 7.7 years; 46% female) the most common
initial diagnoses were acute lymphoblastic leukemia, Hodgkin lymphoma and astrocytoma. During a mean follow up of 20.5
years (374,638 person-years at risk), 1,639 survivors experienced 3,115 subsequent neoplasms, including 1,026 malignancies,
233 benign meningiomas, and 1,856 non-melanoma skin cancers. The most common subsequent malignancies were breast
and thyroid cancers. Individuals receiving radiation decreased (1970s, 77% vs. 1990s, 33%), as did median dose (1970s, 30
Gy [IOR 24-44] vs. 1990s, 26 Gy [IOR 18-45]). Fifteen-year cumulative incidence of subsequent malignancies decreased by
decade of diagnosis (1990s: 1.3%,95%Cl 1.1-1.5,1980s: 1.7%,95%Cl 1.5-2.0,1970s: 2.1%,95%Cl 1.7-2.4). Reference absolute
rates per 1,000 person-years for subsequent malignancies, meningiomas and non-melanoma skin cancers were 1.12 (95%Cl
0.84-1.57), 0.16 (95%CI 0.06-0.41), and 1.71 (95%Cl 0.88-3.33), respectively, for survivors with reference characteristics
(no chemotherapy, splenectomy or radiation therapy, male, attained age of 28). SIRs declined for subsequent malignancies
over treatment decades, with advancing attained age. Relative rates declined with each 5-year increment for subsequent
malignancies (RR=0.87, 95%Cl 0.82-0.93, p<0.001), meningiomas (RR=0.85, 95%Cl 0.75-0.97, p=0.034), and non-melanoma
skin cancers (RR=0.75,95%Cl 0.67-0.84, p<0.001). Radiation dose changes were associated with reduced risk for subsequent
malignancies, meningiomas, and non-melanoma skin cancers.

CONCLUSIONS AND RELEVANCE — Among childhood cancer survivors, the risk of subsequent malignancies at 15 years

after initial cancer diagnosis remained increased for those diagnosed in the 1990s, although the risk was lower compared
with those diagnosed in the 1970s. This lower risk was associated with reduction in therapeutic radiation dose.
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ABTOpM He MaloTb KOH(IKTY iHTepeciB

AKTYAJIbHICTb POBOTMW. Y nauieHTiB, AKi nepeHecin pak y AUTSYOMY Billi, NikyBaHHS 4aCTO CYyNpPOBOAXKYETbCS PO3BUTKOM
noAanbLUIMX HOBOYTBOPEHb. [lOCi HEMA€E AaHMX, UM MOBI3aHI 3MiHM B 3aCTOCOBYBaHi Tepanii 3i 3MiHaMK B MOKa3HMKAX PU3UKY
NoAaNbLUMX HOBOYTBOPEHb.

META. KinbKiCHO OLiHUTU 3B'A30K MiX 3MiHaMW B CTaHAapTax Tepanii Ta pU3“KOM NOAANbLIMX HOBOYTBOPEHD.

AWU3AVH BOCAIAXKEHHS, YMOBU, YYACHUKM. PeTpocneKkT1BHe, 6araToLLeHTPOBE, KOFOPTHE JOCAIIKEHHS, Mif, Yac SKOro
aHanizyBanucs aaxi, otpumaHi B nepiof 3 1970 no 1999 pik y nauieHTIB cnewianizoBaHMX AUTSYMX OHKONOTYHMX KniHiK y CLUA
Ta KaHagi, B skux pak 6yno aiarHoCToBaHO y Biui Ao 21 poky. [Nofanblue cnoctepexeHHs 3aincHioBanocs no rpyaHs 2015 poky.
EKCNMO3UUIA. [1031 onpoMiHOBaHHSA Ta XiMioTepanii 3MiHOBANUCS 3 4aCOM, 3rigHO iCHYHOUYMX MPOTOKONIB.
PE3YJNIbTATMW. 3 po36u1Bkoto Ha 10-pivHi nepioan nopiBHIOBaAM CyMapHY YaCTOTy pO3BMTKY NOAANbLIMX HOBOYTBOPEHb NpPO-
Tarom 15 pokiB, CyMapHi NOKa3HWKK TAraps 3aXBOPHOBAHOCTI Ta CTaHAAPTM30BaHe BigHOLWeHHS 3axBoptoBaHocTi (SIR) wopo
PO3BWTKY MOAANbLUMX 3710KiCHUX HOBOYTBOPEHb. 3a [OMOMOrol H6aratohakTopHMX MoAenei OLiHIBaNM BiAHOCHY 4acToTy
(RR) po3BuTKY NnopanbLliMX HOBOYTBOPEHb 3 5-piYHMMM iHTEPBANaMK, 3 MOMPABKOK Ha AeMorpadiyHi Ta KAiHiYHI xapakTepu-
cTukn. OnocepenKOBaHWIA aHaNi3 3aCTOCOBYBANM A9 BU3HAUYEHHS TOrO, Y1 0OYMOBEHI 3MiHM B YACTOTi pO3BUTKY MOAANbLUMX
HOBOYTBOPEHb pi3HUMK MoandiKaLisMu Tepanii paky B AMTAYOMY BilLli.

Cepen 23 603 ocib, siKi nepeHecnu pak y AUTIYOMY BiLli (CepeaHii Bik HA MOMEHT MOCTAHOBKM AiarHo3y — 7,7 pokiB; 46 % — iH-
KM), HaMBiNbL MOWMPEHUMU NEPBUHHUMMU AiarHo3amu 6ynu roctpuii niMmbobnactHuit nerkos, nimdoma XomxKiHa Ta actpoum-
Toma. [poTsarom nepioay NOAanbLIOro COCTEPEXEHHS, L0 CTaHOBMB B cepenHboMy 20,5 pokiB (374 638 ntoaMHO-poKiB NiaBu-
weHoro pusnky), y 1 639 nauieHTis, ki nepeHecn pak, BigzHayanocs 3 115 BunaakiB po3BUTKY HOBOYTBOPEHb, y TOMY yncni 1
026 3109KiCHUX NYyXAKH, 233 noOposKiCHI MeHiHrioMun Ta 1 856 BMNaaKiB HEMENaHOMHOrO paky WKipu. Hanbinbl nowmpeHumun
NoAanbLUMMK 37108KICHUMM 3aXBOPIOBAHHAMM ByIM pak MOTIOYHOI 3a103M Ta pakK LMTONOAIOHOT 3a103M. 3MEHLUMNACS KibKiCTb
nauji€eHTIB, gKi 0OTpMMyBanu npomeHey Tepanito (8 1970-x pokax — 77 %, B 1990-x — 33 %), a TakoX cepesHs [L03a ONPOMiHEHHS
(8 1970-x — 30 peit [MixkBapTUabHMI po3Max (MKP) — 24-44],8 1990-x — 26 pei [MKP — 18-45]). CymapHa yactoTa po3BuTKYy
noJanbLMX 3M108KiCHUX HOBOYTBOPEHb NpoTaroM 15 pokis 3 po36uBkoto Ha 10-piyHi nepioan 3 MOMEHTY NOCTaHOBKM AiarHo3y
3um3mnnacs (1990-ti: 1,3 %, 95 % nosipuwii intepsan [OI] — 1,1-1,5; 1980-1i: 1,7 %, 95 % Ol — 1,5-2,0; 1970-7i: 2,1 %, 95 %
Ol — 1,7-2,4). A6CONtoTHI NOKA3HUKM PO3BUTKY MOAANbBLUMX 3N105IKICHUX HOBOYTBOPEHb, MEHIHTIOM i HEMENAHOMHOTO paKy LUKipu
Ha 1 000 ntoanHo-pokis ctaHosunm 1,12 (95 % Al — 0,84-1,57),0,16 (95 % Al — 0,06-0,41) u 1,71 (95 % Ol — 0,88-3,33), Bia-
NOBIAHO, y NALLIEHTIB, IKi BUXMAK, 3 BiANOBIAHUMM XapaKTepUCTUKaMHU (BiACYTHICTb XiMioTepanii, cnneHekToMii abo npomMeHeBoi
Tepanii,4onoBiya CTaTb, 4OCATHYTUIA Bik 28 poKiB). 3a MUHYNI AeCITUNITTS 3aCTOCYBaHHS Tepanii noka3HukK SIR wono noganbLwimx
3/109KiCHUX HOBOYTBOPEHb 3HU3UNINCS, @ AOCATHYTUI BiK AOXMUTTS 30iNbLUMBCA. 3HU3MNACS BiAHOCHA YaCTOTa PO3BUTKY NOAANb-
LUMX 3109KiCHMX HoBoyTBOpeHb (RR=0,87,95 % M| — 0,82-0,93, p=0,001), meHiHriom (RR=0,85,95 % [l — 0,75-0,97, p=0,034) Ta
HemenaHoMHoro paky wkipu (RR=0,75,95 % [I — 0,67-0,84), aka BU3Ha4anacs 3 5-piyHnUMM iHTEpBanamm.

BUCHOBKM. Cepep, naLieHTiB, ki nepeHeciy pak y AUTSYOMY Billj, pU3MK PO3BUTKY NOAANbLUMX 3/105KiCHUX HOBOYTBOPEHb MNPOTArOM
15 pokiB nicns NOCTAaHOBKM NEPBUMHHOTO AiarHO3Y 3a/MLIABCS BUCOKMM Y TUX, KOMY AiarHo3 noctasuamn B 1990-x pokax, xoua BiH byB
HDKUYMM, aHIDK Y MALIEHTIB, Y SIKMX 3aXBOPoBaHHs 6yno aiarHoctoBaHe B 1970-x pokax. binbLu HU3bKMI PU3MK MOBA3AHWUI 3i 3HUXKEH-
HSIM TepaneBTUYHOI 1031 OMPOMIHEHHSI.
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ABTOpbI He UMeIoT KOH(IMKTA MHTEpecoB

AKTYAJNIbHOCTb PABOTbI. Y nauneHTOB, NepeHecluMx pak B 4ETCKOM BO3pacTe, IeYeHMe YacTo CONPOBOXAAETCS Pa3BUTU-
€M [anbHenwmnx HoBoobpazoBaHuii. [lo cMx NOp HeT AaHHbIX, CBA3aHbl M U3MEHEHUS B MPUMEHSEMOM Tepanuu C U3MEHEHU-
SIMU B MOKa3aTensix pucka AanbHenwmx HoBoobpa3oBaHuiA.

LLEJ1b. KonnyecTBEHHO OLEHUTb CBSA3b MEXAY U3MEHEHUSMU B CTaHAAPTaX TepPanuu U puCcKOM AanbHenWwmx HOBOOOpa3oBaHMIA.
AWU3AAH UCCNEAOBAHMUS, YCNIOBUSA, YYACTHUKMUN. PeTpocrekTUBHOE, MHOTOLLEHTPOBOE, KOFOPTHOE UCCIeN0BaHMe, B
XO04e KOTOPOro aHanM3MpOBaNMUCh AaHHble, nonyyeHHble B nepuog ¢ 1970 no 1999 ron y naumeHToB CneuManu3npoBaHHbIX
LEeTCKMX OHKonormvecknx knmuuk B CLUA 1 KaHage, y KOTopbix pak 6bln AnarHoCTMpoBaH B Bo3pacTe Ao 21 roaa. Mocnenyto-
Lee HabnoaeHWe NpoBOAMNOCH 0 Aekabpsa 2015 ropa.

IKCMO3ULLUA. [103bl 06N1y4EHNSA M XUMMOTEPAMUM U3MEHANTUCH C TEYEHWEM BPEMEHM COMMACHO AEeMCTBOBABLUMM MPOTOKONAM.
PE3VJIbTATbI. C pa36uskoii Ha 10-neTH1e nepuoabl CPaBHMBANM CYMMaPHYH YacTOTy pa3BUTUS NOCeayoLWmMX HOBOOBpa3o-
BaHMI Ha NpoTsKeHWUM 15 neT, cyMMapHble nokasatenv bpemMeHu 3aboneBaHus U CTaHAAPTU3UPOBAHHOE OTHOLLEHWe 3abone-
BaemMoctH (SIR) c TOUKM 3peHUs pa3BUTUS NOC/IEAYIOLLMX 3/1I0KQYECTBEHHbIX HOBOOBpa3oBaHuMi. C NOMOLLbO MHOTO(MAKTOPHbIX
Mogfenei oLeHMBaNU OTHOCUTeNbHYH YacToTy (RR) pa3BuTua nocnedyowmx HOBOOOPa30BaHUIA C 5-NeTHUMK MHTepBaNaMu, C
NonpaBkoy Ha AemMorpapuyeckne U KNMHUYECKUEe XapaKTepUCTUKU. AHAnU3 OnoCpefoBaHWs NPUMEHSANU ANS OnpefeneHus
TOro, 06ycn0BAEHbl M AUHAMUYECKME U3MEHEHUS B YACTOTE Pa3BUTUS NOCIEAYIOLLMX HOBOOOPA30BaHMI pa3nyHbIMU MOAM-
durKaLMaMm Tepanmu.

Cpenu 23 603 nuu, nepeHeclwnx pak B LETCKOM BO3pacTe (CpefHWI BO3pacT Ha MOMEHT MOCTaHOBKM AMarHosa — 7,7 net; 46
% — XEeHLLMHbI), Hanbonee pacnpoCcTpaHeHHbIMU NEPBUYHBIMU AMATHO3aMM BblIN OCTPbIV TMMPO6NACTHBIV Nerkos, nuMdoma
XoOXKMHa 1 actpoumToMa. Ha npoTskeHun nepuona nocnepytolero HabnogeHus, coctasusluero B cpegHeM 20,5 net (374
638 yenoBeko-eT B rpynmne NoBbILLEHHOIO pucka),y 1 639 nauneHToB, nepeHeclunx pak, otTMeyanocb 3 115 cnyyaes passuTus
HOBOO6pa3oBaHuMi, B TOM uncne 1 026 3n0KkavyecTBeHHbIX onyxonen, 233 nobpokayecTBeHHble MeHUHIMOMbI U 1 856 cnyyaes
HeMeNlaHOMHOro paka Koxu. Hanbonee pacnpocTpaHeHHbIMU NOCNeaYOWMMU 3/10KaYeCTBEHHbIMU 3a601eBaHUAMY BbiNK pak
MOJIOYHOW Kenesbl U pak LMTOBUAHOM Kene3bl. YMEHbLUMIOCh KOMYECTBO MALMEHTOB, MOJYYABLUMX JIyYEBYH Tepanuio (B
1970-x ropax — 77 %, B 1990-x — 33 %), a Takxke cpenHas no3a obnyvenns (8 1970-x — 30 lpeit [MeXKBapTUAbHBIA pa3mMax
(MKP) — 24-44], B 1990-x — 26 lpeit [MKP — 18-45]). CymMMapHas 4yactoTa pa3BuUTUS NOCIEeLyIOLMX 3/10Ka4YeCTBEHHbIX HO-
BOOOPa30BaHMI Ha MpoTsxeHun 15 net ¢ pazbmuekoit Ha 10-neTHMe nepuofbl C MOMEHTA NOCTAHOBKM AMArHO3a CHWU3MNACh
(1990-e: 1,3 %, 95 % noseputenbHbii uHTepsan [ON] — 1,1-1,5; 1980-e: 1,7 %, 95 % OMN — 1,5-2,0; 1970-e: 2,1 %, 95 %
0N — 1,7-2,4). AbcontoTHble NOKa3aTenu pasBUTUS NOC/IEAYIOLLMX 310KaYeCTBEHHbIX HOBOOOPA30BaHUIA, MEHUHIMOM U HEMe-
NaHOMHoro paka koxu Ha 1 000 uenoBeko-net cocrtasunun 1,12 (95 % OMN — 0,84-1,57),0,16 (95 % AN — 0,06-0,41) n 1,71
(95 % ON — 0,88-3,33), COOTBETCTBEHHO, y MEPEHECLUNX PaK NALMEHTOB C COOTBETCTBYIOLLMMM XapaKTePUCTUKAMM (OTCYTCTBUE
XMMUOTepanuu, CNIEHIKTOMUU UIN Ny4eBOW Tepanuu, My>KCKOM Non, LOCTUrHYTbIM BO3pacT 28 neT). 3a npowelne fecatu-
IETUS NPUMEHEHUS TepanMu nokasaTtenn SIR OTHOCUTENBHO NOC/IeAYLWMX 3/10Ka4YeCTBEHHbIX HOBOOOPA30BaHMIA CHU3UIUC,
a AOCTUTHYTbIV BO3PACT AOXUTUS yBennymuncst. CHU3MNaCb OTHOCUTENIbHAN YACTOTa Pa3BUTUS NOCIEAYIOLLMX 3N10KAaYECTBEHHbIX
HoBoo6pa3oBaHuit (RR=0,87,95 % AN — 0,82-0,93, p=0,001), MeHnHruom (RR=0,85,95 % N — 0,75-0,97, p=0,034) u Heme-
NaHOMHoro paka koxu (RR=0,75,95 % N — 0,67-0,84), onpepensemas ¢ 5-1€THUMU MHTepBanamu.
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BbIBOAbl. Cpesny naumeHToB, NepeHeclnx paK B AETCKOM BO3PaCTe, pUCK Pa3BUTUS NOCIEAYIOLLMX 3/10KaYeCTBEHHbBIX HOBOOOPA30-
BaHMM Ha NpOTsKeHun 15 neT nowie NOCTaHOBKM NEPBMYHONO AMArHO3a 0CTaBaCs BbICOKMM Y TeX, KOMY AMarHo3 nocrasuim B 1990-x
roAax, XoTs OH Obl HUXe, YeM Y MALMEHTOB, y KOTOPbIX 3aboneBaHue 6bino aMarHoctMpoBaHo B 1970-x ronax. bonee HM3KuMiA puck

CBA3aH CO CHMXEHNEM TepaI'IeBTIALIECKOVI [03bl 06ﬂyHEHVIﬂ.

Introduction

As cure rates for childhood cancers have improved,
there has been an increasing awareness of the late health
consequences of childhood cancer therapies. One outcome
associated with significant morbidity and mortality for these
survivors is the development of subsequent neoplasms,
unique from recurrence of the original childhood malignancy
[1]. Survivors with a subsequent neoplasm are more likely
to report adverse general and mental health outcomes
[2], and have increased hospitalization rates [3] compared
to survivors without a subsequent neoplasm. Subsequent
malignant neoplasms are the most common non-relapse
cause of late mortality, accounting for approximately half of
all non-relapse deaths among five-year survivors [1, 4].

The Childhood Cancer Survivor Study (CCSS) [5] and
other cohorts of childhood cancer survivors [6] have reported
extensively on the incidence of and risk factors for subsequent
neoplasms [7-9]. Therapeutic radiation has been strongly
associated with development of subsequent neoplasms
[10]; however, dose-response relationships have also been
identified for specific chemotherapeutic agents, including
alkylating agents and epipodophyllotoxins [11-13]. With this
knowledge, childhood cancer treatment has been modified
over time with the hope of reducing subsequent neoplasm
risk, while maintaining or improving 5-year survival [14,15].

The CCSS cohort was recently expanded to include
survivors diagnosed and treated across three decades (1970-
1999). The aim of the present analysis was to assess temporal
changes in subsequent neoplasms among individuals
diagnosed during this period. We hypothesized that historical
modifications in radiotherapy and chemotherapy dosing
would be associated with changes in the incidence of
subsequent neoplasms among five-year childhood cancer
survivors, based on their decade of diagnosis, throughout the
course of follow-up.

Materials and Methods

CCSS Cohort

The CCSS is a retrospective cohort study with longitudinal
follow-up of 5-year survivors of childhood cancer diagnosed
at one of 27 participating institutions in the United States
or Canada between January 1, 1970 and December 31, 1999.
Participants were <21 years of age at initial diagnosis of
leukemia, Hodgkin lymphoma, non-Hodgkin Llymphoma,
central nervous system cancer, Wilms tumor, neuroblastoma,
rhabdomyosarcoma, or bone cancer. Human subjects
committee approval was granted at participating institutions
prior to recruitment. Participants, or parents of children <18
years of age, provided informed consent. Minor participants
were re-consented once they reached 18 years. Participants
completed a baseline and up to four follow-up questionnaires.
Race/ethnicity data was obtained through self-report.
Participants were asked to select: White, Black, American
Indian or Alaska Native, Asian or Pacific Islander, or Other,
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with the option to write in their race. Hispanic ethnicity was
ascertained through a yes/no question. Race and ethnicity
were included in the analysis for descriptive purposes. The
final date of follow up was December 31, 2015. Study design
and methods have been previously described [5, 16].

Subsequent Neoplasm Ascertainment and Therapeutic
Agents

Subsequent neoplasms were identified via self- or next-
of-kin proxy-report or death certificate and confirmed by
pathology report, or when unavailable, death certificate
and/or medical records. Only subsequent neoplasms
occurring 25 years following initial cancer diagnosis
were evaluated. Subsequent neoplasms were classified
into three mutually exclusive groups, based on historical
experience with frequently occurring neoplasm sub-types:
1) subsequent malignant neoplasms, which include invasive
neoplasms classified as International Classification of
Disease for Oncology (ICD-O, 3rd version), behavior code
of 3 [17], excluding non-melanoma skin cancers; 2) benign
meningiomas; and 3) non-melanoma skin cancers (including
ICD-O morphology codes 8070, 8071, 8081, 8090 and
8094). Cancer therapies, including surgery, chemotherapy
and radiation, were ascertained through medical record
abstraction, as previously described [16,18]. Cumulative
alkylating agent dose was reported as a cyclophosphamide
equivalent dose [19]. Maximum radiation treatment dose was
calculated for eight body regions (brain, other head, neck,
chest,abdomen, pelvis,arm and leg) for each patient. For this
analysis, we considered any radiation treatment (yes/no) for
cumulative incidence and cumulative burden estimates, and
maximum doses for multivariable models.

Statistical Methods

Cohort follow-up started at five years from diagnosis and
ended upon death or date of last completed questionnaire.
Cumulative burden, assessed using the mean cumulative
count, [20,21] and cumulative incidence were estimated
using time from initial diagnosis as the time scale, treating
death as a competing risk event. Cumulative burden is an
estimate of the average number of subsequent neoplasms
per 100 survivors by a given time, in the presence of
competing risk events, and accounts for multiple events in
individuals, whereas cumulative incidence only accounts for
the first event. Cumulative incidence and cumulative burden
at 15 years from diagnosis were compared across treatment
decades using permutation tests.

For subsequent malignant neoplasms, standardized
incidence ratios (SIRs) (ratio of the observed to expected
number of events) and absolute excess risk per 1,000
person years were calculated using age-sex-calendar-year-
specific U.S. cancer incidence rates from the Surveillance,
Epidemiology, and End Results program to determine
expected numbers of events [22]. Because comparison by
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treatment era is subject to confounding by attained age,
SIRs were calculated stratifying on 10-year age intervals.
Multivariable piecewise-exponential models were used to
assess the incidence rate of subsequent neoplasm types,
in association with demographic variables and childhood
cancer diagnosis, adjusting for attained age, treatment doses
and 5-year treatment eras. Reference absolute rates per
1,000 person-years were calculated using the fitted model
for survivors with reference characteristics (no chemotherapy,
splenectomy or radiation therapy, male, attained age of 28).
Multiple subsequent neoplasm occurrences within individual
survivors were included and accounted for in the models by
modifications of the models using generalized estimating
equations. Adjusted relative rates and 95% confidence
intervals were estimated. In addition, using mediation
analysis methods previously described [4,23-25], changes in
subsequentneoplasmratesin 5-yeartreatmenteraincrements
were estimated with and without adjustment for treatment
variables in the same model, to assess whether changes
in subsequent neoplasm rates over time were mediated by
treatment modifications. Specifically, as shown in the causal
diagram that depicts the assumptions of the mediation
analysis (Figure 1), a multivariable piecewise-exponential
model was fit to assess the association of treatment era
with subsequent neoplasm rates, adjusting for attained age,
sex, age at initial cancer diagnosis, and treatment variables
(the full model), followed by removal of treatment variables
from the model. Attenuation and the statistical significance
of the treatment era regression coefficient, the parameter
representing the adjusted log rate ratio of subsequent
neoplasms by 5-year treatment increments, by the inclusion
of treatment variables in the model, constitute the key step
of establishing the mediator role of treatment variables,

along with the associations of treatment era and treatment
variables and those of treatment variables and subsequent
neoplasm rates in the full model. Nonparametric bootstrap
was used to test statistical significance of the changes in the
regression coefficient associated with the 5-year treatment
era with and without adjustment for treatment variables. For
analyses examining treatment doses, only individuals with
available treatment data were included. All tests were two-
sided with p<0.05 considered statistically significant. SAS
(version 9.4) was used for all statistical analyses including
the mediation analysis and R (version 3.2.4) was used for
statistical graphics.

Results

Cohort Characteristics

Among the 23,603 eligible, consented survivors (Figure
1), 46% were female, the mean age at primary diagnosis
was 7.7 years, and the most common initial diagnoses were
acute lymphoblastic leukemia (ALL), Hodgkin lymphoma and
astrocytoma.Mean follow-up ranged from 15.7 years for those
diagnosed in the 1990s to 27.6 years for survivors diagnosed
in the 1970s. Over the course of 374,638 person-years at risk,
1,639 survivors experienced 3,115 subsequent neoplasms
including 1,026 subsequent malignancies, 233 benign
meningiomas, and 1,856 non-melanoma skin cancers (Table
1). The distribution of subsequent neoplasms by primary
cancer diagnosis is shown in Table 1 and the distribution of
observed and expected subsequent malignancies, by decade
of initial cancer diagnosis, is provided in Table 2. The most
frequently observed subsequent malignancies were breast
and thyroid cancer.

Complete treatment data were available for 83% of the
cohort. Between 1970-1999 there were substantial changes

35,923 Elgible survivors

—

4 576 Active refusal

——>> 2,771 Passive refusal
—>=> 65 Language barrier
—>> 3,618 Lost tofollow up

439 Unknow

—> 3,618 Lost tofollow up

92 Incomplete data

24,362 Concented participants completed baseline questionnaire

—

757 Excluded due to
non-exclusion of
diagnosis®
2 Excluded due to
ising diagnosis data

>

23,603 Included in current analysis

Figure 1.Cohort composition diagram for eligible and enrolled childhood cancer survivors

2From 1970-1986 all types of soft tissue sarcomas (as initial childhood cancer diagnosis) were included in the Childhood
Cancer Survivor Study cohort. However, for the period 1987-1999 rhabdomyosarcoma was the only type of soft tissue sarcoma
included; thus, in order to have a homogeneous population across decades, we excluded non-rhabdomyosarcoma diagnoses.
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Table 1. Demographic and treatment characteristics of survivors of childhood cancer, overall and by treatment era

Charactersics N2605 | Ne6223  Ne9u3D  Neroso
Mean age at primary diagnosis, years (SD) 7.7 (6.0) 8.4 (5.8) 7.6 (5.8) 74 (6.2)
Sex of patient, No. (%)

Male 12,656 (53.7) 3,323 (53.4) 5,105 (54.1) 4,228 (53.5)
Female 10,947 (46.3) 2,900 (46.6) 4,325 (45.9) 3,722 (46.5)
Race/Ethnicity

White, Non-Hispanic 19,269 (80.8) 5,533 (88.9) 7,795 (82.4) 5,941 (74.7)
Black, Non-Hispanic 1,485 (6.4) 241 (3.9) 574 (6.0) 670 (8.3)
Hispanic/Latino 1,783 (8.1) 291 (4.7) 616 (6.8) 876 (11.4)
Other 1066 (4.7) 158 (2.5) 445 (4.9) 463 (5.9)
Primary diagnosis, No. (%)

Leukemia 7,319 (39.4) 2,029 (32.6) 3,333 (40.1) 1,957 (42.9)
Acute lymphoblastic leukemia® 6,148 (35.1) 1,824 (29.3) 2,894 (35.8) 1,430 (37.9)
Acute myeloid leukemia 868 (3.2) 131 (2.1) 334 (3.3) 403 (3.8)
Other leukemia 303 (1.1) 74 (1.2) 105 (1.0) 124 (1.2)
Lymphoma 4,928 (18.3) 1,550 (24.9) 1,834 (18.0) 1,544 (14.7)
Hodgkin lymphoma 2,996 (11.1) 1,097 (17.6) 1,059 (10.4) 840 (8.0)
Non-Hodgkin lymphoma 1,932 (7.2) 453 (7.3) 775 (7.6) 704 (6.7)
Central nervous system 4,236 (15.7) 736 (11.9) 1,503 (14.7) 1,997 (19.0)
Astrocytoma 2,594 (9.6) 509 (8.2) 946 (9.3) 1,139 (10.8)
Medulloblastoma/Primitive neuroectodermal tumor 997 (3.7) 148 (2.4) 350 (3.4) 499 (4.8)
Other central nervous system cancer 645 (2.4) 79 (1.3) 207 (2.0) 359 (3.4)
Wilms tumor 2,148 (8.0) 534 (8.6) 877 (8.6) 737 (7.0)
Bone cancer 1,972 (7.4) 566 (9.1) 760 (7.5) 646 (6.1)
Osteosarcoma 1,205 (4.5) 360 (5.8) 474 (4.7) 371 (3.5)
Ewing sarcoma 714 (2.7) 203 (3.3) 277 (2.7) 234 (2.2)
Other bone cancers 53(0.2) 3 (0.0 9(0.1) 41 (0.4)
Neuroblastoma 1,838 (6.8) 443 (7.1) 675 (6.6) 720 (6.9)
Rhabdomyosarcoma 1,162 (4.3) 365 (5.9) 448 (4.4) 349 (3.3)
Treatment® No. (%)

Chemotherapy only 2,334 (17.2) 228 (4.2) 931 (14.0) 1,175 (26.9)
Radiation therapy only 72 (0.3) 20 (0.4) 31 (0.4) 21(0.2)
Surgery only 1,867 (7.5) 273 (5.1) 629 (6.8) 965 (9.5)
Chemotherapy & Radiation 2,307 (11.7) 871 (16.2) 993 (13.3) 443 (7.8)
Chemotherapy & Surgery 4,998 (22.1) 705 (13.1) 2,011 (22.6) 2,282 (26.3)
Radiation & Surgery 1,873 (7.6) 774 (14.4) 770 (8.4) 329 (3.2)
ALl 3 treatments 7,979 (33.3) 2,483 (46.3) 3,067 (34.3) 2,429 (25.6)
Any chemotherapy 17,978 (84.3) 4,323 (79.8) 7,089 (84.2) 6,566 (86.8)
Any radiation therapy 12,400 (53.1) 4,243 (77.7) 4,935 (56.7) 3,222 (36.8)
Any surgery 16,902 (70.0) 4,269 (78.9) 6,540 (72.1) 6,093 (63.6)
Maximum radiation treatment dose to any body region, Gy

None 9,369 (49.3) 1,232 (23.3) 3,649 (45.6) 4,488 (66.9)
0.1-10 308 (1.3) 58 (1.1) 140 (1.6) 110 (1.2)
10.1-20 2,995 (14.7) 602 (11.4) 1,642 (20.6) 751 (11.1)
20.1-30 2,833 (12.5) 1,396 (26.4) 852 (10.2) 585 (6.9)
30.1-40 1,489 (6.3) 779 (14.7) 493 (5.5) 217 (2.3)
40.1-50 1,738 (7.3) 749 (14.2) 698 (7.8) 291 (3.0)
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Continued Table 1.

Characteristic NP5 Nebads 25,430 27950
>50 2,066 (8.6) 467 (8.8) 767 (8.6) 832 (8.6)
Median dose (IQR) 26.0 (18.0-45.0) 30.0 (24.0-44.0) 24.0 (18.0-45.0)  26.0 (18.0-52.0)
Median dose for chemotherapy agents (mg/m?) (IQR)

Cyclophosphamide equivalents 7395 (3,218-12,105) 10,527 (5,702-16,629) 7,359 (3,165-11,926) 6,758 (2,958-10,268)
Anthracyclines 186 (105-320) 323 (212-436) 232 (124-351) 151 (101-247)
Epipodophyllotoxins 2,000 (1,000-4,688) 968 (640-1,944) 2,645 (900-7,665) 1,868 (1,087-4,026)
Platinum Agents 503 (340-1,255) 418 (294-689) 444 (313-620) 600 (360-2,177)
Cyclophosphamide equivalent dose (mg/m?)

None 9,743 (47.8) 2,793 (58.5) 3,668 (46.6) 3,282 (43.7)
1-3,999 2,560 (15.2) 341 (7.1) 1,192 (15.6) 1,027 (18.8)
4,000-7,999 2,640 (12.7) 406 (8.5) 1,047 (12.7) 1,187 (14.6)
8,000+ 5,077 (24.3) 1,231 (25.8) 1,998 (25.1) 1,848 (22.8)
Anthracycline (mg/m?)

None 11,192 (48.9) 3,720 (72.0) 4,267 (49.9) 3,205 (36.1)
0-100 1,392 (10.8) 118 (2.3) 552 (10.0) 722 (15.8)
101-300 4,994 (25.7) 529 (10.2) 1,788 (21.5) 2,677 (37.5)
>300 3,278 (14.6) 798 (15.5) 1,565 (18.5) 915 (10.6)
Epipodophyllotoxin (mg/m?)

None 17,577 (80.0) 5,251 (97.9) 7,191 (84.0) 5,135 (66.6)
1-1,000 1,013 (5.0) 60 (1.1) 351 (4.4) 602 (7.7)
1,001-4,000 1,771 (9.4) 34 (0.6) 412 (5.9) 1,325 (17.3)
>4,000 829 (5.6) 21 (0.4) 373 (5.6) 435 (8.4)
Platinum Agent (mg/m?)

None 19,066 (90.7) 5,332 (98.9) 7,613 (91.4) 6,121 (85.7)
1-400 807 (3.3) 28 (0.5) 343 (3.8) 436 (4.3)
401-750 711 (2.9) 18 (0.3) 325 (3.6) 368 (3.7)
>750 765 (3.1) 12 (0.2) 117 (1.3) 636 (6.3)
History of splenectomy, No. (%)

Yes 1,378 (5.5) 761 (14.1) 550 (6.0) 67 (0.7)

No 20,229 (94.5) 4,648 (85.9) 7,944 (94.0) 7,637 (99.3)
Number of survivors with subsequent neoplasms 1639 870 180 589

Number of subsequent neoplasm, (%)

Subsequent neoplasms 3,115 2,018 902 195
Subsequent malignant neoplasm 1,026 (34.0) 523 (25.9) 364 (41.6) 139 (72.0)
Benign Meningioma 233 (7.5) 146 (7.2) 68 (7.8) 19 (9.2)
Non-melanoma skin cancer 1,856 (58.5) 1,349 (66.8) 470 (50.6) 37 (18.8)

# of person years 374,638 139,489 150,506 84,643

Mean years of follow up from primary cancer 20.5 (7.5) 27.6 (7.7) 21.1 (5.3) 15.7 (4.1)
diagnosis, years (SD)

Number of deaths in the analysis cohort 1,796 732 625 439

Rate of deathc per 10,000 person years 63.3 74.0 57.0 53.4

2Analyses, including reported percentages and means/medians, were weighted to account for undersampling of acute lymphoblastic
leukemia (ALL) survivors (1987-1999), with a weight of 1.21 for ALL age 0 or 11-20 years at diagnosis, and a weight of 3.63 for those aged
1-10 years.

577 had data from one or two of the treatments missing. Among the 577, 169 received radiation therapy, 185 received surgery, and 360
received chemotherapy.

‘Rates are based on the entire eligible cohort, for which NDI has mortality information.

Abbreviations: IQR, interquartile range; SD, standard deviation.
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in therapies. Radiation therapy decreased from 77% of
survivors treated in the 1970s, to 54% in the 1980s and 33%
in the 1990s. Median radiation treatment dose decreased
from 30 Gy (interquartile range [IQOR] 24-44) in the 1970s
to 26 Gy (IOR 18-52) in the 1990s. Although the proportion
of children treated with alkylating agents and anthracyclines
increased over time, median doses decreased. The proportion
of children treated with epipodophyllotoxins and platinum
agents also increased over the three decades; however,
whereas the median cumulative dose of platinum increased
with each treatment decade, the median cumulative dose of
epipodophyllotoxins increased substantially in the 1980s
and then decreased in the 1990s (Table 1).

Cumulative Incidence and Cumulative Burden of Subsequent
Neoplasms

At 15 vyears from initial diagnosis, the cumulative
incidence of subsequent neoplasms was 2.9% (95% Cl 2.5-
3.3) among individuals diagnosed in the 1970s, 2.4% (95%
Cl 2.1-2.7) in those diagnosed in the 1980s, and 1.5%
(95% ClI 1.3-1.8) in survivors from the 1990s (1970s vs.
1980s p=0.024; 1970s vs. 1990s p<0.001; 1980s vs. 1990s
p<0.001) (Figure 2A). The cumulative burden of subsequent
neoplasms per 100 survivors was 3.6, 2.8 and 1.7 at 15
years in those diagnosed in the 1970s, 1980s and 1990s
(Figure 2B), respectively (1970s vs. 1980s p=0.016; 1970s
vs. 1990s p<0.001; 1980s vs. 1990s p=0.001). After 20 years
from diagnosis, among survivors from the 1970s and 1980s,
the steep increase in cumulative burden was secondary to
recurrent non-melanoma skin cancer events.
Sub uent malignant neo,

5 uent n asm

10
1

Non-melanoma skin cancer

A significantly lower 15-year cumulative incidence of
subsequent malignancies was observed in those diagnosed in
the 1990s (1.3%,95% Cl 1.1-1.5) compared to the 1980s (1.7%,
95% Cl 1.5-2.0,p=0.02) and to the 1970s (2.1%,95% Cl 1.7-2.4,
p<0.001) (Figure 2A, Table 3). A similar decline was seen for
non-melanoma skin cancers but not for meningiomas. When
assessing incidence by primary cancer diagnosis, declines
between decades were seen for Hodgkin lymphoma and Wilms
tumor, but only survivors of Hodgkin lymphoma demonstrated
a statistically significant decrease in 15-year cumulative
incidence of subsequent neoplasms across decades (Figure
2). Among the most common subsequent malignancies, only
soft tissue sarcomas (1970s 0.26%, 95% Cl 0.13-0.38 vs. 1990s
0.13%, 95% Cl 0.06-0.21, p=0.032) and breast cancers (1970s
0.27%, 95% Cl 0.14-0.40 vs. 1990s 0.08% 95% Cl 0.02-0.14,
p=0.003) had significant decreases in 15-year cumulative
incidence from 1970s to 1990s (Figure 3).

Survivors treated with radiation experienced a higher
cumulative incidence of all types of subsequent neoplasms,
for all treatment decades (Figure 4). Cumulative burden
for non-melanoma skin cancers compared to cumulative
incidence, showed a more pronounced difference based on
receipt of radiation therapy, exemplifying the number of
radiation-exposed survivors with multiple events. Among
irradiated survivors, a significant decrease in the 15-year
cumulative incidence of non-melanoma skin cancers was
observed for the most recent treatment decade (1970s 1.0%,
95% C10.7-1.3; 1980s 0.9%, 95% Cl 0.6-1.1; 1990s 0.2%, 95%
Cl1 0.1-0.4; 1970s vs. 1980s, p=0.27; 1970s vs 1990s, p<0.001;
1980s vs. 1990s p<0.001).

Meningioma
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1970s vs 90s, P<0.001
1980s vs 90s, P<0.001

1970s vs B0s, P=0.694
1970s vs 90s, P=0.406
1980s vs 90s, P=0.226

—
i 1970s vs 80s, P=0.024 1970s vs 80s, P=0.066
s m = 1970s vs 90s, P<0.001 1970s vs 90s, P<0.001
E 1980s vs 90s, P<0.001 1980s vs 90s, P<0.001
T
£
o
2% -
E
3
E o~ '
3 -
[z '
& H
T T T T T
5 10 15 20 25 5 10 15 20
Number at risk
19708 6223 5806 5535 ast 4046 6223 sa18 5584 s107
19808 30 8373 TRAZ 6353 #1140 8839 TN 6487
19908 7950 ™ aara 02 o Tes0 7528 4488 07

25 5 10 15 20 25 5 10 15 20 25
75 62 5837 5619 5132 4250 62 5847 5654 510 4n7
1906 0430 8367 1936 6501 1889 S430 BT T96T  6S8S 1954
o m= 7553 a2 L] o Tes0 858 450 an L]

Years since diagnosis

Subsequent neoplasm Subsequent malignant neoplasm

Non-melanoma skin cancer Meningioma

4 1970s vs 80s, P=0.016 1970s vs 80s, P=0.067 1970s vs B0s, P=0.042 1970s vs 80s, P=0.786

- 1970s vs 90s, P<0.001 1970s vs 90s, P<0.001 1970s vs 90s, P<0.001 1970s vs 90s, P=0.408
E9 -  1980s vs 90s, P=0.001 1980s vs 90s, P=0.032 1980s vs 90s, P=0.001 1980s vs 90s, P=0.150
o .
o
22 A
= -
o
e
E™ — 1970-79
b — 1980-89
E e 4 —— 1990-99
= ' : i

w - 1 L} '

[l ' g
2 T T T T T T T T T T T T T T T T T
5 15 25 5 15 25 5 15 25

Years since diagnosis

Figure 2. Cumulative incidence (A) and cumulative burden (mean cumulative count per 100 survivors) (B) of subsequent

neoplasms, by type and by decade of initial cancer diagnosis

Black line, 1970-79; blue line, 1980-89; green line, 1990-99. Vertical dashed line at 15 year mark represents the time point of
interest. Permutation tests were used to assess differences between curves.
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Continued Table 2.

Subsequent neoplasm
Treatment era

Subsequent malignant

Non-melanoma skin

RR(95%C) P

Not adjusted for any treatment (a) 0.81 <0.001
(0.76-0.86)

Adjusted for:

All treatments except max. radiation  0.84 <0.001

dose (b) (0.78-0.90)

Max. radiation dose (c) 0.93 (0.87 - 0.019
0.99)

All treatments (d) 0.91 (0.84- 0.012
0.98)

Statistical significance for the avs.b 0.102

coefficient difference
avs.c <0.001
avs.d <0.001
bvs.c <0.001
bvs.d <0.001
cvs.d 0.242

Meningioma
neoplasm cancer
RR (95% Cl) P RR (95% Cl) RR(95% Cl) P
0.87 <0.001 0.85 0.034 0.75 <0.001
(0.82-0.93) (0.75-0.97) (0.67-0.84)
0.87 (0.81- <0.001 0.80(0.68- 0.003 0.81 (0.71- 0.001
0.94) 0.92) 0.92)
0.96 (0.90- 0.195 1.01 (0.87- 0.903 0.87(0.78-  0.015
1.02) 1.17) 0.97)
0.93 (0.86-  0.047 0.94 (0.81- 0473 0.87 0.048
1.00) 1.10) (0.76-1.00)
avs.b 0.998 avs.b 0.020 avs.b 0.046
avs.c <0.001 avs.c <0.001 avs.c <0.001
avs.d <0.001 avs.d <0.001 avs.d 0.027
bvs.c <0.001 byvs.c 0.024 bvs.c <0.001
bvs.d <0.001 byvs.d <0.001 byvs.d <0.001
cvs.d 0.046 cvs.d 0.900 cvs.d 0.104

*Separate models were developed for each outcome, adjusting for sex, age at initial cancer diagnosis, attained age as cubic spline. Models
adjusting for treatment included maximum radiation dose to the body, splenectomy, cyclophosphamide equivalent dose, anthracycline dose,

epipodophyllotoxin dose, and platinum dose.
Abbreviations: Cl, cumulative incidence; RR, relative rate.

Risk of Subsequent Malignant Neoplasms

Reference absolute rates per 1,000 person-years was
4.21 (95% Cl 3.05-5.81) for subsequent neoplasms, 1.12
(95% Cl 0.84-1.57) for subsequent malignancies, 0.16
(95% Cl 0.06-0.41) for meningiomas, and 1.71 (95% ClI
0.88-3.33) for non-melanoma skin cancers. Lower SIRs
were observed by decade of diagnosis for survivors
whose attained age was 20-29 years (1970s 5.7, 95%
Cl 4.7-6.7; 1980s 4.8, 95% Cl 4.0-5.6; 1990s 3.6, 95% ClI
2.7-4.6; p=0.004) and 30-39 years (1970s 5.6, 95% Cl 4.8-
6.4; 1980s 4.9, 95% Cl 4.1-6.0; 1990s 3.1, 95% Cl 1.8-
5.0; p=0.03) (Figure 3, Table 4). Decreases in SIRs across
treatment decades within specific subsequent malignancy
types were not observed (Figure 5). Among survivors of
Hodgkin lymphoma with attained age 220 years, SIRs for
subsequent malignancies decreased over time (20-29
years, 1970s 10.7,95% Cl 7.7-14.4; 1980s 6.8, 95% Cl 4.4-
10.0; 1990s 5.5,95% Cl 3.2-9.0; p=0.016, and 30-39 years,
1970s 10.2,95% Cl 8.2-12.5; 1980s 8.4, 95% Cl 6.3-11.0;
1990s 5.2,95% Cl 2.4-9.8; p=0.038) (Table 5).

Risk Factors for Subsequent Neoplasms

Multivariable analysis demonstrated that females
experienced increased rates of subsequent malignant
neoplasms (RR 1.7, 95% CI 1.5-2.0, p<0.001) and
meningiomas (RR 1.4,95% Cl 1.0-2.0, p=0.05) compared to
males. Treatment with high doses of alkylating agents and
platinum agents were also associated with increased rates
of subsequent malignancies and therapeutic radiation at
all dose increments was associated with increased rates
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of subsequent malignant neoplasms, meningiomas, and
non-melanoma skin cancers (Table 2, crude data reported
in Table 6).

After adjusting for sex, age at diagnosis, and attained age,
relative rates declined for every 5-year increment of treatment
era for subsequent neoplasms (RR=0.81, 95% Cl 0.76-0.86,
p<0.001), subsequent malignant neoplasms (RR=0.87, 95%
Cl 0.82-0.93, p<0.001), meningiomas (RR=0.85, 95% Cl 0.75-
0.97, p=0.03), and non-melanoma skin cancers (RR=0.75,95%
Cl 0.67-0.84, p<0.001; Table 3). Inclusion of all treatment
variables in the model attenuated statistically significantly
the treatment era-associated decline of subsequent neo-
plasms (p<0.001), subsequent malignant neoplasms
(p<0.001), meningioma (p=0.027) and non-melanoma skin
cancer (p<0.001) rates. Further mediation analyses were
conducted by modifying the adjustment from all treatment
variables to specific components of treatment variables (i.e.,
maximum radiation dose and all other treatments, including
chemotherapy drug doses and splenectomy). These analyses
revealed that radiation therapy dose changes were the chief
contributor to the era-associated decline of subsequent
neoplasm rates and that radiation therapy dose changes were
the only component of the treatment variables significantly
associated with the decline of subsequent neoplasm rates
over time (Table 3).

Discussion

Survival following childhood cancer has improved
substantially over the last five decades. As the number of
survivors has increased, so has the focus on late outcomes of
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Figure 3. Standardized incidence ratios for subsequent malignant neoplasms, by attained age and decade of initial cancer

Black line, 1970-79; blue line, 1980-89; green line, 1990-99. Vertical bars represent 95% confidence intervals. Analyses were
weighted to account for undersampling of acute lymphoblastic leukemia (ALL) survivors (1987-1999), with a weight of 1.21
for ALL age 0 or 11-20 years at diagnosis, and a weight of 3.63 for those aged 1-10 years.

The number of individuals from each decade of diagnosis contributing data for each attained age are as follows: 1970s,
10-19 years 5,072; 20-29 years 5,810; 30-39 years 4,809; 1980s, 10-19 years 7,932; 20-29 years 8,283; 30-39 years 3,901;

1990s, 10-19 years 6,622; 20-29 years 5,517; 30-39 years 1,534.

cancer therapy. Cohort studies, including the CCSS, devoted
to understanding the late health consequences of childhood
cancer therapies 6 have previously documented the effect of
subsequent neoplasms and quantified risk associated with
specific therapies, particularly therapeutic radiation [7,26-28].
Accordingly, efforts have been directed toward eliminating
the use of radiation therapy when possible, or decreasing
the volume and/or dose [14, 15]. An example of this is the
near elimination of cranial radiation among children newly
diagnosed with ALL [29]. As treatment with radiation has
decreased, some chemotherapy regimens have intensified
[14]. This evolution in delivered therapies has reduced late
mortality among survivors [4]; however, the association with
specific outcomes, including subsequent neoplasms, has
not been investigated. The current analysis, including more
than 23,000 survivors of childhood cancer treated over three
decades, demonstrated that the cumulative incidence rates
of subsequent neoplasms, subsequent malignant neoplasms,
meningiomas and non-melanoma skin cancers were lower
among survivors treated in more recent treatment eras and
that modifications of primary cancer therapy were associated
with these declines.

Hodgkin lymphoma survivors are at particularly high-
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risk for subsequent malignancies [30-33]. Our findings
demonstrated a decreased 15-year cumulative incidence
of subsequent neoplasms for Hodgkin lymphoma survivors
treated in the 1990s compared to earlier decades, with
cumulative incidence of subsequent malignant neoplasms
at 15 vyears significantly lower in the 1990s compared
to the 1970s. In contrast, a recent report of Dutch long-
term survivors of Hodgkin lymphoma demonstrated the
cumulative incidence of second cancers did not decrease
across treatment decades [34]. Within our study the SIR
for subsequent malignant neoplasms decreased over time
among survivors of Hodgkin lymphoma with attained age
220 years. Intensified alkylator dosing has been used in
Hodgkin lymphoma since the 1980s to compensate for
decreasing therapeutic radiation [14]. At high cumulative
doses, alkylating agents are associated with increased
rates of subsequent malignant neoplasms, which may have
attenuated the expected decline in subsequent malignancies
among Hodgkin lymphoma survivors, particularly among
the Dutch cohort where a decrease in incidence was not
observed.

Temporal treatment modifications have also been
made using improved risk stratification of children with

INFUSION & CHEMOTHERAPY
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ALL and Wilms tumor [14, 15], among others, which have
led to decreased late mortality from subsequent malignant
neoplasms among survivors [4]. In ALL, cranial irradiation
has been replaced with intensive intrathecal therapy in
nearly all patients. Meningiomas are among the most
frequently observed subsequent neoplasms in survivors of
ALL, and, given the latency of >20 years to development of
meningiomas [7], it is likely that the full effect of omitting
cranial irradiation among more recently treated survivors has
not yet been observed. Temporal changes in Wilms tumor
therapy include reduction in the dose and even elimination
of therapeutic radiation in low risk populations, which has
likely contributed to the decreased cumulative incidence of
subsequent malignant neoplasms in the 1990s compared to
the 1970s.

These data further document the increased cumulative
incidence,cumulative burden and elevated risk for subsequent
malignant neoplasms, meningiomas and non-melanoma
skin cancers in survivors treated with radiation therapy
[7]. Despite reduced use of therapeutic radiation, radiation
continues to be an important component of treatment for
many children. As the use of radiation therapy decreases it
is possible that other associations may emerge. Specifically,
to maintain and improve cure rates, chemotherapy dosing
and/or the proportion of patients receiving various agents
have been increasing. Although there has been a decrease
in the median cumulative doses of alkylating agents and
anthracyclines, the proportion of survivors receiving these
agents increased. For epipodophyllotoxins and platinum
agents, increased median cumulative doses were given in the
1990s compared to the 1970s and the proportion of survivors
treated with these agents increased over time. We observed
an increased rate of subsequent malignant neoplasms with
higher cumulative doses of alkylating agents and platinum
agents. These associations may become more prominent as
therapeutic radiation use continues to decline. Additionally,
the role of genetic susceptibility in the development of
subsequent neoplasms may become more evident and
interactions between host genetics and chemotherapy doses
may emerge as well.

This study represents, to our knowledge, the first
comprehensive report of subsequent neoplasms from
the CCSS since the expansion of the cohort to include
survivors initially diagnosed through 1970-1999. Both
the British Childhood Cancer Survivor Study [35] and a
cohort of childhood cancer survivors from Nordic cancer
registries [36] have reported on subsequent neoplasms
from patients diagnosed over extended periods of time
(British  1940-1991, Nordic 1943-2005); however, this
is the first study, to our knowledge, to report changes in
subsequent neoplasm incidence and SIRs as a function
of treatment era and treatment variables. The mediation
analysis [23-25] demonstrated that, in conjunction
with (a) reduction in treatment doses and decreased
splenectomy frequency across treatment eras (Table 1)
and (b) statistically significant associations of treatment
variables with subsequent neoplasm rates when controlling
for era of treatment and treatment variables (Table 2), that
the decline of subsequent neoplasm rates was mediated
by treatment variable changes over time. In this analysis
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the age-specific SIRs and overall cumulative incidence of
subsequent malignant neoplasms at 15 years consistently
decreased for more recent treatment eras. As observed
in previous CCSS reports on subsequent neoplasms [37],
SIRs are greatest at younger attained ages because they
measure observed counts relative to expected counts in
the age- and sex-matched general population. Although
significant decreases were observed from the 1970s to
1990s in 15-year cumulative incidence of breast cancer, soft
tissue sarcoma and non-melanoma skin cancer, significant
decreases were not observed for subsequent leukemia,
central nervous system or thyroid malignancies (Figure 3,
Figure 4). Furthermore, significant decreases in SIRs for
specific subsequent malignancies, including breast cancer,
soft tissue sarcoma, leukemia, central nervous system and
thyroid malignancies were not observed when stratified
by decade of diagnosis and attained age (Figure 5). The
lack of significant changes in individual malignancies is in
contrast to the overall decrease in subsequent malignancies
with more recent treatment eras and the decrease in use
of therapeutic radiation; however, the observed numbers
of subsequent malignancies are small for each subgroup
and the confidence intervals are wide, indicating possible
insufficient power to detect significant differences and
also suggesting additional mechanisms contributing to
subsequent malignancy risk. Ongoing follow-up of survivors
from the latest treatment decade is needed to determine
changes in risk over time, particularly given the long latency
from primary diagnosis to many subsequent malignant
neoplasms.

This study has important limitations. Although the CCSS
is a large, well-characterized cohort, it is not completely
representative of the childhood cancer survivor population
and there is potential for selection bias given that 33%
of eligible survivors were not included in this analysis.
Selected primary diagnoses, including retinoblastoma,
germ cell tumor, and hepatoblastoma were not included.
Children with heritable retinoblastoma are at significant
risk of subsequent neoplasms and their exclusion may have
resulted in underestimation of subsequent malignancy risk.
Subsequent neoplasms were initially self-reported, which
may have led to underreporting of neoplasms, particularly
those occurring in the more distant past. Additionally, the
design of the CCSS cohort to include only five-year survivors
a-priori excludes consideration of cancers occurring prior to
five years. Also, therapies for subsequent neoplasms are not
completely ascertained, which Llimits further exploration
of the role of treatments among survivors who develop
multiple subsequent neoplasms. In addition, interpretation
of results should be made within the context of the multiple
statistical tests performed to address the hypotheses of
interest.

Conclusions

Among childhood cancer survivors, the risk of subsequent
malignancies at 15 years after initial cancer diagnosis
remained increased for those diagnosed in the 1990s,
although the risk was lower compared with those diagnosed
in the 1970s. This lower risk was associated with reduction in
therapeutic radiation dose.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary
material.
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