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PURPOSE Therapeutic radiation in childhood cancer has decreased over time with a concomitant increase in
chemotherapy. Limited data exist on chemotherapy-associated subsequent malignant neoplasm (SMN) risk.

PATIENTS AND METHODS SMNs occurring > 5 years from diagnosis, excluding nonmelanoma skin cancers,
were evaluated in survivors diagnosed when they were < 21 years old, from 1970 to 1999 in the Childhood
Cancer Survivor Study (median age at diagnosis, 7.0 years; median age at last follow-up, 31.8 years). Thirty-year
SMN cumulative incidence and standardized incidence ratios (SIRs) were estimated by treatment:
chemotherapy-only (n = 7,448), chemotherapy plus radiation (n = 10,485), radiation only (n = 2,063), or neither
(n = 2,158). Multivariable models were used to assess chemotherapy-associated SMN risk, including dose-
response relationships.

RESULTS Of 1,498 SMNs among 1,344 survivors, 229 occurred among 206 survivors treated with chemotherapy
only. Thirty-year SMN cumulative incidence was 3.9%, 9.0%, 10.8%, and 3.4% for the chemotherapy-only,
chemotherapy plus radiation, radiation-only, or neither-treatment groups, respectively. Chemotherapy-only
survivors had a 2.8-fold increased SMN risk compared with the general population (95% Cl, 2.5 to 3.2), with
SIRs increased for subsequent leukemia/lymphoma (1.9; 95% Cl, 1.3t0 2.7), breast cancer (4.6; 95% Cl, 3.5to
6.0), soft-tissue sarcoma (3.4; 95% Cl, 1.9t0 5.7), thyroid cancer (3.8; 95% Cl, 2.7 to 5.1), and melanoma (2.3;
95% Cl, 1.510 3.5). SMN rate was associated with > 750 mg/m? platinum (relative rate [RR]12.7;95% Cl, 1.1 to
6.5), and a dose response was observed between alkylating agents and SMN rate (RR, 1.2/5,000 mg/m?; 95%
Cl, 1.1 to 1.3). A linear dose response was also demonstrated between anthracyclines and breast cancer rate
(RR, 1.3/100 mg/m?; 95% Cl, 1.2 to 1.6).

CONCLUSION Childhood cancer survivors treated with chemotherapy only, particularly higher cumulative doses
of platinum and alkylating agents, face increased SMN risk. Linear dose responses were seen between alkylating
agents and SMN rates and between anthracyclines and breast cancer rates. Limiting cumulative doses and
consideration of alternate chemotherapies may reduce SMN risk.

J Clin Oncol 37:3310-3319. © 2019 by American Society of Clinical Oncology

INTRODUCTION

Subsequent malignant neoplasms (SMNs) occurring
after a childhood cancer diagnosis are associated with
significant morbidity and mortality. Previous reports of

to decreases in therapeutic radiation exposure.® De-
spite temporal decreases in SMN risk among survivors,
they continue to have increased risk compared with
expected cancer rates in the general population.®

childhood cancer survivors have described the in-
cidence of SMNs, as well as associated risk factors.!
Therapeutic radiation has been associated consis-
tently with the highest risk for SMNs.! Treatment with
radiation among patients who had childhood cancer
steadily decreased from the 1970s through the
1990s*® and concurrent with this reduction, an in-
creasing proportion of patients received alkylating
agents, anthracyclines, epipodophyllotoxins, and
platinum-based drugs.® The cumulative incidence of
and risk for SMNs decreased with advancing treat-
ment decades, which was at least partially attributable
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Multiple investigations have described associations
between chemotherapeutic agents and the risk of
specific SMNs, including: alkylating agents and epi-
podophyllotoxins with leukemia”®; anthracyclines and
alkylating agents with sarcoma®?!; procarbazine,
platinum-based and alkylating agents with Gl
cancers'!3; alkylating agents with carcinomas'#;
alkylating agents and anthracyclines with breast
cancer'®; and cisplatin-based therapy with solid tu-
mors after testicular nonseminomas.® However, the
generalizability of these findings is limited because
they have typically included individuals who were
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treated with both radiation and chemotherapy, have fo-
cused on specific primary cancers, or have focused on
specific SMN types. Risk for SMNs among patients re-
ceiving chemotherapy alone requires additional study,
particularly because the types and doses of chemother-
apies have changed over recent treatment eras. Using the
large and heterogeneous population of pediatric cancer
survivors in the North American Childhood Cancer Survivor
Study (CCSS) cohort, we evaluated associations between
chemotherapy and SMNs among nonirradiated, long-term
survivors.

MATERIALS AND METHODS
Population

The CCSS cohort includes 5-year childhood cancer sur-
vivors diagnosed between January 1, 1970, and December
31, 1999, at one of 28 participating centers in North
America. Participants were diagnosed at < 21 years of age
with leukemia, Hodgkin lymphoma, non-Hodgkin lym-
phoma, CNS tumor, Wilms tumor, neuroblastoma, soft-
tissue sarcoma (STS), or bone cancer. Participating centers
received human subjects committee approval before
subject recruitment and participants, or parents of children
< 18 years old, provided informed consent. Participants
completed a baseline questionnaire and up to five follow-
up questionnaires and were censored at the date of
death or most recent contact before November 30, 2016.
CCSS study design and methods have been described
previously.!”:18

Treatment Exposures and SMN Identification

Chemotherapy agents and cumulative doses from 5 years
after diagnosis were abstracted from medical records of
consenting participants. Cumulative alkylating agent
doses are reported as cyclophosphamide equivalent dose
(CED),'® cumulative anthracycline doses are based on
doxorubicin isotoxic equivalent dose,?® and cumulative
platinum doses were calculated using the formula de-
scribed by Travis et al.2%?2 Maximum radiation treatment
dose was calculated for eight body regions for each
patient.

SMNs were initially identified through self or proxy report, or
death certificate, and were validated through pathology
report review or, if a pathology report was unavailable, by
review of death certificate, medical records, or both. SMNs
were independently reviewed by a pathologist and an on-
cologist. SMNs are defined as neoplasms histologically
unigue from the childhood cancer, classified as behavior
code 3 in the International Classification of Diseases for
Oncology, Third Edition®® excluding nonmelanoma skin
cancers. Recurrences of primary cancers or SMNs were
excluded. Only SMNs occurring = 5 years after childhood
cancer diagnosis were included and individuals not reporting
an SMN were assumed to have no SMN.
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Statistical Methods

CCSS participant follow-up began 5 years from childhood
cancer diagnosis and continued through the date of the last
completed questionnaire or death. Analyses were weighted
to account for undersampling of survivors of acute lym-
phoblastic leukemia between 1987 and 1999, with weights
of 1.21 forage O or 11 to 20 years at diagnosis and 3.63 for
those aged 1 to 10 years. Survivors were divided into four
mutually exclusive groups on the basis of on childhood
cancer treatment: (1) treatment with chemotherapy and no
radiation, subsequently referred to as chemotherapy only;
(2) treatment with chemotherapy plus radiation; (3) treat-
ment with radiation and no chemotherapy; and (4) treat-
ment with no chemotherapy and no radiation therapy. The
cumulative incidence and the cumulative burden,
assessed using the summarization of all events occurring in
the cohort over the defined time,?* of SMNs were estimated
using time since diagnosis as the time scale and treating
death as a competing risk event. Cumulative incidence
curves were estimated and compared between treatment
groups using the Gray K-sample test.?®

Standardized incidence ratios (SIRs) and absolute excess
risk (AER) per 1,000 person-years were calculated using
age-, sex-, race-, and calendar-year-specific US cancer
incidence rates from the SEER program to determine
the expected number of events.?® Multivariable piecewise
exponential models were used to estimate the relative
rates (RRs) of SMN incidence, adjusting for sex, at-
tained age, age at diagnosis, b-year treatment eras, history
of splenectomy, and cumulative dose levels of chemo-
therapy classes (alkylating agents, anthracyclines, epi-
podophyllotoxins, and platinum-based agents), with date of
last survey or death considered the termination time point of
the at-risk period. Chemotherapy doses were categorized to
evaluate the dose-response relationship of each chemo-
therapy with risk of all SMNs and risk of SMN subtypes.
When applicable, a linear dose-response model was fit to
estimate the RR of SMN per chemotherapy dose in-
crement. Because primary cancer diagnosis and treatment
are highly interrelated and colinear, only chemotherapy,
and not primary cancer, was adjusted for in the multivar-
iable models. Study methods were in accordance with the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) statement guidelines for obser-
vational studies (Data Supplement).?’

RESULTS

Treatment data were available for 22,154 survivors (median
age at diagnosis, 7.0 years, range, 0 to 20.9 years; age at
last follow-up, 31.9 years, range, 5.6 to 65.9 years), in-
cluding 7,448 treated with chemotherapy only, 10,485 with
chemotherapy plus radiation, 2,063 with radiation and no
chemotherapy, and 2,158 with neither chemotherapy nor
radiation (Table 1; Data Supplement). Among survivors
treated with chemotherapy only, 48% were female and
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TABLE 1. Demographic and Treatment Characteristics of Survivors of Childhood Cancer

Survivors Exposed to Survivors Exposed to RT Plus  Survivors Exposed to RT and Survivors Not Exposed to

Chemotherapy Only Chemotherapy No Chemotherapy Chemotherapy or RT
Characteristic (n = 7,448) (n = 10,485) (n = 2,063) (n =2,158)
Sex
Male 3,924 (52.5) 5,654 (54.4) 1,073 (52.1) 1,065 (49.3)
Female 3,524 (47.5) 4,833 (45.6) 990 (47.9) 1,093 (50.7)
Race/ethnicity
Non-Hispanic white 5,898 (78.2) 8,754 (82.9) 1,830 (88.7) 1,821 (84.4)
Non-Hispanic black 482 (6.4) 586 (5.8) 79 (3.8) 86 (4.0)
Hispanic 674 (9.9) 707 (7.0) 89 (4.3) 161 (7.5)
Other 394 (5.5) 438 (4.3) 65 (3.1) 90 (4.2)
Age at primary cancer diagnosis,
years
0-4 3,392 (49.7) 3,935 (38.7) 493 (24.0) 939 (43.6)
5-9 1,518 (23.3) 2,503 (24.5) 456 (22.1) 487 (22.5)
10-14 1,469 (16.0) 2,296 (21.1) 523 (25.3) 420 (19.4)
=15 1,069 (11.1) 1,751 (15.7) 591 (28.6) 312 (14.4)
Primary cancer diagnosis
Leukemia 2,990 (54.7) 3,659 (39.7) 4(0.3) 14 (0.8)
CNS tumor 317 (3.2) 1,218 (10.8) 1,153 (55.8) 1,287 (59.6)
HL 336 (3.4) 1,718 (15.2) 646 (31.3) 2(0.1)
NHL 984 (10.0) 756 (6.7) 38 (1.8) 15(0.7)
Kidney (Wilms) tumor 807 (8.2) 1,113 (9.8) 4 (0.2) 31 (1.4)
Neuroblastoma 530 (5.4) 508 (4.5) 138 (6.7) 519 (24.0)
Soft-tissue sarcoma 349 (3.5) 945 (8.3) 63 (3.0) 172 (8.0)
Bone cancer 1,135 (11.5) 568 (5.0) 17 (0.8) 118 (5.5)
Anthracycline cumulative dose,
mg/m?
None 2,739 (34.2) 4,620 (43.0) 2,063 (100.0) 2,158 (100.0)
0-100 733 (17.1) 671 (8.9) 0 (0.0) 0 (0.0)
101-300 2,126 (31.4) 2,914 (30.0) 0 (0.0) 0 (0.0)
> 300 1,563 (17.2) 1,800 (18.1) 0 (0.0) 0 (0.0)
Cyclophosphamide equivalent
dose, mg/m?
0 2,794 (41.9) 3,073 (32.5) 2,063 (100.0) 2,158 (100.0)
1-3,999 1,360 (22.9) 1,225 (13.9) 0 (0.0) 0 (0.0)
4,000-7,999 1,260 (15.2) 1,410 (15.3) 0(0.0) 0 (0.0)
= 8,000 1,572 (20.0) 3,618 (38.3) 0(0.0) 0 (0.0)
Epipodophyllotoxin cumulative
dose, mg/m?
None 5,613 (73.6) 8,293 (78.9) 2,063 (100.0) 2,158 (100.0)
1-1,000 492 (6.6) 522 (5.3) 0 (0.0) 0 (0.0)
1,001-4,000 829 (12.4) 947 (9.9) 0 (0.0) 0 (0.0)
> 4,000 381 (7.4) 446 (5.9) 0 (0.0) 0 (0.0)

(continued on following page)
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TABLE 1. Demographic and Treatment Characteristics of Survivors of Childhood Cancer (continued)

Survivors Exposed to

Survivors Exposed to RT Plus  Survivors Exposed to RT and

Survivors Not Exposed to

Chemotherapy Only Chemotherapy No Chemotherapy Chemotherapy or RT
Characteristic (n = 7,448) (n = 10,485) (n = 2,063) (n = 2,158)
Platinum cumulative dose, mg/m?
None 6,311 (89.3) 9,072 (88.8) 2,063 (100.0) 2,158 (100.0)
1-400 382 (3.9) 556 (5.0) 0(0.0) 0 (0.0)
401-750 441 (4.5) 481 (4.3) 0(0.0) 0(0.0)
> 750 222 (2.3) 218 (2.0) 0 (0.0) 0 (0.0)
Maximum RT dose, Gy
None 7,448 (100.0) 67 (0.9) 1(0.1) 2,158 (100.0)
0.1-10 0 (0.0) 303 (2.9) 18 (0.9) 0 (0.0)
10.1-20 0 (0.0) 2942 (32.8) 95 (5.0) 0 (0.0)
20.1-30 0 (0.0) 2782 (27.6) 56 (2.9) 0 (0.0)
30.1-40 0 (0.0) 1112 (10.6) 402 (20.5) 0 (0.0)
40.1-50 0 (0.0) 1214 (11.4) 631 (32.2) 0 (0.0)
> 50 0 (0.0) 1484 (13.9) 752 (38.4) 0 (0.0)
No. of deaths 325 1090 170 64
SMNs, No. of patients 206 (229) 787 (866) 211 (249) 48 (53)
(No. of cancers)
Person-years since cohort entry 166,307 218,059 45,146 40,362
Median follow-up from 22.0 (5-46.5) 24.2 (5-46.7) 27.2 (5.46.3) 22.4 (5.5.46.0)

diagnosis, years (range)

NOTE. Data presented as No. (%). Analyses, including reported percentages and medians, were weighted to account for undersampling of acute
lymphoblastic leukemia (ALL) survivors (1987-1999), with a weight of 1.21 for ALL, age O or 11-20 years at diagnosis, and a weight of 3.63 for those aged 1-10
years. Only data from survivors with available treatment data are included in the table.

Abbreviations: HL, Hodgkin lymphoma; NHL, non-Hodgkin lymphoma; RT, radiation therapy; SMN, subsequent malignant neoplasm.

approximately half were diagnosed with childhood cancer
before age 5 years. The most common initial diagnoses
were leukemia, bone cancer, and non-Hodgkin lymphoma,
and median follow-up was 22.0 years (range, 5 to 46.5
years).

Cumulative Incidence and Cumulative Burden of SMNs

With 166,307 person-years of follow-up for chemotherapy-
only survivors, 229 SMNs were identified among 206
survivors. The most frequently observed SMNs were breast
(n=51), thyroid (n =36), melanoma (n = 18), and STS (n =
14). In the chemotherapy-only subgroup, 28% of SMNs
were among osteosarcoma survivors (12% of survivors;
Data Supplement). The 30-year SMN cumulative incidence
was 3.9% (95% Cl, 3.2% to 4.5%; Fig 1) and was highest
among survivors of Hodgkin lymphoma (11.2%; 95% ClI,
5.5% to 16.9%) and osteosarcoma (7.0%; 95% Cl, 4.9% to
9.0%; Data Supplement). Among other treatment sub-
groups, the SMN cumulative incidence for survivors treated
with chemotherapy and radiation, radiation and no che-
motherapy, and neither chemotherapy nor radiation was
9.0% (95% Cl, 8.3% t0 9.7%), 10.8% (95% Cl, 9.2% to
12.5%), and 3.4% (95% Cl, 2.2% to 4.6%), respectively
(Fig 1). Piecewise exponential models adjusted for attained
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age, sex, years since diagnosis, and diagnosis, comparing
SMN rates in the chemotherapy-only and no chemotherapy
or radiation groups at different time points showed similar
rates 5 to 10 years after childhood cancer diagnosis (RR,
0.9; 95% ClI, 0.4 to 2.3) but a nearly two-fold higher rate in
the chemotherapy-only group at 10 to 25 years (RR, 1.9;
95% Cl, 1.0 to 3.5). Thirty-year estimated cumulative
burden was 4.4, 9.8, 12.2, and 3.7 per 100 individuals for
chemotherapy-only, chemotherapy plus radiation, radia-
tion but no chemotherapy, and no chemotherapy or radi-
ation treatment, respectively (Data Supplement).

Risk and Risk Factors for SMNs

The SMN rate among survivors treated with chemotherapy
only was nearly three-fold greater than that of the general
population (SIR, 2.8; 95% Cl, 2.5 10 3.2), and the AER per
1,000 person-years was 1.0 (95% Cl, 0.810 1.2; Fig 2; Data
Supplement). The SMN rate relative to the general pop-
ulation was highest among survivors of CNS tumors (SIR,
5.8), driven by subsequent, nonrecurrent CNS tumors.
Rates were also elevated for survivors of sarcoma (SIR, 3.3),
neuroblastoma (SIR, 3.0), and leukemia or lymphoma (SIR,
2.4; Fig 2). For survivors of sarcomas who received che-
motherapy only, the SMN rate was increased and greatest
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for subsequent, nonrecurrent STS (SIR, 8.6), breast cancer
(SIR, 5.3), and thyroid cancer (SIR, 4.9). Survivors of
leukemia or lymphoma were at increased risk for sub-
sequent breast cancer (SIR, 4.6), melanoma (SIR, 3.0),
and thyroid cancer (SIR, 2.7; Table 2). Elevated SIRs for
survivors not treated with chemotherapy or radiation were
noted after CNS tumors (SIR, 1.7) and osteosarcoma (SIR,
2.5; Data Supplement).

Within the group of chemotherapy-only survivors, the SMN
rate was associated with female sex (RR, 1.8;95% ClI, 1.3
to 2.6), high cumulative alkylating agent exposure (CED >
10,000 mg/m?; RR v no alkylating agents, 2.0; 95% Cl, 1.2
to 3.3), and high cumulative platinum exposure (> 750 mg/
m?; RR v no platinum, 2.7; 95%, Cl 1.1 to 6.5; Table 3).
Neither anthracycline nor epipodophyllotoxin exposure at
any dose level was associated with increased SMN rates
among chemotherapy-only survivors. A linear dose re-
sponse was found between cumulative alkylating agent
exposure and the SMN rate (RR, 1.2/5,000 mg/m?; 95% Cl,
1.11o0 1.3; Fig 3). No association was found between SMN
rate and 5-year treatment era.

To explore whether chemotherapies were associated
with risk of specific SMN types (ie, breast, thyroid, STS,

3314 © 2019 by American Society of Clinical Oncology

melanoma) among chemotherapy-only survivors, multi-
variable analyses were also performed. Increased sub-
sequent breast cancer rate was associated with
anthracycline exposure > 300 mg/m? and a linear dose
response was seen (RR, 1.3/100 mg/m?; 95% Cl, 1.2 to
1.6; P<.001; Data Supplement). The multiple comparison
adjustment was applied for four chemotherapy classes and
four SMN subtypes, and this association remained below
the multiple comparison-corrected P value of .003. Asso-
ciations were not identified with other chemotherapies. No
other associations were found with specific SMN types
relative to chemotherapy classes or cumulative dose (Data
Supplement).

Among survivors exposed to therapeutic radiation alone or
in combination with chemotherapy, SIRs and AERs were
higher than those in the chemotherapy-only group. Al-
though survivors not exposed to chemotherapy or radiation
had the lowest SMN rates, they still had an increased risk
(SIR, 1.8;95% Cl, 1.4 to 2.4; Data Supplement) compared
with the general population. Multivariable analysis per-
formed among survivors treated with both chemotherapy
and radiation showed the SMN rate was also associated
with female sex (RR, 1.6;95% Cl, 1.4t0 1.9) and high-dose
alkylating agent exposure (RR, 1.4; 95% ClI, 1.1 to 1.9).
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FIG 2. Standardized incidence ratios and 95% Cls for subsequent
malignancy, by childhood cancer diagnosis among chemotherapy-
only group. ALL, acute lymphoblastic leukemia; AML, acute mye-
logenous leukemia; NHL, Non-Hodgkin lymphoma; STS, soft-tissue
sarcoma.

Platinum exposure was not associated with SMN rate in
this group.

DISCUSSION

Therapeutic radiation use has declined over time because
of long-term health complications, and the types and doses
of prescribed chemotherapies have shifted as well. As
cancer treatments have changed, there have been docu-
mented declines in SMN risk among childhood cancer
survivors.® Few studies have focused on whether chemo-
therapies, in the absence of therapeutic radiation, are
associated with SMN risk.1}121% Here, in a large, well-
characterized cohort of childhood cancer survivors, we
demonstrated that survivors treated with chemotherapy
alone are at increased risk for developing an SMN com-
pared with the general population, though risk and cu-
mulative incidence were approximately half of what was
observed in survivors exposed to radiation plus chemo-
therapy. We also showed that survivors treated with higher
cumulative doses of alkylating agents and/or platinum-
based drugs experienced increased rates of SMNs, and
there is a linear dose-response relationship between
alkylating agent cumulative dose and SMN relative rate. We
built on previous findings that breast cancer rates are
associated with anthracycline exposure,***® identifying
a linear dose-response relationship among chemotherapy-
only survivors. Despite decreased SMN risk over time for
the overall survivor population,® an association between
B-year treatment era and SMN rates in patients treated with
chemotherapy only was not identified.

Journal of Clinical Oncology

The increased SMN rates associated with high-dose
alkylating agent and platinum exposure identified in this
study are unique from previous work in that few studies
have looked at survivors treated with chemotherapy alone.
A report from the Dutch Childhood Cancer Oncology
Group-Long-Term Effects After Childhood Cancer (DCOG-
LATER) cohort described chemotherapy-associated solid
SMN risk.!! Solid tumor, and specifically breast cancer, risk
was associated with anthracycline exposure, and consis-
tent with our findings, the association between breast
cancer risk and anthracyclines was maintained among
women not exposed to chest or total body irradiation. They
also reported an association between cyclophosphamide
exposure and sarcoma risk; however, this association was
not evident when only nonirradiated survivors were con-
sidered. Overall solid SMN risk in chemotherapy-only
survivors was not reported.'* A SEER analysis of survi-
vors of testicular nonseminomas treated with platinum-
based chemotherapy alone showed an increased risk for
solid SMNs, including cancers of the thyroid, kidney, and
soft tissue.'®

The association identified here between higher cumulative
dose of anthracycline and breast cancer rates in
chemotherapy-only survivors validates previous work from
the aforementioned DCOG-LATER cohort and from the
CCSS.1115 Henderson et al'® examined subsequent breast
cancer risk among female childhood cancer survivors not
treated with chest radiation and found a four-fold increased
risk for breast cancer compared with the general pop-
ulation, similar to findings in this study; risk was associated
with dose-dependent alkylating agent and anthracycline
exposure. The anthracycline association is consistent with
what is reported here; however, we did not replicate the
alkylating agent findings. The absence of this finding in the
current analysis is likely multifactorial. The previous anal-
ysis included only CCSS participants diagnosed between
1970 and 1986 and included individuals who had been
exposed to radiation outside of the chest field, including
radiation to the pelvis, which is established to modify breast
cancer risk, thus representing a different population from
what is presented here.

Within the CCSS, a recent analysis identified increased
SMN risk associated with both moderate- to high-dose
alkylating agent and platinum exposure.® In the present
analysis, the association with alkylating agents was evident
with and without radiation exposure, whereas the associ-
ation with platinum was only among the chemotherapy-only
subgroup of survivors. It is possible that the platinum as-
sociation within our study is a proxy for the high proportion
of Li Fraumeni—-associated malignancies, because many
treatment regimens for CNS tumors and sarcomas include
platinum therapy. The CCSS has also reported associations
between high-dose procarbazine and platinum exposure
and Gl SMNs'?; however, within the previous analysis
and ours, these associations were not seen among
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Chemotherapy-Associated SMN Risk in Childhood Cancer Survivors

TABLE 3. Multivariable Model for Subsequent Malignancy Relative Rates for
Survivors Treated With Chemotherapy Only

SMN

Variable RR (95% CI) P
Sex

Male Ref

Female 1.8 (1.3 to 2.6) <. 001
Age at diagnosis, years

0-4 Ref

5-9 1.4 (0.8 t0 2.5) 25

10-14 1.6 (09 10 2.6) .09

=15 1.8(1.0t03.2) .04
Per 5-year treatment era 1.0(0.8t0 1.1) .80
History of splenectomy (yes/no)

Yes 1.4 (0.7 t0 3.0) 37

No Ref
Cyclophosphamide equivalent dose, mg/m?

None Ref

1-2,000 0.9 (0.4 to 2.3) .85

2,001-4,000 1.2 (0.6 to 2.3) .58

4,001-7,000 1.3 (0.7 t0 2.2) 43

7,001-10,000 1.5 (0.8 to 2.6) 21

> 10,000 20(1.2t03.3) .006
Anthracycline, mg/m?

None Ref

0-100 1.0 (0.4 10 2.9) 97

101-300 1.3(0.81t02.1) 34

301-600 14 (0910 2.3) 12

> 600 1.2 (0.4 10 3.3) .70
Epipodophyllotoxin, mg/m?

None Ref

1-1,000 0.4 (0.1 to 1.0) .05

1,001-4,000 0.7 (0.3t0 1.4) .29

> 4,000 1.4 (0.6 to 3.1) 47
Platinum, mg/m?

None Ref

1-400 1.0 (0.510 2.0) 97

401-750 1.1 (0510 2.1) .88

> 750 2.7 (1.1t06.5) .03

Abbreviations: Ref, referent; RR, relative rate; SMN, subsequent malignant

neoplasm.

nonirradiated survivors, likely due to small numbers and
limited power. Other significant associations between
chemotherapy and sarcoma and renal SMNs have been
identified in CCSS studies, but all have been among
irradiated survivors.®192® In aggregate, these studies
affirm the importance of more detailed investigation of
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FIG 3. Subseguent malignant neoplasm dose-response model for
cumulative alkylating agent dose. Blue circles represent rate ratios
from a categorical model (error bars represent 95% Cl) for the median
dose for the category: median (X 1,000 mg/m?) category (95% Cl):
2.077 (0.1 to 2), 2.882 (2.01 to 4), 5.504 (4.01 to 7), 8.455 (7.01 to
10), and 15.451 (10.01 to 144.67). Linear model log (relative rate) =
0.153 X dose per 5,000 mg/m? (P < .001). The horizontal dashed line
corresponds to a relative rate of 1.0. CED, cyclophosphamide
equivalent dose.

chemotherapeutic risk factors for the development of
SMNs, particularly as childhood cancer therapies evolve.

This analysis has important limitations. SMNs occurring <
5 years from diagnosis are excluded, thus reducing iden-
tification of epipodophyllotoxin-associated early leukemias.
The CCSS relies on initial self or proxy report of SMNs,
which may lead to underestimation of SMN incidence and
risk. Only treatments received within 5 years of childhood
cancer diagnosis are included and radiation exposure from
routine imaging studies is not addressed. In addition, the
CCSS does not include survivors treated with novel che-
motherapeutic agents introduced after 1999, which may
affect future risk for SMNs. It is essential for studies to
evaluate these risks as well as those of specific multimodal
therapy combinations. Although we identified significant
associations between alkylating and platinum agents and
SMN risk, the sample size for individual chemotherapeutic
agent exposures or combinations of agents limited our
power to identify more specific associations, and small
numbers of many SMN types limited our ability to evaluate
associations between rates of specific SMNs and chemo-
therapy exposures. We identified a difference in SMN rates
between individuals treated with chemotherapy only and
individuals not treated with chemotherapy or radiation; how-
ever, given the limited number of SMNs in the no-treatment
group (Data Supplement), it is difficult to address the
clinical relevance of this difference. It is possible that
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surveillance bias was present among those exposed to
chemotherapy, making them more likely to undergo cancer
screenings, potentially leading to increased rates of iden-
tified SMNs. This may be evident in the time beyond
35 years from diagnosis, when the cumulative incidence
curves for the chemotherapy-only and nontreated in-
dividuals diverge (cohort characteristics at 35 years are
shown in the Data Supplement). Surveillance and
screening practices are at the discretion of the survivor and
their medical providers and likely vary by primary cancer
diagnosis and treatment type. Collaboration with other large
cohorts of childhood cancer survivors would increase the
likelihood of identifying associations between chemother-
apy agents and specific SMN types and identifying whether
clinically important differences in SMN risk between
chemotherapy-treated and nontreated survivors exist.

We were also unable to assess genetic cancer pre-
disposition, which partially contributes to SMN risk?® across
all survivor treatment groups. Although this study supports
a role for chemotherapy in increasing SMN risk, SMN risk
also could be attributable to genetic cancer susceptibility.
Within the chemotherapy-only group, 28% of SMNs oc-
curred in survivors of osteosarcoma, and the most frequent
SMNs included breast cancers, thyroid cancers, leukemia/
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