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Abstract
Purpose: Second malignancies (SMs) after radiation therapy are rare but serious sequelae of
treatment. This study investigates whether radiation therapy use is associated with changes in
baseline SM risk.
Methods and Materials: We extracted all patients with cancer, with or without SM, in the
Surveillance, Epidemiology, and End Results database from 1973 to 2014. Cumulative inci-
dence of SM for patients stratified by radiation therapy status was calculated using a competing
risk model, both for the entire cohort and for subgroups based on the primary tumor’s anatomic
location.
Results: We identified 2,872,063 patients with cancer, including 761,289 patients who received
radiation therapy and 2,110,774 who did not. The SM rate at 20 years for patients receiving
radiation therapy versus no radiation therapy was 21.4% versus 18.8%. The relative risk for SM
associated with radiation therapy for the overall group was 1.138 at 20 years. The relative risks for
SM associated with radiation therapy to malignancies arising from central nervous system and
orbits, head and neck, thorax, abdomen, and pelvis at 20 years were 0.704, 1.011, 0.559, 0.646, and
1.106 for men and 0.792, 1.298, 1.265, 0.780, and 0.988 for women, respectively.
Conclusions: The association between SM and radiation therapy varies with both sex and disease
anatomic location, with the largest increase in SM seen in females irradiated to the head and neck
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region. Overall, the absolute change in SM rates associated with radiation therapy remains small,
with differences in various clinical contexts.
� 2019 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation
Oncology. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Radiation exposure is a known precipitant of malig-
nancy, as determined by data from the Japanese atomic
bomb survivors1 and from individuals with occupational
radiation exposure.2 Similarly, previous studies of long-
term cancer survivors have also determined that radia-
tion therapy (RT) is associated with increased risk of
second malignancy (SM).3 Increased incidence or risk for
SM has been reported in pediatric,4 gynecologic,5e8

breast,9e13 prostate,14e16 and hematologic17e20 malig-
nancies treated with RT. Despite the strong evidence for
radiation-induced malignancy, existing literature has not
been able to accurately quantify the SM risk associated
with RT, which is presumed to be low and with an
indolent time course. Throughout the past decade, cancer
survival has significantly improved, attributed to both
early diagnosis and more effective treatment regimens,
exemplified by aggressive utilization of definitive thera-
pies including RT. Prolonged cancer survival also in-
creases the awareness of SMs, which are among the most
devastating late sequelae of RT and can take many years
to develop after treatment.

In this study, we attempted to estimate the relative risk
of SM for patients who received RT compared with those
who did not, using the entire Surveillance, Epidemiology,
and End Results (SEER) database, which provides a large
cohort size with decades-long follow-up. Our SM analysis
used a competing risk model, accounting for all-cause
mortality (ACM) as a competing risk event for SM. Given
the inherent variation in individual anatomy and dose
distribution, we combined all subsequent malignancies
after the first malignancy diagnosis as SMs to provide a
more accurate reference for the overall risk of SM after
RT. Finally, we grouped the primary disease sites using
an anatomically meaningful schema consisting of central
nervous system (CNS) and orbits, head and neck, thorax,
and abdomen and pelvis.
Methods and Materials

Patient population

This study was reviewed and approved by the insti-
tutional review board at our institution. For this study, the
entire SEER database was used, which included patients
with malignancies diagnosed between January 1, 1973
and December 31, 2014. Patients were excluded if they
(1) were not in active follow-up, (2) had unknown RT
status, or (3) received chemotherapy. Although this study
intends to restrict the study population to patients who
received no chemotherapy and to stratify the analysis
according to RT status, it is possible that some patients
who were recorded as having received no chemotherapy
or no RT may have received either treatment owing to an
inherent underascertainment issue associated with the
SEER database.

Previous studies have concluded that hematopoietic
SMs develop with a latency period of 2 years after radi-
ation exposure21 and solid SM are presumed to take
longer to present, which compelled several previous
studies to use a threshold of 5 years.14,22e27 For this
study, we excluded all cases with consecutive malig-
nancies that occurred within 2 years of each other because
the design of this study is to be inclusive of all possible
SM, including both hematopoietic and solid malignancies.
Extracted variables include age at diagnosis, sex, year of
diagnosis, race, and RT status.

Statistical methodology and analysis

To account for ACM as a competing risk for SM,
cumulative incidences of SM and ACM were computed via
a competing risk model. This was done for the entire SEER
database and subsequently repeated for subgroups based on
sex, age, and anatomic primary disease sites, defined as
CNS and orbits, head and neck, thorax, abdomen, and
pelvis. The distributions of the cumulative incidence of
SMs for cohorts stratified based on RT status were
evaluated via a k-sample test described by Gray et al,28

which compared the weighted average of the hazards of
the subdistribution for SM. Patients who were alive at last
follow-up were censored. All statistical analyses were
carried out using R version 3.3.2 (R Foundation for
Statistical Computing, Vienna, Austria) with 2-sided
testing and a statistical significance threshold of .05.

Results

Patient characteristics for the SEER cohort

The patient characteristics stratified by anatomic dis-
ease sites are shown in Table 1. A total of 2,872,063
patients from the SEER database who matched the

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Table 1 Patient characteristics

Abdomen CNS and
orbit

Head and
neck

Pelvis Thorax P value

n 416,452 35,907 184,632 1,420,338 814,734
Age (y, median [IQR]) 67.00

[57.00, 76.00]
40.00

[21.00, 57.00]
56.00

[45.00, 67.00]
66.00

[57.00, 73.00]
63.00

[53.00, 73.00]
<.001

Sex, male/female (%) 218,642/197,810
(52.5/47.5)

19,542/16,365
(54.4/45.6)

94,399/90,233
(51.1/48.9)

1,071,149/349,189
(75.4/24.6)

73,665/741,069
(9.0/91.0)

<.001

Race (%) <.001
White 338,143 (81.2) 31,148 (86.7) 155,123 (84.0) 1,171,227 (82.5) 686,258 (84.2)
Black 42,974 (10.3) 2388 (6.7) 14,122 (7.6) 149,007 (10.5) 67,596 (8.3)
Asian/Pacific Islander 2530 (0.6) 237 (0.7) 883 (0.5) 5433 (0.4) 3169 (0.4)
Other unspecified 30,022 (7.2) 1675 (4.7) 12,444 (6.7) 69,899 (4.9) 53,190 (6.5)
Unknown 2783 (0.7) 459 (1.3) 2060 (1.1) 24,772 (1.7) 4521 (0.6)

Radiation, no/yes (%) 410,452/6000
(98.6/1.4)

22,436/13,471
(62.5/37.5)

122,430/62,202
(66.3/33.7)

1,035,560/384,778
(72.9/27.1)

519,896/294,838
(63.8/36.2)

<.001

SEER Registry (%) <.001
San Francisco-Oakland 34,856 (8.4) 3023 (8.4) 16,893 (9.1) 118,818 (8.4) 74,781 (9.2)
Connecticut 41,121 (9.9) 3037 (8.5) 17,417 (9.4) 115,635 (8.1) 79,305 (9.7)
Metropolitan Detroit 39,474 (9.5) 2888 (8.0) 17,569 (9.5) 137,425 (9.7) 79,713 (9.8)
Hawaii 11,872 (2.9) 761 (2.1) 5016 (2.7) 30,480 (2.1) 20,552 (2.5)
Iowa 32,778 (7.9) 2821 (7.9) 14,307 (7.7) 97,991 (6.9) 56,147 (6.9)
New Mexico 12,388 (3.0) 1261 (3.5) 6990 (3.8) 45,244 (3.2) 23,169 (2.8)
Seattle (Puget Sound) 29,592 (7.1) 3267 (9.1) 14,330 (7.8) 118,370 (8.3) 65,971 (8.1)
Utah 11,327 (2.7) 1929 (5.4) 7320 (4.0) 51,227 (3.6) 22,811 (2.8)
Metropolitan Atlanta 16,201 (3.9) 1735 (4.8) 8139 (4.4) 59,552 (4.2) 37,079 (4.6)
Alaska 618 (0.1) 37 (0.1) 155 (0.1) 742 (0.1) 763 (0.1)
San Jose-Monterey 9446 (2.3) 934 (2.6) 3805 (2.1) 37,160 (2.6) 20,755 (2.5)
Los Angeles 39,799 (9.6) 3258 (9.1) 15,782 (8.5) 140,366 (9.9) 75,582 (9.3)
Rural Georgia 654 (0.2) 44 (0.1) 293 (0.2) 2373 (0.2) 1247 (0.2)
Greater California 52,401 (12.6) 4575 (12.7) 21,255 (11.5) 187,209 (13.2) 107,961 (13.3)
Kentucky 16,559 (4.0) 1321 (3.7) 6727 (3.6) 48,541 (3.4) 27,907 (3.4)
Louisiana 16,655 (4.0) 1028 (2.9) 6518 (3.5) 52,029 (3.7) 25,914 (3.2)
New Jersey 32,691 (7.8) 2533 (7.1) 14,790 (8.0) 11,6078 (8.2) 61,789 (7.6)
Greater Georgia 18,020 (4.3) 1455 (4.1) 7326 (4.0) 61,098 (4.3) 33,288 (4.1)

Marital status (%) <.001
Single (never married) 45,837 (11.0) 14,241 (39.7) 28,521 (15.4) 152,755 (10.8) 86,919 (10.7)
Married 243,841 (58.6) 15,987 (44.5) 111,847 (60.6) 917,527 (64.6) 457,773 (56.2)
Separated 5335 (1.3) 256 (0.7) 2059 (1.1) 13,310 (0.9) 9140 (1.1)
Divorced 28,769 (6.9) 1890 (5.3) 14,371 (7.8) 89,958 (6.3) 73,150 (9.0)
Widowed 72,265 (17.4) 1659 (4.6) 15,267 (8.3) 123,927 (8.7) 152,960 (18.8)
Unmarried or
domestic partner

82 (0.0) 6 (0.0) 42 (0.0) 308 (0.0) 172 (0.0)

Unknown 20,323 (4.9) 1868 (5.2) 12,525 (6.8) 122,553 (8.6) 34,620 (4.2)
Diagnosis year (%) <.001
1973-1980 33,196 (8.0) 3104 (8.6) 20,213 (10.9) 93,134 (6.6) 62,778 (7.7)
1981-1990 57,914 (13.9) 5014 (14.0) 27,208 (14.7) 150,038 (10.6) 106,554 (13.1)
1991-2000 86,342 (20.7) 8589 (23.9) 38,076 (20.6) 344,694 (24.3) 190,433 (23.4)
2001-2010 199,033 (47.8) 16,329 (45.5) 80,587 (43.6) 702,089 (49.4) 377,164 (46.3)
2010-2014 39,967 (9.6) 2871 (8.0) 18,548 (10.0) 130,383 (9.2) 77,805 (9.5)

Vital status (%) <.001
Alive at last contact 186,199 (44.7) 20,948 (58.3) 101,160 (54.8) 779,685 (54.9) 425,184 (52.2)
SM 55,103 (13.2) 2625 (7.3) 30,901 (16.7) 176,096 (12.4) 113,552 (13.9)
ACM 175,150 (42.1) 12,334 (34.3) 52,571 (28.5) 464,557 (32.7) 275,998 (33.9)

Abbreviations: ACM Z all cause mortality; CNS Z central nervous system; IQR Z interquartile ratio; SEER Z Surveillance, Epidemiology, and
End Results; SM Z secondary malignancy.
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previously described selection criteria were extracted for
SM analysis. This cohort consisted of 35,907 cases of
malignancies in CNS and orbits, 184,632 in head and
neck, 814,734 in thorax, 416,452 in abdomen, and
1,420,338 in pelvis. Excluding patients who were
reported as alive at last contact, ACM is significantly
more likely as an outcome compared with SM,
representing 34%, 28%, 34%, 42%, and 33% of the
cohorts compared with 7%, 17%, 14%, 13%, and 12% for
SM, for CNS and orbits, head and neck, thorax, abdomen,
and pelvis, respectively. The median follow-up is
7.4 years for the entire study cohort and 7.1 and 7.8 years
for male and females, respectively.

Cumulative incidence of SMs

The cumulative incidences of SM for the entire SEER
cohort stratified by RT status is shown in Figure 1 along
with the P value for the distribution of the cumulative
incidence of SM. The plot shows statistically significant
higher SM for the RT cohort compared with the no-RT
cohort (P < .001). The SM rates at 20 years after initial
diagnosis for patients receiving RT versus no RT were
21.4% versus 18.8%. The SM rates at 40 years after initial
diagnosis for patients receiving RT versus no RT were
27.4% versus 24.2%. The relative risk for SM associated
with RT for the overall group was 1.138 and 1.132 at 20
and 40 years, respectively.

Subgroup cumulative incidence of SM by sex

Given that males and females have difference
predilections for malignancies at each anatomic disease
site, we repeated the calculation of cumulative incidence
of SMs for males (N Z 1,477,397) and for females
(N Z 1,394,666) separately, with the cumulative
incidence plots shown in Figure 2. For all primary
malignancies combined, males demonstrated no
difference in SMs between RT and no-RT cohorts
(P Z 1.000), whereas females demonstrated a statistically
significant increase in SMs with RT (P < .001).

Subgroup cumulative incidence of SM by sex and
by anatomic disease sites

The subgroup cumulative incidence plots for SM and
ACM by anatomic disease sites are shown in Figures 3
and 4 for males and females, respectively. For males,
patients who received RT had statistically significant
lower cumulative incidence of SM for CNS and orbits
(P < .001), head and neck (P Z .05), thorax (P < .001),
and abdomen (P < .001) primaries and higher cumulative
incidence of SM for pelvis (P < .001) primaries. For
females, RT resulted in a statistically significant lower
cumulative incidence of SM for CNS and orbits
(P Z .003), abdomen (P Z .001), and pelvis (P Z .007)
primaries and a higher cumulative incidence of SM for
head and neck (P < .001) and thorax (P < .001)
primaries. The relative risks for SM associated with RT to
primary malignancies arising from CNS and orbits,
head and neck, thorax, abdomen, and pelvis at 20 years
were 0.704, 1.011, 0.559, 0.646, and 1.106 for men
and 0.792, 1.298, 1.265, 0.780, and 0.988 for
women. For men, the 20-year actuarial rate of SMs
without RT was 0.126 (95% confidence interval [CI],
0.117-0.134), 0.274 (0.269-0.279), 0.220 (0.216-0.224),
0.224 (0.221-0.226), and 0.189 (0.188-0.191) for CNS
and orbits, head and neck, thorax, abdomen, and
pelvis, respectively, and 0.088 (0.081-0.097), 0.276
(0.271-0.282), 0.123 (0.117-0.128), 0.145 (0.132-0.158),
and 0.209 (0.207-0.211) for with RT. For women, the
20-year actuarial rate of SMs without RT was 0.102
(0.094-0.111), 0.169 (0.165-0.173), 0.190 (0.188-0.191),
0.159 (0.157-0.161), and 0.169 (0.167-0.171) for CNS
and orbits, head and neck, thorax, abdomen, and
pelvis and 0.080 (0.072-0.088), 0.218 (0.211-0.225),
0.240 (0.237-0.242), 0.126 (0.111-0.141), and 0.167
(0.164-0.171) with RT.

Subgroup cumulative incidence of SM by age
group

Given that age at diagnosis may affect the incidence of
SM, we repeated the calculation of cumulative incidence
of SM for patients with age �18, 19 to 40, 41 to 60
and �61 years separately, with the cumulative incidence
plots shown in Figure 5. For all primary malignancies
combined, patients whose primary malignancy was
diagnosed at �18 years of age demonstrated a statistically
significant increase in SM with RT (P < .001), and those
whose primary malignancy was diagnosed at 41 to
60 years of age demonstrated a statistically significant
decrease in SM with RT (P < .001).

Discussion

To study SM, a large population size is needed given
the low incidence of SM, as is a careful choice of proper
statistical methodologies. Because SM is such a
rare event, prospective studies are impractical, and
retrospective (single and multiple institutions) studies
often lack the sample size to achieve statistical
significance. Therefore, a large population-based database
such as the SEER database provides the best context to
elucidate the risk of SM.

With respect to statistical methodology, given the
overall low incidence of SM among patients with cancer,
mortality events represent a much more likely outcome
compared with SM and thus compete with SM. Any
disparity in mortality can thus significantly confound the



Figure 1 Cumulative incidence of second malignancies in the entire Surveillance, Epidemiology, and End Results database cohort.
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outcome of SM analysis. This is especially important
when studying radiation-induced SM, given that RT has
historically been recommended to patients who are
deemed inoperable secondary to comorbidities, thus
increasing their risk of overall mortality. The most
common statistical methods for SM analysis consist of
standard incidence ratio and Cox proportional hazards
regression. However, neither methods can account for
ACM as a competing risk event for the SM, and as a
result they may inflate the incidence SM with higher
baseline ACM.14 Furthermore, patients with cancer are
likely enriched for behavioral, environmental, and genetic
factors that affect their likelihood of cancer compared
with the noncancer population. In addition, standard
incidence ratio only allows for investigation of specific
type of SM, not the sum of all SMs. This is important
considering that SM development depends both on dose
and anatomy. Therefore, although patients may have
varying risks of different types of SM, the summation of
all SMs may provide a better estimate of the true
incidence of SM from RT.

Thus, there is a clear need for a statistical method that
can counteract the effect of ACM on the estimation of SM
risk. Satagopan et al proposed that in the analysis of SM,
an ACM event precludes the onset of SM and thus should
be treated as a competing risk event instead of a censored
Figure 2 Cumulative incidence of second ma
event.29 A competing risk model has previously been
used in a SEER study of SM associated with EBRT for
prostate cancer,14 as well as in patients who received
brachytherapy in a Dutch single-institution series.30

With an overall cohort size of >2.8 million patients,
we have concluded that RT is indeed associated with a
significant relative increase in SM (P < .001) compared
with patients who received no RT, starting after the first
decade after diagnosis and stabilizing after the
second decade, as shown in Figure 1. When the
cumulative incidence of SM in patients who received RT
and those who did not was separately evaluated for males
and females, only females showed a statistically
significant increase in SM with RT (P < .001), as shown
in Figure 2. On further stratification by anatomic disease
sites, males who received RT had a statistically significant
lower cumulative incidence of SM for CNS and orbits,
head and neck, thorax, and abdomen and a higher
cumulative incidence of SM for pelvis. Females who
received RT had a statistically significant lower
cumulative incidence of SM for CNS and orbits,
abdomen, and pelvis and a higher cumulative incidence of
SM for head and neck and thorax. Therefore, the results
of our study, powered by the largest patient population to
date, indicate that the relationship between RT and SM is
highly complex and varies by sexes, age group, and
lignancies in males (A) and females (B).



Figure 3 Cumulative incidence of second malignancies by anatomic site of the primary for males.
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anatomic disease site. However, even for anatomic
disease sites with significant difference in SM between
the RT and no-RT cohorts, the absolute difference
remains low relative to ACM. Given the goal to assess the
occurrence of SM after RT, we did not analyze and
categorize the different types of SM. It is possible that
some are not true SM. The pathogenesis, treatment, and
prognosis of these different SM types should be the
subject of independent evaluations.

The exact mechanism leading to radiation-induced SM
is a topic of active debate. Radiation dose perceived by
normal tissue during RT consists of primary radiation
within each beam path, as well as secondary radiation
outside of the beam path. Part of the secondary radiation
is due to scatter within the patient and collimator, and part
is due to leakage from the treatment machine.31,32 More
importantly, SMs attributed to secondary radiation in
out-of-field organs such as lungs, esophagus, and stomach
may be significantly modified by environmental and
lifestyle factors, and thus they can present with a plethora
of histologies for each anatomic disease site. In addition
to the uncertainties associated with the location and
histology of SM, the relationship between radiation dose
and SM risk is also an area of active research. Throughout
the years, multiple models have been proposed to estimate
SM risk with respect to radiation dose. All models agree
that for relatively low radiation dose exposure up to
several gray, the SM risk increases in a linear relationship
with radiation dose.33 The rationale behind this is that low
dose radiation may be insufficient to achieve cell kill and
thereby allows cells to survive with sublethal damage that
induces malignant transformation. It is important to note
that this linear model is based on the assumption of a
single whole-body exposure, as in the case of atomic
bomb explosion; therefore, some allowances need to be
made for fractionated RT.34 For radiation exposure at



Figure 4 Cumulative incidence of second malignancies by anatomic site of the primary for females.
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higher dose past the initial 4 Gy, 3 dose-response models
have been proposed. The linear-no-threshold model
continues the earlier linear relationship between SM and
dose,35 the linear-plateau model achieves a plateau at a
higher dose, and the linear exponential model
demonstrates decreased SM at higher dose due to a
presumed increase in cell sterilization. Together, the
uncertainties surrounding the location and histology of
SM, combined with the lack of understanding of its
relationship with radiation dose, make our decision to use
the broadest definition for SM not only justified, but also
necessary to provide the most accurate estimation of its
risk.

To the best of our knowledge, our study is the largest
to look at the issue of SM after RT. This is the first
investigation of RT-induced SM using the SEER database
in its entirety along with a competing risk model capable
of accounting for ACM as a competing risk event for SM.
The analysis was carried out according to an all-inclusive
definition of SM that departs from the traditional narrow
definition of in-field SM. This was done to capture all SM
event and thus render the analysis resilient to variations in
individual anatomy and RT dose distribution. Instead, for
part of the analysis, we grouped the primary disease sites
by anatomic groups of RT delivery site. Chemotherapy
use was removed as a major confounding factor for this
analysis, although one could make the argument that
chemotherapy is an intrinsic part of therapy for patients
with cancer and thus its use should be included for the
analysis to reflect reality in these patients. The analysis
including chemotherapy patients will be the subject of a
separate study.

The observation of RT significantly reducing the
cumulative incidence of SM at some anatomic disease
sites is especially interesting. Several theories may
explain this intriguing phenomenon. First, both primary
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Figure 5 Cumulative incidence of second malignancies by age group.
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radiation to the primary disease site and secondary
radiation to out-of-field organs may end up sterilizing
occult synchronous malignancies and premalignant
tissues. In addition to radiation’s role in direct tumor kill,
there is also evidence to suggest that radiation can induce
strong antitumor immunity via a mechanism called
immunogenic cell death,36e38 which may have a systemic
effect on the patient and reduce the risk of future
malignancies. Finally, patients who did not receive RT
may have eventually developed late metastases or
recurrences that were mistaken for SM.

In terms of limitations, the SEER database only
records treatment received as the first course of treatment;
therefore, we cannot ascertain whether patients who
initially received no RT had later salvage RT for
recurrence. However, this is likely to be uncommon given
the historical low utilization of RT in the salvage setting,
which, when compounded by the already rare nature of
SM, makes it unlikely to significantly confound our
analysis. In addition, underascertainment of the receipt of
RT in the SEER database has been previously
established, which led to the eventual designation of the
RT variable as an experimental variable.39 However, the
underascertainment of the RT variable biases toward
the null hypothesis and in fact makes the statistically
significant findings in this study even more significant. At
the same time, the variation in underascertainment of RT
utilization across different anatomic disease sites may
affect the relative risk of SM associated with RT. Our
study also excluded patients who received chemotherapy
as the first course of treatment because chemotherapy can
also induce SM. A study comparing SEER chemotherapy
data with SEER-Medicare data has determined that SEER
chemotherapy data have an overall sensitivity of
approximately 68%, which translates into an overall
positive predictive value of >85%.40 However, it is
unlikely that the underreporting of chemotherapy affects
the cohorts stratified based on RT status differently.
Because our analysis design focuses on anatomic disease
site rather than specific cancer diagnosis, we were not able
to balance clinical covariates such as stage, histology, and
other patient-specific factors that may contribute to
baseline SM rate. Finally, the SEER database does not
record RT dose, fractionation, or the extent of RT field;
therefore, it is impossible to determine the dose
distribution for patients who received RT. This is
somewhat remedied by the fact that we used an
all-inclusive definition of SM, and we relied on the large
population size of the SEER database to average the
variations in RT field and dose. In addition, by relying on
actual retrospective data for our analysis, we have
concluded there is a significantly lower absolute risk for
SM compared with computed risk using equivalent total
mean body dose and the atomic bomb survival data,41
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which further accentuates the divide between actual and
perceived SM risk associated with RT.

Another factor that may alter SM incidence is RT
technique, which in recent years has focused on
minimizing radiation dose to normal tissues via image
guidance, improved precision in beam delivery, and
particle therapy. The effect of this evolution is both
interesting and pertinent; however, the study of it will
have to wait for additional years in follow-up to ensure
adequate comparison.

Conclusions

Our study shows that RT tends to be associated with a
statistically significant increase in the cumulative
incidence of SM at some anatomic disease sites, although
it can result in statistically significant decrease in the
cumulative incidence of SM at other anatomic disease
sites, with significant variation based on age and sex.
Despite this, the absolute change in SM associated with
RT remains small. In the decision-making process to use
RT as part of the initial treatment regimen, concerns about
SM should be modulated because the pathogenesis is
likely multifactorial and the potential benefits of RT will
remain high relative to its risk for inducing SM.
Acknowledgments

We acknowledge the role Alexandre (Alec) Kupelian,
a young adult cancer survivor, has played in contributing
to this work. This work was inspired by Alec and the
multiple conversations generated around his story.
References

1. Doss M, Egleston BL, Litwin S. Comments on “Studies of the
mortality of atomic bomb survivors, report 14, 1950-2003: An
overview of cancer and noncancer diseases”. Radiat Res. 2012;178:
244-245.

2. Doll R. Hazards of ionising radiation: 100 years of observations on
man. Br J Cancer. 1995;72:1339-1349.

3. Suit H, Goldberg S, Niemierko A, et al. Secondary carcinogenesis in
patients treated with radiation: A review of data on radiation-
induced cancers in human, non-human primate, canine and rodent
subjects. Radiat Res. 2007;167:12-42.

4. Bowers DC, Nathan PC, Constine L, et al. Subsequent neoplasms of
the CNS among survivors of childhood cancer: A systematic review.
Lancet Oncol. 2013;14:e321-e328.

5. Wright JD, St Clair CM, Deutsch I, et al. Pelvic radiotherapy and the
risk of secondary leukemia and multiple myeloma. Cancer. 2010;
116:2486-2492.

6. Onsrud M, Cvancarova M, Hellebust TP, et al. Long-term outcomes
after pelvic radiation for early-stage endometrial cancer. J Clin
Oncol. 2013;31:3951-3956.

7. Wiltink LM, Nout RA, Fiocco M, et al. No increased risk of second
cancer after radiotherapy in patients treated for rectal or endometrial
cancer in the randomized TME, PORTEC-1, and PORTEC-2 Trials.
J Clin Oncol. 2015;33:1640-1646.

8. Lönn S, Gilbert ES, Ron E, et al. Comparison of second cancer
risks from brachytherapy and external beam therapy after uterine
corpus cancer. Cancer Epidemiol Biomarkers Prev. 2010;19:464-
474.

9. Berrington de Gonzalez A, Curtis RE, Gilbert E, et al. Second solid
cancers after radiotherapy for breast cancer in SEER cancer regis-
tries. Br J Cancer. 2010;102:220-226.

10. Stovall M, Smith SA, Langholz BM, et al. Dose to the contralateral
breast from radiotherapy and risk of second primary breast cancer in
the WECARE study. Int J Radiat Oncol Biol Phys. 2008;72:1021-
1030.

11. Inskip PD, Stovall M, Flannery JT. Lung cancer risk and radiation
dose among women treated for breast cancer. J Natl Cancer Inst.
1994;86:983-988.

12. Morton LM, Gilbert ES, Hall P, et al. Risk of treatment-related
esophageal cancer among breast cancer survivors. Ann Oncol.
2012;23:3081-3091.

13. Grantzau T, Thomsen MS, Væth M, Overgaard J. Risk of second
primary lung cancer in women after radiotherapy for breast cancer.
Radiother Oncol. 2014;111:366-373.

14. Wang C, King CR, Kamrava M, et al. Pattern of solid and he-
matopoietic second malignancy after local therapy for prostate
cancer. Radiother Oncol. 2017;123:133-138.

15. Berrington de Gonzalez A, Curtis RE, Kry SF, et al. Proportion of
second cancers attributable to radiotherapy treatment in adults: A
cohort study in the US SEER cancer registries. Lancet Oncol. 2011;
12:353-360.

16. Brenner DJ, Curtis RE, Hall EJ, Ron E. Second malignancies in
prostate carcinoma patients after radiotherapy compared with sur-
gery. Cancer. 2000;88:398-406.

17. Hodgson DC, Gilbert ES, Dores GM, et al. Long-term solid cancer
risk among 5-year survivors of Hodgkin’s lymphoma. J Clin Oncol.
2007;25:1489-1497.

18. Travis LB, Hill D, Dores GM, et al. Cumulative absolute breast
cancer risk for young women treated for Hodgkin lymphoma. J Natl
Cancer Inst. 2005;97:1428-1437.

19. Gilbert ES, Stovall M, Gospodarowicz M, et al. Lung cancer after
treatment for Hodgkin’s disease: Focus on radiation effects. Radiat
Res. 2003;159:161-173.

20. Morton LM, Dores GM, Curtis RE, et al. Stomach cancer risk after
treatment for Hodgkin lymphoma. J Clin Oncol. 2013;31:3369-3377.

21. UNSCEAR. Annex A: Epidemiological Studies of Radiation and
Cancer. New York, NY: United Nations; 2006.

22. Abdel-Wahab M, Reis IM, Hamilton K. Second primary cancer after
radiotherapy for prostate cancerda seer analysis of brachytherapy
versus external beam radiotherapy. Int J Radiat Oncol Biol Phys.
2008;72:58-68.

23. Journy NM, Morton LM, Kleinerman RA, Bekelman JE, Berrington
de Gonzalez A. Second primary cancers after intensity-modulated vs
3-dimensional conformal radiation therapy for prostate cancer.
JAMA Oncol. 2016;2:1368-1370.

24. Murray L, Henry A, Hoskin P, Siebert FA, Venselaar J. PROBATE
group of GEC ESTRO. Second primary cancers after radiation for
prostate cancer: A systematic review of the clinical data and impact
of treatment technique. Radiother Oncol. 2014;110:213-228.

25. Murray EM, Werner D, Greeff EA, Taylor DA. Postradiation sar-
comas: 20 cases and a literature review. Int J Radiat Oncol Biol
Phys. 1999;45:951-961.

26. Cahan WG, Woodard HQ, Higinbotham NL, Stewart FW,
Coley BL. Sarcoma arising in irradiated bone: Report of 11 cases.
Cancer. 1948;1:3-29.

27. Sale KA, Wallace DI, Girod DA, Tsue TT. Radiation-induced ma-
lignancy of the head and neck. Otolaryngol Head Neck Surg. 2004;
131:643-645.

http://refhub.elsevier.com/S2452-1094(19)30057-0/sref1
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref1
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref1
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref1
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref2
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref2
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref3
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref3
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref3
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref3
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref4
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref4
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref4
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref5
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref5
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref5
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref6
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref6
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref6
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref7
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref7
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref7
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref7
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref8
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref8
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref8
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref8
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref9
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref9
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref9
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref10
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref10
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref10
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref10
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref11
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref11
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref11
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref12
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref12
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref12
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref13
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref13
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref13
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref14
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref14
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref14
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref15
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref15
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref15
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref15
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref16
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref16
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref16
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref17
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref17
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref17
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref18
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref18
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref18
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref19
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref19
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref19
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref20
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref20
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref21
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref21
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref22
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref22
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref22
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref22
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref22
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref23
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref23
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref23
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref23
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref24
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref24
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref24
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref24
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref25
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref25
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref25
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref26
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref26
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref26
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref27
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref27
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref27


Advances in Radiation Oncology: OctobereDecember 2019 Second malignancy due to radiation therapy 747
28. Gray RA. Class of k-sample tests for comparing the cumulative
incidence of a competing risk. Ann Stat. 1988;16:1141-1154.

29. Satagopan JM, Ben-Porat L, Berwick M, Robson M, Kutler D,
Auerbach AD. A note on competing risks in survival data analysis.
Br J Cancer. 2004;91:1229-1235.

30. Hinnen KA, Schaapveld M, van Vulpen M, et al. Prostate
brachytherapy and second primary cancer risk: A competitive risk
analysis. J Clin Oncol. 2011;29:4510-4515.

31. Van der Giessen PH. A simple and generally applicable method to
estimate the peripheral dose in radiation teletherapy with high
energy x-rays or gamma radiation. Int J Radiat Oncol Biol Phys.
1996;35:1059-1068.

32. Kry SF, Salehpour M, Followill DS, et al. Out-of-field
photon and neutron dose equivalents from step-and-shoot
intensity-modulated radiation therapy. Int J Radiat Oncol Biol
Phys. 2005;62:1204-1216.

33. Pierce DA, Shimizu Y, Preston DL, Vaeth M, Mabuchi K. Studies
of the mortality of atomic bomb survivors. Report 12, part I. Cancer:
1950-1990. Radiat Res. 2012;178:AV61-AV87.

34. Hall EJ, Wuu CS. Radiation-induced second cancers: The
impact of 3D-CRT and IMRT. Int J Radiat Oncol Biol Phys.
2003;56:83-88.
35. Schneider U. Modeling the risk of secondary malignancies after
radiotherapy. Genes (Basel). 2011;2:1033-1049.

36. Obeid M, Panaretakis T, Tesniere A, et al. Leveraging the immune
system during chemotherapy: Moving calreticulin to the cell surface
converts apoptotic death from "silent" to immunogenic. Cancer Res.
2007;67:7941-7944.

37. Apetoh L, Ghiringhelli F, Tesniere A, et al. Toll-like receptor
4-dependent contribution of the immune system to anticancer
chemotherapy and radiotherapy. Nat Med. 2007;13:1050-1059.

38. Panaretakis T, Kepp O, Brockmeier U, et al. Mechanisms of
pre-apoptotic calreticulin exposure in immunogenic cell death.
EMBO J. 2009;28:578-590.

39. Walker GV, Grant SR, Jagsi R, Smith BD. Reducing bias in
oncology research: The end of the radiation variable in the
Surveillance, Epidemiology, and End Results (SEER) Program. Int J
Radiat Oncol Biol Phys. 2017;99:302-303.

40. Noone AM, Lund JL, Mariotto A, et al. Comparison of SEER
treatment data with Medicare claims. Med Care. 2016;54:e55-
64.

41. Followill D, Geis P, Boyer A. Estimates of whole-body dose
equivalent produced by beam intensity modulated conformal
therapy. Int J Radiat Oncol Biol Phys. 1997;38:667-672.

http://refhub.elsevier.com/S2452-1094(19)30057-0/sref28
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref28
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref29
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref29
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref29
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref30
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref30
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref30
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref31
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref31
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref31
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref31
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref32
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref32
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref32
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref32
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref33
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref33
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref33
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref34
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref34
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref34
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref35
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref35
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref36
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref36
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref36
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref36
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref37
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref37
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref37
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref38
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref38
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref38
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref39
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref39
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref39
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref39
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref40
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref40
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref40
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref41
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref41
http://refhub.elsevier.com/S2452-1094(19)30057-0/sref41

	Association between Long-Term Second Malignancy Risk and Radiation: A Comprehensive Analysis of the Entire Surveillance, Ep ...
	Introduction
	Methods and Materials
	Patient population
	Statistical methodology and analysis

	Results
	Patient characteristics for the SEER cohort
	Cumulative incidence of SMs
	Subgroup cumulative incidence of SM by sex
	Subgroup cumulative incidence of SM by sex and by anatomic disease sites
	Subgroup cumulative incidence of SM by age group

	Discussion
	Conclusions
	Acknowledgments
	References




