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Abstract

Background: Subsequent short-latency leukemias are well-described among
survivors of childhood cancer. However, late (5-14.9years from diagnosis, LL)
and very late (>15years from diagnosis, VLL) subsequent leukemias have not
been well studied. We assessed risk factors, prevalence, and outcomes for LL and
VLL in the Childhood Cancer Survivor Study cohort.

Methods: Subsequent leukemias, among 25,656 five-year survivors, were self-
reported and confirmed by pathology review. Standardized incidence ratios
(SIR) and cumulative incidences were calculated, and relative risks (RR) were
estimated using Cox regression for exposures.

Results: Seventy-seven survivors developed subsequent leukemia, 49 survivors
with LL (median time from diagnosis 7.8years, range 5.0-14.5years) and 28
with VLL (median time from diagnosis 25.4 years, range 15.9-42.8 years), with a
cumulative incidence 0f 0.23% (95% CI0.18%-0.30%) 20 years from diagnosis for all
subsequent leukemias. The most common leukemia subtypes were acute myeloid
leukemia, myelodysplastic syndrome, and chronic myeloid leukemia. Compared
to the general population, survivors were at increased risk, for developing LL (SIR
9.3,95% CI 7.0-12.1) and VLL (SIR 5.9, 95% CI 3.9-8.4). In multivariable relative
risk analyses, cumulative epipodophyllotoxin dose >4000 mg/m” was associated
with increased risk for LL and VLL (RR 4.5, 95% CI 2.0-9.9).

Conclusions: In this large series of late subsequent leukemias, survivors of
childhood cancer are at increased risk, with no evidence of plateau over time.
We observed most risk among survivors who received high cumulative doses of
epipodophyllotoxins. Ongoing consideration for this late effect should continue
beyond 10years.
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1 | INTRODUCTION

Five-year survival following a childhood cancer diagnosis
exceeds 85%, and approximately half a million pediatric
cancer survivors are now alive in the United States."” As
such, the identification of late effects after cancer treat-
ment, including subsequent malignant neoplasms (SMN)?
and chronic medical conditions," is critical to providing ap-
propriate and necessary care to long-term survivors.’ After
primary cancer recurrence, SMNs account for the highest
proportion of deaths in the survivor population.®’

Subsequent leukemias, both of the lymphoid and my-
eloid lineages, have been well-described in survivors of
pediatric cancer and have among the shortest latency of
SMNs in long-term survivors, commonly also referred to as
therapy- or treatment-related leukemias.® '° They are most
frequently associated with exposures to certain classes of
chemotherapies, including topoisomerase II inhibitors
and alkylating agents. Topoisomerase II inhibitor expo-
sure is most frequently associated with early-occurring
(median 2-3years from exposure) subsequent leukemias
that characteristically harbor MLL gene rearrangements,''
whereas alkylating agent associated leukemias are ob-
served later (median 4-7years from exposure) and are
most typically associated with genetic alterations involv-
ing chromosomes 5 and 7."*'* Importantly, among large
cohorts of survivors of childhood cancer, as the length of
follow up increases, there is growing recognition that late-
occurring subsequent leukemia is more common than pre-
viously appreciated. This was previously described within
the Childhood Cancer Survivor Study (CCSS), where an
overall 6.3-fold increased risk was reported for subsequent
leukemia among survivors and the risk remained 3.5-fold
increased at >15years after their primary childhood can-
cer diagnoses.'® The PanCareSurFup cohort examined
risk for subsequent primary leukemias and found an over-
all 3.7-fold increased risk for subsequent leukemia among
survivors that remained elevated (SIR 2.4) past 20years
from primary childhood cancer diagnosis.'” Although
both analyses demonstrated long-term risk for subsequent
leukemia among survivors of childhood cancer, neither
presented treatment-associated risk factors due to limita-
tions in the number of cases'® and availability of compre-
hensive treatment data.'’

Following the prior subsequent leukemia report, the
CCSS expanded its cohort and now includes individu-
als diagnosed and treated for childhood cancer between
1970 and 1999. Additionally, there have been 9years of
follow-up from the time of the previous publication. This
study presents an important opportunity to expand un-
derstanding of treatment-associated risk factors for late
(5-14.9years from diagnosis) and very late (>15years from
diagnosis) subsequent leukemia.

2 | MATERIALS/METHODS

The CCSS is a retrospective cohort study with long-term
follow-up of survivors of childhood cancer who are past
five-years from initial diagnosis, and diagnosed between
1970 and 1999 at one of 31 participating institutions in the
United States and Canada. Participants were eligible to
enter the cohort if younger than 21 years of age when diag-
nosed with initial cancer (leukemia, Hodgkin lymphoma
[HL], non-Hodgkin lymphoma [NHL], central nervous
system cancer, renal cancer, neuroblastoma, rhabdo-
myosarcoma, or bone cancer). All protocol and contact
documents were accepted and validated by human sub-
jects' committees at participating institutions. Informed
consent was obtained from participants or their parents if
they were minors. Minor participants were reconsented at
age of majority. The CCSS methodology has been formerly
reported upon.'®*

Subsequent leukemia cases occurring five or more
years after childhood cancer diagnosis were discovered
by self-report and verified by pathology report review, or
if unavailable, medical record and/or death certificate
review. Cases of subsequent leukemia were classified as
either late leukemia (LL; >5-14.9years from diagnosis)
or very late leukemia (VLL; >15years from diagnosis), as
had been established by Nottage et al."> due to the previ-
ous understanding that late leukemia risk plateaued be-
tween 10 and 15years from initial diagnosis. Neoplasms
considered eligible for inclusion including International
Classification of Diseases of Oncology (ICD-0-3) codes
were leukemia, not otherwise specified (NOS) (9800/3),
acute undifferentiated leukemia (9801/3), acute biphe-
notypic leukemia (9805/3), B-lymphoblastic leukemia/
lymphoma (NOS) (9811/3, 9835/3, 9836/3), lymphoid
leukemia NOS (9820/3), chronic lymphocytic leukemia/
small lymphocytic lymphoma (9823/3), Burkitt cell leuke-
mia (9826/3), T-cell leukemia/lymphoma (9827/3, 9831/3,
9837/3), acute myeloid leukemia (AML) (9861/3, 9866/3,
9867/3, 9871/3, 9872/3, 9874/3, 9891/3), myelodysplastic
syndrome (9980/3, 9983/3, 9985/3), and chronic myeloid
leukemia (CML), NOS (9863/3). Relapse of primary leu-
kemia, based on comparison of pathology reports by the
pathologist and oncologist team that reviews all CCSS
subsequent neoplasm reports and again by the study
authors, were considered recurrences rather than subse-
quent leukemia, and were excluded (n=356). Leukemias
that occurred >20years from the childhood leukemia di-
agnosis, were assumed to be a secondary neoplasm (n=1),
per previously established standard procedures within the
CCSS SMN review process. Demographic characteristics
and cancer therapies received following childhood can-
cer diagnosis, including surgery (splenectomy), hema-
topoietic cell transplantation (HCT), chemotherapy, and
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radiation, were ascertained through abstraction of medi-
cal records.'**® Specifically, chemotherapy exposures, in-
cluding cumulative doses of anthracyclines (doxorubicin
equivalents),”"** platinating agents,”** and alkylating
agents (cyclophosphamide equivalent doses)* were ab-
stracted. Radiation exposure was evaluated by body site
(cranial irradiation, total body irradiation, other body
site irradiation) and maximum dose received, which was
taken as the summation of the delivered doses from all
overlapping fields in each body region.® Cytogenetic
data, where available, were ascertained via medical record
abstraction. Smoking status was also determined from
self-report within baseline and follow-up questionnaires
of participants who were adults at the time of question-
naires.”’ If they had ever smoked >100 cigarettes in their
lifetime, participants were considered smokers. All others
were presumed to have “never” smoked.

Descriptive statistical analysis for the comparison of
three groups, late, very late leukemia, and without sub-
sequent leukemia, was performed regarding the distri-
butions of demographic and clinical characteristics at
diagnosis, treatment characteristics, smoking status, and
vital status by using chi-square or one-way analysis of
variance tests. The cumulative incidence of subsequent
leukemias was estimated from Syears after diagnosis to
the first occurrence of subsequent leukemia, death was
treated as a competing risk and at the date of last contact
was censored, stratifying by the primary cancer diagnosis
and treatment exposures (epipodophyllotoxin, alkylating
agent and radiation). To compare the rate of subsequent
leukemia events in the CCSS cohort with the rates in the
U.S. population, standardized incidence ratios (SIRs), that
is the ratio of the observed to expected number of events,
and absolute excess risks (AERs), which is calculated by
deducting the expected number of events from the ob-
served number of events divided by person-years at risk
and multiplied by 1000, were calculated with data from
the Surveillance, Epidemiology and End Results (SEER)
database using age-, sex-, race, and calendar-year-specific
incidence rates of leukemia.” Leukemia incidence data of
the SEER population, Incidence—SEER Research Data,
9 Registries, Nov 2020 Sub (1975-2018), was downloaded
using SEER*Stat, including the number of malignant
cases and the population size in each of the strata defined
jointly by age, sex, race, and calendar year.

Multivariable Cox regression models, with time to sub-
sequent leukemia event since primary cancer diagnosis as
the time scale, were used to evaluate for associations be-
tween survivor characteristics and the risk of subsequent
leukemia, where the analyses were limited to survivor
characteristics and treatment variables with univariate
association at p-value less than or equal to 0.2. All-cause
mortality risks were estimated using multivariable Cox
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regression models, adjusted for sex and attained age. The
proportional hazards assumptions were assessed with the
Kolmogorov-type supremum test and the assumptions
were not violated. Sampling weights were applied in all
analyses to account for under-sampling of acute lympho-
blastic leukemia (ALL) survivors diagnosed 1987-1999.
All statistical tests were two-sided and p-values less than
0.05 were determined to be statistically significant. SAS
(version 9.4) was used for statistical analysis and R (ver-
sion 4.2.2) was used for figures.

3 | RESULTS

Within the group of the 25,656 survivors included in the
study, 77 were diagnosed with a subsequent leukemia.
Of those, 49 survivors were diagnosed with late leukemia
(LL) and 28 survivors were diagnosed with very late leu-
kemia (VLL). Demographic and treatment factors of sur-
vivors who developed subsequent LL versus subsequent
VLL versus those who did not develop subsequent leuke-
mia (NL) were assessed (Table 1). Mean age at primary di-
agnosis differed among the three groups, with those who
developed very late leukemia being older at primary di-
agnosis (median 13years (VLL) vs. 8years (LL) vs. 6years
(NL), p=0.001). No difference was seen in the distribution
of sex or race/ethnicity. Among survivors who developed
LL, the most common primary diagnoses were ALL, HL,
and NHL and among those who developed VLL, HL, ALL,
and osteosarcoma. There were differences in epidophyllo-
toxin (25.0% [LL] vs. 12.6% [VLL] vs. 5.6% [NL], p<0.001)
and alkylating agent (44.5% [LL] vs. 29.5% [VLL] vs. 23.4%
[NL], p=0.018) exposures between groups. Those who de-
veloped LL received cranial or total body irradiation more
frequently than the other two groups (48.5% [LL] vs. 28.9%
[VLL] vs. 29.1% [NL], p=0.005), and were more likely to
have undergone HCT (30.3% [LL] vs. 0% [VLL] vs. 5.7%
[NL], p<0.001). Those who developed VLL were more
likely to have ever smoked than the other two groups
(29.1% [VLL] vs. 3.4% [LL] vs. 11.8% [NL], p=0.001),
though the absolute numbers of those who smoked were
quite low, making further analyses of smoking status'
impact on the development of subsequent leukemia not
feasible. Survivors who experienced subsequent leuke-
mia were more likely to be deceased compared to those
who did not (71.2% [LL] vs. 49.3% [VLL] vs. 14.4% [NL],
p<0.001).

Characteristics of subsequent leukemia cases are de-
scribed in Table 2. Median time to diagnosis of LL and
VLL from time of initial diagnosis was 7.8years (range
5.0-14.5) and 25.4years (range 15.9-42.8), respectively.
The most common histologic LL diagnoses were AML,
myelodysplastic syndrome (MDS) and CML. The most
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common VLL diagnoses were AML, MDS, and ALL. The
distribution of histologic diagnoses of LL compared to VLL
was similar (p = 0.504). Cytogenetic data was available for
50.6% (n=39) of subsequent leukemia cases. Among those
with available cytogenetic data, three had normal cytoge-

p-Value
<0.001

]
g ° - netics, 15 had complex cytogenetics, and 21 had single cy-
= £ 8 § togenetic abnormalities, including 15 with translocations.
j": - B Interestingly nine of the translocations were t (9;22) in the
k| setting of secondary CML, and only three involved 11q23.
E Among survivors who developed subsequent leukemia,
S only three had an underlying genetic predisposition syn-
E drome (Trisomy 21, n=1; Nevoid Basal Cell Carcinoma
S g Syndrome, n=1; “Other” genetic disorder, n=1). Finally,
E ;qa; & among survivors who developed subsequent leukemia,
azl=2 A seven had a prior history of SMN, for a total of nine SMN
events (breast cancer, n=>5; bladder papillary transitional
E,, S cell carcinoma, n=1; endometroid adenocarcinoma, n=1;
2 5 E osteosarcoma, n=2).

The 20-year cumulative incidence of subsequent leuke-
mia was 0.23% (95% CI 0.18%-0.30%) and does not show
evidence of plateau (Figure 1). A nine-fold greater risk for
developing subsequent late leukemia was noted in survi-
vors within the cohort compared to the general popula-
tion (SIR 9.3, 95% CI 7.0-12.1). The absolute excess risk
(AER) was 0.09 per 1000 person-years (95% CI 0.07-0.12)
(Table 3). For VLL, survivors had a near six-fold greater
risk for developing subsequent very late leukemia com-
pared to the general population (SIR 5.9, 95% CI 3.9-8.4)
and the absolute excess risk (AER) was 0.04 per 1000
person-years (95% CI 0.03-0.07) (Table 3). SIRs for LL
were highest among survivors of ALL (SIR 14.2, 95% CI

Survivors with very late (>15years from dx)
leukemia N=28

Median
30.43

o ~

g g 39 9.2-20.8), medulloblastoma (SIR 12.7, 95% CI 1.4-45.7),
& - HL (SIR 10.2, 95% CI 4.9-18.8), and NHL (SIR 14.0, 95%
§ CI 5.1-30.4), whereas SIRs for VLL were highest among
;’ survivors of AML (SIR 11.6, 95% CI 1.3-41.8), osteosar-
3| coma (SIR 10.9, 95% CI 2.2-31.9), and HL (SIR 8.8, 95%
) CI 3.8-17.3).

g Multivariate analyses to assess relative rates of subse-
% g quent leukemia by demographic and treatment character-
g £ istics were performed and included characteristics, which
g -E £ had a p-value < 0.2 on univariate analyses (Table 4). Older
E g2 =z age (>15years) at initial diagnosis (relative risk [RR] 2.21,
@ § g = 95% CI 1.08-4.51), high cumulative epipodophyllotoxin

dose (>4000 mg/mz; RR 4.51, 95% CI 2.04-9.94), and
treatment with HCT (RR 5.37, 95% CI 2.72-10.62) were
associated with increased risk for subsequent leukemia.
When LL and VLL were considered separately (Table 4),
high cumulative epipodophyllotoxin dose (RR 4.73, 95%
CI 1.76-12.72) and treatment with HCT (RR 8.48, 95% CI
3.98-18.05) were associated with LL risk, and older age at
diagnosis (RR 4.44, 95% CI 1.45-13.59), and high cumula-
tive dose epipodophyllotoxin exposure (RR 5.08, 95% CI
1.27-20.37) were risk factors for VLL.

Mean years of follow up from

diagnosis, years
“Since acute lymphoblastic leukemia survivors diagnosed 1987-1999 were under-sampled in the CCSS cohort, sampling weights were applied for all percentages and means/medians, using a weight of 1.21 for those

aged 0 or 11-20years at diagnosis and a weight of 3.63 for those aged 1-10years.

TABLE 1 (Continued)



8of 15 W] LEY_Cancer Medicinem GHOSH ET AL.
TABLE 2 Histologic type of leukemia, and survival characteristics of subsequent leukemia cases.
Survivors with late (>5-14.9years Survivors with very late (>15years from
from dx) leukemia diagnosis N=49 dx) leukemia diagnosis N =28 p-Value
Time from childhood cancer 7.78 (5.04, 14.49) 25.42(15.92, 42.79) —
diagnosis to leukemia
diagnosis, years
Median time (range)
5-10 36 (69.50) 0(0.0)
10.1-15 13 (30.50) 0(0.0)
15.1-20 0(0.0) 7(23.38)
>20 0(0.0) 21 (76.62)
Age at leukemia diagnosis, 18.40 (5.70, 32.19) 36.37 (18.21, 58.05) —
years
Median age (range)
5-10 9 (23.90) 0(0.0)
11-20 22 (45.35) 1(3.24)
21-30 17 (29.10) 7(31.92)
31-40 1(1.65) 8(25.93)
41-50 0(0.0) 8 (25.93)
51-60 0(0.0) 4(12.97)
Leukemia diagnosis
Acute leukemia NOS 2(3.3) 2(6.48) 0.504
Acute lymphoblastic leukemia 5(8.25) 5(16.21)
Acute myeloid leukemia 25(51) 14 (54.61)
Chronic myeloid leukemia 6 (18.6) 3(9.73)
Myelodysplastic syndrome 11 (18.85) 4(12.97)
Survival after leukemia diagnosis, years
0-5 35 (67.85) 21(77.31) 0.612
6-10 5(16.95) 3(9.73)
11-15 2(3.65) 2(6.48)
16-26 7 (11.55) 2(6.48)
Cause of death
Leukemia 20 (60.08) 9 (60.55) 0.909
Ardiac 1(2.32) 0(0.0)
Other SMN 7(16.24) 5(32.87)
Recurrent 2(4.64) 0(0.0)
External 1(2.81) 0(0.0)
Other causes 2 (4.64) 0(0.0)
Unknown 4(9.28) 1(6.57)

The majority of survivors who developed late or very
late subsequent leukemia survivedless than five years from
subsequent leukemia diagnosis with median survival of
0.78years (range 0.03-26.44years) and 2.88years (range
0-17.31years), respectively. No difference in duration of
survival after subsequent leukemia diagnosis was observed
between the two groups (p =0.612). Subsequent leukemia
was the most frequent etiology of death for survivors fol-
lowing LL and VLL (Table 2). Relative risk for all-cause

mortality was elevated following LL (RR 5.5, 95% CI 3.67-
6.72) and VLL (RR 5.70, 95% CI 3.10-8.66) compared to
survivors who did not develop subsequent leukemia.

4 | DISCUSSION

We investigated the risk of subsequent LL and VLL
among survivors of childhood cancer and report, to
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FIGURE 1 Cumulative Incidence Plot of Subsequent Leukemia. The 20-year cumulative incidence of subsequent leukemia was 0.23%

(95% CI 0.18%-0.30%) and does not show evidence of plateau.

our understanding, the largest numbers of subsequent
leukemias with associated treatment exposure data
to date. Other studies of survivors of pediatric cancers
have described subsequent late and very late leuke-
mias’>!”; however, treatment-associated risk factors
could not be investigated due to limitations in number
of cases' and the availability of comprehensive treat-
ment data.!” Within the CCSS cohort, survivors had a
nine-fold greater risk of developing subsequent late leu-
kemia compared to the general population, an increase
from previous reports®>'”*® and the persistent risk for
VLL is in contrast to other reports that have suggested
subsequent leukemia risk plateaus after 10years from
initial diagnosis.** Survivors had increased risk for de-
veloping AML and MDS, similar to reports from prior
studies,’™'” as well as CML, which had been noted in
one prior study, as well.!” The PanCareSurFup analy-
sis included a larger number of survivors (N=69,460)
treated over a longer period of time (1940-2008) with
a larger number of reported subsequent leukemias
(n=115), and similar to our study the majority were
myeloid.'” Although that study identified similar pri-
mary diagnoses associated with risk, the magnitude of
risk was smaller compared with the present study.'” It

may be that among survivors treated in earlier treat-
ment eras with the PanCareSurFup population, the in-
tensity of chemotherapy treatment was less or the types
of treatments were different. Similar to our analysis,
the PanCare group reported that subsequent leukemias
were occurring beyond 20years from childhood cancer
diagnosis.'” To our knowledge, our study is the first to
demonstrate a persistent risk of LL and VLL among sur-
vivors who received treatment with high cumulative
doses of epipodophyllotoxins.

There is extensive literature describing short latency
subsequent leukemia associated with treatment ex-
posures, and current survivorship guidelines from the
Children's Oncology Group recommend monitoring for
subsequent leukemia annually up to 10years after expo-
sure to epipodophyllotoxins and alkylating agents.**~!
However, our study demonstrates a plateau does not
exist and continued surveillance may be warranted be-
yond 10years, particularly for high-risk populations. In
particular, our study may have important implications
for surveillance screening in long-term survivors where
cumulative epipodophyllotoxin exposure is > 4 gm/m?,
which demonstrated in our study to result in a per-
sistent risk for LL and VLL, and may be an important
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TABLE 4 Multivariable analyses of risk factors for subsequent leukemia.

Late (>5-14.9years from dx) Very late (>15years from dx)
leukemia leukemia All subsequent leukemias
Relative Risk Relative Risk Relative Risk
Characteristic (95% CI) p-Value (95% CI) p-Value (95% CI) p-Value
Gender
Male 1.32 (0.71,2.45)  0.374 2.10 (0.92,4.81)  0.078 1.60 (0.97,2.61)  0.064
Female 1.00 1.00
Age at initial diagnosis
0-4years 1.00 1.00 1.00
5-9years 1.53 (0.72,3.24)  0.268 1.06 (0.27,4.15)  0.938 1.37 (0.71,2.64)  0.354
10-14years 1.37 (0.59,3.19) 0.472 3.10 (1.02,9.37)  0.045 1.85 (0.96,3.58)  0.066
15+years 1.25 (0.45,3.43) 0.671 4.44 (1.45, 0.009 2.21 (1.08,4.51)  0.030
13.59)
Anthracycline Cumulative Dose (mg/m?)
None 1.00 1.00 1.00
1-100 1.13 (0.43,2.95) 0.811 1.86 (0.43,8.08)  0.409 143 (0.64,3.20) 0.380
101-300 0.59 (0.23,1.53) 0.278 2.74 (0.91,8.29) 0.074 1.08 (0.52,2.24)  0.829
>300 0.68 (0.21,2.18)  0.516 2.17 (0.62,7.63)  0.227 1.09 (0.46,2.58)  0.839
Cyclophosphamide Equivalent Dose (mg/m?)
None 1.00 1.00 1.00
1-3999 0.85 (0.26,2.80) 0.794 0.78 (0.21,2.93) 0.711 0.78 (0.32,1.92)  0.595
4000-7999 1.42 (0.51,4.01) 0.504 0.41 (0.09,1.79) 0.234 0.88 (0.38,2.04) 0.768
>8000 1.76 (0.77,4.00)  0.179 0.68 (0.25,1.83) 0.444 1.24 (0.67,2.30)  0.498
Epipodophyllotoxin Cumulative Dose (mg/ m?)
None 1.00 1.00 1.00
1-1000 1.17 (0.31,4.45) 0.817 0.62 (0.03, 0.749 0.86 (0.25,2.99) 0.810
11.60)
1001-4000 1.45 (0.50,4.17)  0.493 1.07 (0.18,6.41)  0.944 1.22 (0.49,3.00)  0.669
>4000 4.73 (1.76, 0.002 5.08 (1.27, 0.022 4.51 (2.04,9.94) <0.001
12.72) 20.37)
Platinum Cumulative Dose (mg/m?)
None 1.00 1.00
1-400 0.86 (0.19,3.85) 0.847 0.79 (0.19,3.40)  0.754
401-750 0.46 (0.06,3.54) 0.453 0.40 (0.05,2.98) 0.371
>750 1.42 (0.39,5.23)  0.598 1.56 (0.45,5.39)  0.484
Splenectomy
Yes 2.56 (0.82,7.98) 0.105 1.79 (0.54,5.91) 0.339 2.03 (0.89,4.62)  0.091
No 1.00 1.00 1.00
Hematopoietic cell transplantation
Yes 8.48 (3.98, <0.001 5.37 (2.72, <0.001
18.05) 10.62)
No 1.00 1.00

consideration for future treatment protocols and fol-

low-up guidelines.

The etiology for this longer latency is not fully eluci-
dated and may be multi-factorial. One of the strengths of

the CCSS cohort is the duration of long-term follow-up,
which may explain why our study did not demonstrate a
plateau in secondary leukemia risk. Treatment exposures
may cause alterations in oncogenes or tumor suppressor
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genes resulting in a “first hit,” and a secondary exposure
is necessary for a “second hit” prior to development of
subsequent leukemia. As an example, shortened telo-
mere length was observed in survivors of lymphoma who
underwent autologous HCT and developed subsequent
MDS/AML, thus resulting in a “first hit”** As lifestyle
factors change and treatment strategies are further re-
fined, additional studies may determine the significance
of this latency period and determine if this two-hit hy-
pothesis, similar to that of de novo leukemia, holds true
in secondary leukemias. Additionally, survivors may have
underlying cancer predisposition syndromes, resulting in
secondary leukemia; specifically, survivors with an initial
diagnosis of osteosarcoma followed by subsequent leuke-
mia may be associated with an underlying p53 mutation.
Furthermore, given that the majority of the survivors
who developed a secondary leukemia had a primary he-
matologic malignancy, it is possible that there may be an
underlying genetic propensity to developing hematologic
malignancies, which is not yet established. Among the 77
survivors in our cohort who developed late subsequent
leukemia, only three had an underlying genetic syndrome
(Trisomy 21, nevoid basal cell carcinoma syndrome, and
one “other” genetic disorder). As genetic evaluation be-
comes more accessible, subpopulations at highest risk
may become evident and will allow refinement of surveil-
lance recommendations.

Similar to prior studies,'” an association was observed
between primary hematologic malignancy diagnoses and
increased risk for subsequent leukemia. This could be a
result of the fact that survival of hematologic malignan-
cies improved earlier than other childhood malignancies,
leaving more survivors reaching higher attained ages. It is
also feasible immune dysregulation plays a part in devel-
opment of subsequent leukemia, as there are known asso-
ciations for the development of lymphoma (Hodgkin and
NonHodgkin) in young children and underlying immune
dysregulation.** > Though an association with splenec-
tomy and development of subsequent leukemia was not
observed in this study, it is possible that this was due to
the limited number of cases that underwent splenectomy
during treatment, as the overall trend for an association
was seen, though significance was not established. This
supports the possibility of immune dysregulation play-
ing a role in the development of subsequent leukemia.
Nevertheless, it is notable that treatment for hematologic
malignancies in previous treatment eras was significantly
different from contemporary protocols. Risk for LL and
VLL reported here may not be observed among survivors
of hematologic malignancies treated with more contem-
porary treatment protocols,” particularly as lower cumu-
lative doses of epipodophyllotoxins and alkylating agents
are used. However, there is an increasing use of HCT in

contemporary treatment. It is therefore feasible that sur-
vivors of hematologic malignancies may continue to be at
risk for LL and VLL, as our study demonstrated an associ-
ation between LL and HCT.

Interestingly, an increased risk for subsequent leukemia
after Ewing sarcoma was not observed, which in contempo-
rary treatment protocols includes exposure to high cumu-
lative doses of epipodophyllotoxins and alkylating agents.
There have been multiple studies describing short latency
treatment-related leukemia after treatment for Ewing sar-
coma.’***” The high rate of short latency treatment-related
leukemia after treatment for Ewing sarcoma, may contribute
to lower numbers of late leukemias. Additionally, as Ewing
sarcoma treatment has intensified in more contemporary
protocols, CCSS survivors may experience different risk.

One goal of this study was to assess the association
between smoking exposure and subsequent leukemia.
Despite previously described associations between smok-
ing and de novo AML in adults,*® we could not assess for
an association between smoking and subsequent leuke-
mia. This lack of association in our study may be due to
how smoke exposure is measured in the CCSS cohort,
as well as under self-reporting and/or misclassification.
The measurement does not account for dose-response or
pack-years, which could have resulted in different find-
ings. Additionally, in the CCSS cohort smoking prevalence
is lower than that seen in previous studies, which could
reflect changing societal norms, limiting the power of our
study to discern an association.

Limitations of this study must also be mentioned.
Although the CCSS is a sizeable and well-described
cohort, it clearly does not include all childhood cancer
survivors and there is a potential for participation bias.
Subsequent neoplasms are initially self-reported, which
may lead to missed identification of impacted survivors.
Additionally, the outcome of interest occurs many years
after initial diagnosis, so loss to follow-up may result in
bias and underreporting. Furthermore, 7 of the subse-
quent leukemia (3 LL, 4 VLL) cases were preceded by
a different SMN after childhood cancer diagnosis, and
thus exposures from other SMN treatments or possibly
predisposition for cancer development may have con-
tributed to the development of subsequent leukemia in
these cases, which was outside the scope of this current
study. Moreover, cytogenetic data was not available for
nearly 50% of cases and thus a more detailed classifi-
cation of these secondary leukemias was not feasible.
Finally, the CCSS cohort consists of patients treated be-
tween 1970 and 1999, and as such conclusions from this
study may not apply to survivors who were treated on
more contemporary treatment protocols or with more
contemporary treatment modalities (i.e., immunother-
apy, targeted agents).
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In summary, survivors of childhood cancer are at in-
creased risk of subsequent late and very late leukemia
compared to the general population, specifically follow-
ing exposure to high dose epipodophyllotoxins. Risk for
subsequent leukemia does not plateau as previously sug-
gested, and continued surveillance may be warranted in
select populations, particularly those who have received
> 4g/m? cumulative dose of epipodophyllotoxins. An as-
sociation between smoking history and subsequent late
or very late leukemia was not observed, although other
lifestyle factors such as obesity, which is a known risk fac-
tor in the general population for hematologic malignan-
cies, including AML and ALL, may warrant study.**
Additionally, as our understanding of underlying genetic
and lifestyle risks evolve, it may be beneficial to develop
tailored surveillance strategies for survivors at highest
risk for subsequent leukemia, including utilizing meth-
ods such as circulating tumor DNA (ctDNA). Though
overall cumulative incidence for subsequent leukemia is
not high, it continues to increase beyond 20years from
initial diagnosis and carries a high mortality burden, sup-
porting the need for monitoring, educating, and counsel-
ing high-risk survivors and their caregivers.
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