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Abstract

Background Second primary malignancies (SPMs) account for over 30% of total deaths in head and neck cancer
(HNC) patients. The increasing use of radiotherapy raises concerns about the elevated risk of radiation-associated
SPMs. This study aimed to investigate the age-stratified association between radiotherapy and SPM risk in survivors
of non-metastatic primary HNC.

Methods Using data from the Surveillance, Epidemiology, and End Results program (2004—2015), incidence rate
ratios (IRRs) and standardized incidence ratios (SIRs) were evaluated for solid and hematologic SPMs associated

with radiotherapy within different age groups. Follow-up for hematologic and solid SPMs began 2 and 5 years, respec-
tively, after the diagnosis of first primary HNC. The IRRs for SPMs were compared between radiotherapy-exposed

and unexposed groups using multivariable modified Poisson regression. The SIRs were computed as the ratio

of observed cancers in the cohort to expected cases derived from sex-, age-, and calendar year-matched general
population incidence rates.

Results The study included 75,209 2-year survivors, with 73.2% being male and a median age of 60 years. Of these,
58,063 had survived 5 years or more. Radiotherapy was associated with an increased risk of solid SPMs [IRR=1.16, 95%
confidence interval (Cl) 1.08—1.24; P<0.001]. The associations varied significantly among young (aged 15—39 years),
middle-aged (aged 40— 64 years), and elderly (aged 65—89 years) patients. Specifically, radiotherapy was associated
with an increased risk of solid SPMs in middle-aged patients (IRR=1.21,95% Cl 1.11-1.32; P<0.001), and a decreased
risk of hematologic SPMs in elderly patients (IRR=0.77, 95% Cl 0.60—0.99; P=0.045). Compared with the general
population, young patients had an elevated risk of radiotherapy-associated second primary non-Hodgkin lymphoma
(SIR=4.01,95% Cl 1.47-8.74). Middle-aged patients showed the highest SIR for SPMs in the bones/joints (SIR=7.72,
95% Cl 4.32—12.73), while elderly patients had the highest SIR for second primary esophageal malignancies (SIR=3.87,
95% Cl1 2.91-5.05). Males were more likely to develop solid SPMs compared to females.
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Conclusions This study reveals an age-stratified association between radiotherapy and the risk of SPMs in HNC
patients. These findings highlight the importance of considering patient age when making treatment decisions
for HNC and suggest that long-term surveillance is necessary for high-risk groups.

Keywords Population-based cohort study, Head and neck cancer (HNC), Second primary malignancy (SPM),

Radiotherapy, Age

Background

Head and neck cancer (HNC) is the seventh most com-
mon malignancy worldwide, with over 870,000 new cases
diagnosed and approximately 440,000 deaths reported
in 2018 [1]. It encompasses all malignancies affecting
the upper aerodigestive tract [2]. Although HNC is typi-
cally diagnosed in individuals over the age of 65, there
has been a notable rise in incidence among younger
populations [3]. Recent epidemiological data revealed
a concerning rise in HNC incidence in middle-aged
adults (40—64 years) in the United States (US), with rates
increasing from 16.7 cases per 100,000 population in
2000 to 17.4 per 100,000 population in 2021 [4].

Radiotherapy is an important adjuvant treatment for
most HNCs [5, 6]. Although radiotherapy has greatly
improved therapeutic outcomes, there are risks associ-
ated with its use. The cell-killing effects of radiotherapy
are not limited to cancer cells; they also cause chromo-
somal abnormalities or mutations in healthy cells [7, 8].
Previous studies reported that radiotherapy is associ-
ated with increased risks of short- and long-term adverse
outcomes in different types of cancer, including second
primary malignancies (SPMs) [9-11]. It has been iden-
tified as the leading cause of non-HNC-related deaths,
accounting for over 30% of total fatalities. This is 3 times
the number of deaths caused by distant metastases [12].
Notwithstanding, few studies have examined the associa-
tion between radiotherapy and SPM incidence in HNC
patients, and the findings have been equivocal [13-16].
The lack of conclusive evidence may stem from limita-
tions such as small sample sizes, short follow-up periods,
inadequate consideration of confounding factors such as
chemotherapy, or the latency period between radiother-
apy and the onset of SPMs [16].

The risk of radiation-related effects is particularly high
for younger individuals due to their increased tissue
susceptibility and longer life expectancy [16, 17]. Prior
studies have shown an increased risk of solid SPMs in
this population [16, 17], underscoring the need for age-
based treatment decisions and long-term surveillance
in HNC. However, current treatment guidelines inad-
equately address age-specific differences and lack tailored
follow-up protocols for SPMs in HNC patients across
age groups [18]. This discrepancy between evidence and
practice highlights the urgent need to refine therapeutic

approaches and surveillance strategies to mitigate age-
related risks in HNC survivors.

Cohort studies are essential for investigating the asso-
ciations between radiation exposure and cancer progno-
sis [19]. These studies enable detailed data collection and
comprehensive evaluation of risk factors. In this context,
the present cohort study utilized records from popula-
tion-based cancer registries to estimate the risk of SPMs
associated with radiotherapy in primary HNC, with a
particular emphasis on age. Confounding factors such
as chemotherapy and latency period were thoroughly
accounted for.

Methods

This study adhered to the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) check-
list [20].

Data source

This cohort study analyzed data from the Surveillance,
Epidemiology, and End Results (SEER) Program (Novem-
ber 2023 update), utilizing research records from 17 reg-
istries [21]. The SEER 17 registries database represents
approximately 26.5% of the US population. This popula-
tion-based database includes registries from San Fran-
cisco (SF)-Oakland Metropolitan Statistical Area (MSA),
Connecticut, Hawaii, lowa, New Mexico, Seattle (Puget
Sound), Utah, Atlanta (Metropolitan), San Jose-Monte-
rey (SJM), Los Angeles (LA), Rural Georgia, California
(excluding SF/SJM/LA), Kentucky, Louisiana, New Jersey,
and Greater Georgia.

Cohort definition

The study included individuals diagnosed with first pri-
mary head and neck cancer (FPHNC) between January
1, 2004, and December 31, 2015. These individuals were
aged 15 —89 years at the time of diagnosis. The eligibil-
ity criteria of HNC were based on the 2023 revision of
the International Classification of Diseases for Oncology
(ICD-0O)-3 site recode (Additional file 1: Table S1). Only
malignant cases were considered. Patients without meta-
static disease at diagnosis (M0) were included, with the
MO status defined according to the American Joint Com-
mittee on Cancer 6th edition Tumor, Node, and Metas-
tasis (TNM) classifications. Exclusion criteria included:
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1) cases identified solely through death certificates or
autopsies; 2) cases with metastasis or unknown meta-
static stage.

Exposure and outcome

Radiotherapy was defined as receiving “beam radiation”.
In the SEER database, radiotherapy was classified as “yes”
or “none/unknown’, with the latter indicating no docu-
mented evidence of radiotherapy in the medical records.
The outcome of interest was the development of SPM.
The latter was defined as a new, metachronous invasive
malignancy occurring after the diagnosis of FPHNC, as
detailed in previous studies [15—17]. The primary focus
was on evaluating both solid and hematologic SPMs.
These malignancies were categorized by site (Additional
file 1: Table S2).

To differentiate SPMs from multiple reports, relapses,
and metastases of the first primary cancer, analyses
were limited to non-HNC SPMs [17, 22]. Follow-up for
hematologic and solid SPMs began 2 and 5 years, respec-
tively, after the diagnosis of FPHNC. These represent the
minimal latency periods for ionizing radiation-induced

SEER patients aged 15-89 years,
diagnosed from 2004-2015, first
primary head and neck cancer,
2-year survivors (n=82,125)
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carcinogenesis [23]. For each patient, the observation
period spanned from the date of FPHNC diagnosis until
the earliest occurrence of any of the following: diagnosis
of a non-HNC SPM, death from any cause, or the end of
the study period (December 31, 2021).

Statistical analyses

Data sources and description

The observed and expected numbers of SPMs were
derived using SEER data. Expected counts were calcu-
lated by applying age-, sex-, calendar year-, and race-
stratified incidence rates from the reference population
[24]. All data were expressed with mean + standard devi-
ation (SD) for normally distributed continuous variables
or median (interquartile range, IQR) for non-normally
distributed variables, with normality assessed using the
Kolmogorov—Smirnov test. Categorical variables are
expressed as 1 (%). Only cases with complete data on age
(15—89 years) and primary cancer diagnosis (FPHNC)
were included. Cases with missing key variables (e.g.,
metastatic stage) were excluded (Fig. 1). Missing data
for other variables (e.g., race, FPHNC stage) were not

\

Excluded (n=6916):
Death certificate only (n=12)
Metastasis or unknown stage at diagnosis (n=6904)

Y

2-year survivors included in the
cohort (n=75,209) o

Evaluations of hematologic SPMs

Stratified by age

Young survivors aged
15-39 years (n=3847)

\/

Middle-aged survivors aged
40-64 years (n=45,061)

Elderly survivors aged
65-89 years (n=26,301)

5-year survivors (n=58,063) >

Evaluations of solid SPMs

Stratified by age

Young survivors aged
15-39 years (n=3473)

Middle-aged survivors aged
40-64 years (n=36,355)

Elderly survivors aged
65-89 years (n=18,235)

Fig. 1 Cohort selection and analysis flowchart for SEER patients aged 15—89 years with FPHNC (2004—2015). SEER Surveillance, Epidemiology,
and End Results, SPMs second primary malignancies, FPHNC first primary head and neck cancer
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imputed, as these variables were not included as covari-
ates in the model. No missing data were present in the
final analytical dataset.

Primary analysis

Primary analysis focused on the association between
radiotherapy and SPMs, incorporating cumulative inci-
dence, internal comparison (within the cohort), and
external comparison (against the general population).
The primary stratification variables for all these three
analyses included age groups (15-39, 40-64, and 65-89
years), which were selected based on their alignment
with global cancer burden trends for young adults [3]
and elderly populations [25], as well as sex (males vs.
females). The variable “age (as a continuous variable)”
was excluded from the covariates in stratified models to
avoid collinearity issues. The variable “sex” was excluded
from the covariates in stratified models to avoid redun-
dancy and ensure independent evaluation of their effects.
Descriptive analyses with 95% CIs were used to compare
groups.

Cumulative incidence Fine-Gray competing risk mod-
els were used to estimate the cumulative incidence of
solid and hematologic SPMs following FPHNC diagnosis,
with radiotherapy exposure (whether or not the patient
received radiotherapy) serving as the primary group-
ing variable. These models accounted for two competing
risks: 1) death before SPM occurrence, and 2) devel-
opment of a different SPM type (i.e., solid SPMs were
treated as competing events for hematologic SPMs, and
hematologic SPMs for solid SPMs in separate analyses).
In the SEER database, chemotherapy is categorized as
“yes” or “none/unknown’, with the latter indicating no
evidence of chemotherapy in medical records. Cancer-
directed surgery is categorized as “performed” or “none/
unknown’, with the latter indicating no evidence of sur-
gery in medical records. Multivariable Fine-Gray mod-
els were adjusted for the following covariates: sex (male
vs. female), age (as a continuous variable) at diagnosis
of FPHNC, FPHNC site (Additional file 1: Table S3),
FPHNC histology (Additional file 1: Tables S4 and S5),
cancer-directed surgery (performed vs. none/unknown),
and chemotherapy (yes vs. none/unknown). Collinearity
diagnostics indicated no concerning multicollinearity [all
variance inflation factors (VIFs) < 2], supporting the inde-
pendence of covariates in the model (Additional file 1:
Table S6). Subdistribution hazard ratios (SHRs) were
subsequently calculated to evaluate these associations.

Internal comparison Internal comparison refers to the
primary exposure-outcome analysis within the study
cohort, where incidence rate ratios (IRRs) for SPMs were
compared between radiotherapy-exposed and unexposed
groups. This analysis was conducted using multivariable
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modified Poisson regression [26] adjusted for sex (male
vs. female), age at FPHNC diagnosis, chemotherapy sta-
tus (yes vs. none/unknown), and latency period (time
between FPHNC and SPM diagnoses). All models
accounted for potential confounding through covari-
ate adjustment, with collinearity diagnostics confirming
variable independence (all VIFs <1.5) (Additional file 1:
Table S7). Model adequacy was verified using Wald tests
for parameters and Pearson y” tests for goodness-of-fit.

External comparison In this study, external comparison
refers to the evaluation of cancer risk in radiotherapy-
exposed and unexposed patients relative to the general
population, quantified by standardized incidence ratios
(SIRs). The SIRs were computed as the ratio of observed
cancers in the cohort to expected cases derived from
sex-, age-, and calendar year-matched general popula-
tion incidence rates. To address potential confounding
by established risk factors, stratified analyses compared
SIRs for: 1) smoking-associated malignancies vs. non-
associated malignancies; 2) alcohol-associated malig-
nancies vs. non-associated malignancies; 3) Epstein-Barr
virus (EBV)-related cancers vs. EBV-unrelated cancers;
and 4) human papillomavirus (HPV)-related cancers vs.
HPV-unrelated cancers. This approach contextualizes the
cohort’s excess risk while accounting for population-level
differences in exposure prevalence.

Secondary analyses

For secondary analyses, we compared the cumula-
tive incidence of SPMs between two treatment groups:
patients receiving combined radiotherapy and chemo-
therapy vs. patients receiving radiotherapy alone. This
comparison was performed using multivariable Fine-
Gray competing risk models, which were adjusted for
the following covariates: sex (male vs. female), age (as a
continuous variable) at diagnosis of FPHNC, FPHNC site
(Additional file 1: Table S3), FPHNC histology (Addi-
tional file 1: Tables S4 and S5), and cancer-directed sur-
gery (performed vs. none/unknown).

Software and significance level

All analyses were performed using SEER*Stat 8.4.4
[Multiple Primary-Standardized Incidence Ratios (MP-
SIR) session], SPSS 26.0, and R 4.4.0, with a significance
threshold defined as P< 0.05. Figures were prepared
using Visio Professional Preview 2024 and Adobe Photo-
shop 23.0.0.

Results

The cohort selection process and analysis are summa-
rized in Fig. 1. There were 82,125 2-year FPHNC sur-
vivors aged 15—89, diagnosed between 2004 and 2015.
After excluding those with death certificates only or with
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metastasis or unknown stage at diagnosis, 75,209 2-year
FPHNC survivors were included in the evaluation of
hematologic SPMs. Among these patients, 58,063 sur-
vived for 5 years. These 5-year FPHNC survivors were
used for the evaluation of solid SPMs.

Solid SPMs

Cumulative incidence

Among the 58,063 5-year survivors, 37,748 (65.0%)
received radiotherapy, and 5062 solid SPMs (exclud-
ing HNC) were observed during the follow-up period
(Additional file 1: Table S8). Multivariable Fine-Gray’s
competing risk analysis indicated a higher risk of devel-
oping solid SPMs in patients who received radiotherapy
(SHR =1.20, 95% CI 1.13-1.27; P< 0.001; Additional
file 1: Fig. S1a). No significant association was observed
for young patients (aged 15-39 years) (Fig. 2a). A sig-
nificantly higher risk of developing solid SPMs was found
among middle-aged patients (aged 40-64 years) who
received radiotherapy (SHR =1.47, 95% CI 1.36—1.59; P<
0.001; Fig. 2d), while a lower risk was identified among
elderly patients (aged 65—89 years) (SHR =0.88, 95% CI
0.80—0.97; P= 0.006; Fig. 2g). These associations varied
by sex. When stratified by sex, radiotherapy was asso-
ciated with a lower risk of developing solid SPMs (SHR
=0.49, 95% CI 0.26—0.92; P= 0.03) among young female
patients (Fig. 2c). In contrast, no significant association
between radiotherapy and the cumulative incidence of
solid SPMs was identified among young male patients
(Fig. 2b). Radiotherapy was associated with a higher risk
of developing solid SPMs (SHR =1.67, 95% CI 1.53—1.83;
P< 0.001) among middle-aged male patients (Fig. 2e),
while no significant association was found between radi-
otherapy and the cumulative incidence of solid SPMs
among middle-aged female patients (Fig. 2f). Radiother-
apy was associated with a lower risk of developing solid
SPMs (SHR =0.64, 95% CI 0.54—0.76; P< 0.001) among
elderly female patients (Fig. 2i), while no significant
association was identified between radiotherapy and the
cumulative incidence of solid SPMs among elderly male
patients (Fig. 2h).

Among the 5-year survivors who received radiotherapy,
15,217 (40.3%, the analysis set was the 37,748 patients
who received radiotherapy) also received chemotherapy.
Patients treated with both radiotherapy and chemother-
apy had a significantly higher risk of developing solid
SPMs compared to those who received radiotherapy
alone, as determined by multivariable Fine-Gray’s com-
peting risk models (SHR =1.75, 95% CI 1.61-1.91; P<
0.001; Additional file 1: Fig. S2a). This trend was con-
sistent across different age groups (Additional file 1: Fig.
S2b-d).
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Internal comparison

Among the 5-year survivors, radiotherapy was associated
with an increased risk of solid SPMs (excluding HNC)
(IRR =1.16, 95% CI 1.08—1.24; P< 0.001; Additional
file 1: Fig. S3). Among the solid SPMs, radiotherapy was
associated with a higher risk of SPMs in the lung/bron-
chus (IRR =1.49, 95% CI 1.33—-1.68; P< 0.001; Additional
file 1: Fig. S3). For young patients, SPM sites with more
than 10 events were limited to breast and thyroid (Addi-
tional file 1: Fig. S4). Radiotherapy was associated with an
increased risk of solid SPMs in middle-aged patients (IRR
=1.21, 95% CI 1.11-1.32; P< 0.001; Additional file 1:
Fig. S4). Radiotherapy was associated with an elevated
risk of SPMs in the lung/bronchus in both middle-aged
patients (IRR =1.51, 95% CI 1.28—1.76; P< 0.001) and
elderly patients (IRR =1.42, 95% CI, 1.19—-1.70; P< 0.001;
Additional file 1: Fig. S4). When the analysis was further
stratified by sex, radiotherapy was associated with an ele-
vated risk of SPMs in the lung/bronchus in both male and
female patients (Fig. 3).

External comparison

For patients who received radiotherapy, the highest SIR
(SIR =27.50, 95% CI 12.57—52.20) was observed in sec-
ond primary tracheal malignancies, followed by bones/
joints, esophagus, lung/bronchus, soft tissue including
the heart, liver urinary bladder, and colon/rectum (Addi-
tional file 1: Table S9). In all three age groups, radio-
therapy was significantly associated with increased risks
of solid SPMs (Additional file 1: Tables S10-S12). When
the analysis was further stratified by sex, radiotherapy
was associated with a higher risk of developing solid
SPMs among young male patients, but not among young
female patients (Additional file 1: Table S13). This result
was consistent with that of Fine-Gray’s competing risk
analysis. Among middle-aged patients who received radi-
otherapy, the highest SIR (SIR =7.72, 95% CI 4.32—12.73)
was observed in SPMs in the bones/joints, followed by
esophagus, lung/bronchus, vulva, soft tissue including
the heart, urinary bladder, and liver (Additional file 1:
Table S11). For elderly patients, the highest SIR (SIR
=3.87, 95% CI 2.91-5.05) was observed for second pri-
mary esophageal malignancies, followed by lung/bron-
chus and colon/rectum (Additional file 1: Table S12).

Hematologic SPMs

Cumulative incidence

Among the 75,209 2-year survivors, 50,015 (66.5%)
underwent radiotherapy, and 622 (0.8%) were diagnosed
with hematologic SPMs during follow-up (Additional
file 1: Table S14). Multivariable Fine-Gray’s competing
risk analysis revealed no significant association between
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Fig. 2 Age- and sex-stratified association between radiotherapy and cumulative incidence of solid SPMs. a No significant association

between radiotherapy and the cumulative incidence of solid SPMs among young 5-year survivors of FPHNC. b No significant association
between radiotherapy and the cumulative incidence of solid SPMs among young male patients. ¢ Radiotherapy was associated with a lower risk
of developing solid SPMs (SHR =0.49, 95% Cl 0.26—0.92; P= 0.030) among young female patients. d Among middle-aged patients, radiotherapy
was associated with a higher risk of developing solid SPMs (SHR =1.47,95% Cl 1.36—1.59; P< 0.001). e Among middle-aged male patients,
radiotherapy was associated with a higher risk of developing solid SPMs (SHR =1.67, 95% ClI 1.53—1.83; P< 0.001). f No significant association
between radiotherapy and the cumulative incidence of solid SPMs among middle-aged female patients. g Radiotherapy was associated

with a lower risk of developing solid SPMs (SHR =0.88, 95% Cl 0.80—0.97; P= 0.006) among elderly patients. h No significant association

between radiotherapy and the cumulative incidence of solid SPMs among elderly male patients. i Radiotherapy was associated with a lower risk
of developing solid SPMs (SHR =0.64, 95% C| 0.54—-0.76; P< 0.001) among elderly female patients. Multivariable Fine-Gray models adjusted for sex,
FPHNC site, FPHNC histology, cancer-directed surgery, and chemotherapy (a, d, g), and adjusted for FPHNC site, FPHNC histology, cancer-directed

surgery, and chemotherapy (sex excluded due to stratification) (b, ¢, e, f, h, i). Cl confidence interval, FPHNC first primary head and neck cancer, SHR
subdistribution hazard ratio, SPMs second primary malignancies

radiotherapy and the cumulative incidence of hema- who underwent radiotherapy alone and those treated
tologic SPMs in all three age groups (Fig. 4; Additional = with a combination of radiotherapy and chemotherapy,
file 1: Fig. S1b). according to multivariable Fine-Gray’s competing risk
Among the 2-year survivors who received radiotherapy, analysis (Additional file 1: Fig. S5).

28,967 (57.9%, the analysis set was the 50,015 patients

who underwent radiotherapy) also underwent chemo- Internal comparison

therapy. No significant difference in the risk of develop- Among the 75,209 patients in the cohort, modified Pois-
ing hematologic SPMs was observed between patients son regression analysis identified no significant overall
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Non-Hodgkin lymphoma 7 55 —— 075051-109) 013
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Leukemia 52 29 —_— 080(047-138) 043
Lymphocityc leukemia 14 1 _— 072(027-189) 050
Nonlymphocytic leukemia 38 18 —— 085(0.44-165) 064

01 10 20 30
None/Unknown ~ Radiotherapy

Solid malignancies: 5-year latency

Young patients (aged 15-39 years)
All solid malignancies excluding HNC? 17 23

—_— 076(0.37-159) 047
Breast 8 9 —_— 0.97(0.32-2.90) 0.96
Thyroid 3 5 ——————————  083017-407) 082
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All solid malignancies excluding HNC® 399 245 —— 1.21(1.01-1.44) 0.04
Lung and bronchus 170 7 B — 1.86(1.36-2.53)  <0.001
Breast 95 62  — 116(0.80-169) 044
Colon and rectum 2 14 _— 083(0.38-182) 063
Esophagus 18 6 —————————  097(024-387) 096
Corpus and uterus 14 15 —_—r— 1.20(0.56-2.58) 0.64
Urinary bladder 1 8 —f———————  126045-352) 066
Kidney and renal pelvis 8 4 —————————  090(021-385) 089
Pancreas 4 9 039(0.10-151) 017
Thyroid 4 8 —_——— 0.60(0.17-2.19) 0.44
Melanoma of the skin 3 10— 021(002-219) 019
Elderly patients (aged 65-89 years)

Al solid malignancies excluding HNC® 251 225 —— 118(0.97-144) 009
Lung and bronchus 116 79 [ — 1.39(1.00-1.92) 0.05
Breast a2 48 — 096(0.59-156) 088
Colon and rectum 23 17 d—————  170087-334 012
Esophagus 8 5 e 031(004-232) 025
Pancreas 8 8 —_— 1.14(0.39-3.36) 0.81
Melanoma of the skin 7 7 I e — 1.60(0.54-4.79) 0.40
Corpus and uterus 7 1 — 096(0.36-254) 093
Kidney and renal pelvis 5 7 055(0.14-216) 039

Hematologic malignancies: 2-year latency

Middle-aged patients (aged 40-64 years)

All hematologic malignancies 27 23 —— 086(045-163) 064
Non-Hodgkin lymphoma 9 15 —_ 047(0.19-118) 011
Myeloma 5 5 —————————  114(028-455 086
Leukemia 13 2 T 351071-1742) 012
Nonlymphocytic leukemia 1 1 > 685(081-57.76) 008
Elderly patients (aged 65-89 years)

All hematologic malignancies 29 39 — 073(042-127) 027
Non-Hodgkin lymphoma 17 20 o a— 105(0.53-206)  0.89
Myeloma 5 6 —————————  087(023-326) 084
Leukemia 7 I 023(0.06-087) 003
Nonlymphocytic leukemia 5 7 e— 020(0.03-116)  0.07
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None/Unknown  Radiotherapy

Fig. 3 Age- and sex-stratified IRRs and 95% Cls for SPMs associated with radiotherapy in FPHNC. IRRs and 95% Cls for SPMs associated

with radiotherapy among male (a) and female (b) patients. *Modified Poisson regression models, adjusted for sex, latency (time between FPHNC
and SPM diagnoses), and chemotherapy. ®The category of all solid malignancies includes the ones listed in this figure as well as those malignancy
sites with < 10 events. Cl confidence interval, HNC head and neck cancer, IRR incidence rate ratio, FPHNC first primary head and neck cancer, SPMs

second primary malignancies

decrease in the risk of hematologic SPMs associated with
radiotherapy (Additional file 1: Fig. S3). However, for
elderly patients, radiotherapy was associated with a
decreased risk for hematologic SPMs (IRR =0.77, 95% CI
0.60—0.99; P= 0.045; Additional file 1: Fig. S4).

External comparison

After radiotherapy, the incidence of second primary non-
lymphocytic leukemia was higher than expected (SIR
=1.41, 95% CI 1.14—1.72), whereas the incidence among

patients without radiotherapy was lower than expected
(Additional file 1: Table S15). The incidence of second
primary non-Hodgkin lymphoma was notably higher
than expected in young patients who received radio-
therapy (SIR =4.01, 95% CI 1.47—-8.74; Additional file 1:
Table S16). For middle-aged patients, the risk of second
primary non-lymphocytic leukemia was significantly
elevated compared to the general population (SIR =1.63,
95% CI 1.23-2.13; Additional file 1: Table S16). For
elderly patients, radiotherapy was significantly associated



Li et al. Military Medical Research (2025) 12:22

Page 8 of 13
a Young patients (aged 15-39 years) (n=3847) b Young male patients (n=2049) C Young female patients (n=1798)
05 — None/Unknown 08 — None/Unknown 06 — None/Unknown
Z Radiotherapy —Radiotherapy Z Radiotherapy
oa|  Hematologic sows Hematologic sPMs Hematologic SPMs
g SHR (95% Cl): 3.70(0.70-19.70); P=0.1: g SHR (95% CI): 1.38(0.18-10.60); P=0.76 g SHR (95% CI): 123,386.00(31,560.00-498,147.00); P<0.001
H 9 % od
$03 H 3
502 H b
§ E 02 H 02|
S 3 3
01
0 24 48 72 96 120 144 168 192 216 0 24 48 72 9% 120 144 168 192 216 o 24 48 72 96 120 144 168 192 216
Time since FPHNC diagnosis (months) Time since FPHNC diagnosis (months) Time since FPHNC diagnosis (months)
None/Unknown None/Unknown None/Unknown
At risk 1769 1768 1699 1636 1322 1007 718 446 212 o At risk 844 844 806 776 631 480 345 213 100 o At risk 925 924 893 860 691 527 373 233 12 o
Events 0 0 1 1 1 1 2 2 2 2 Events. 0 o 1 1 1 1 2 2 2 2 Events. o o o o [ o o o o o
Radiotherapy Radiotherapy Radiotherapy
Ak 2159 2519 2519 2023 474 1051 693 34 15 0 Mk 1205 197 1082 1003 86 614 461 20 10 0 Mok &3 &0 80 760 65 473 33 23 108 0
fents 0 o o 4 w a2 B 3 3% Bews 0 0o 0 1 2 3 3 3 3 Eems 0 o 1 2 2 3 3 s 03 3
d Middle-aged patients (aged 40-64 years) (n=45,061) € Middle-aged male patients (n=34,441) f Middle-aged female patients (n=10,620)
20 — None/Unknown 02 — None/Unknown 15 — None/Unknown
— Radiotherapy — Radiotherapy — Radiotherapy
Hematologic SPMs Hematologic SPMs Hematologic SPMs
2 15 SHR (95% CI): 1.08(0.78-148); P=0.65 215 SHR (95% CI): 1.11(0.78-160); P=0.56 s SHR (95% C1)0.98(0.50-1.93); P=0.96
H %19
2 3 3
£ 10] £10 g
: E £ 05
S 05 S o5 3
o % w2 s T 26 0 % w72 % 1 T 1 26 o % w72 o [CREE I
Time since FPHNC diagnosis (months) Time since FPHNC diagnosis (months) Time since FPHNC diagnosis (months)
None/Unknown None/Unknown None/Unknown
Ak 1316 13144 11917 1088 8262 603 4026 239 103 0 Mk 833 sl 7893 7149 s394 26% 161 60 0 Mk 373 3 3B 98 2ise 1515 %0 4 248 0
Eents 0 4z s & 6 ® = s 8 Bews 0 4 a2 % @ s s s & & Gets 0 0 0 40 13 13 24 27 2@ s
Radiotherapy Radiotherapy Radiotherapy
Atrisk 31,898 31,794 27,060 23973 17458 12,034 7740 4370 1850 0 Atrisk 25608 25526 21689 19172 13945 9593 6175 3475 1467 o At risk 5615 5615 5615 5232 3700 2503 1558 837 352 0
fents 0 1 s w1 a3 a5 a8 w9 Bews 0 1 46 s 10 149 19 189 192 192 Ges 0 0 o 7 19 23 3 w5 3w
g Elderly patients (aged 65-89 years) (n=26,301) h Elderly male patients (n=18,526) | Elderly female patients (n=7775)
4 — None/Unknown 4 — None/Unknown 3 — None/Unknown
— Radiotherapy — Radiotherapy — Radiotherapy
Hematologic SPMs. Hematologic SPMs Hematologic SPMs
23 SHR (95% CI): 091(0.69-1.18); P=047 23 SHR (95% CI): 088(0.65-1.19); P=040 _ SHR (95% CI): 0.97(0.54-173); P=091
£ £ &
¢ ] 52
g, i,
31 31 3
0 24 4872 % 10 14 18 12 26 3 4872 9% 10 144 e 192 26 0 % a7z % 120 14 1 192 26
Time since FPHNC diagnosis (months) Time since FPHN diagnosis (months) Time since FPHNC diagnosis (morths)
None/Unknown None/Unknown None/Unknown
Ak 10262 1029 806 828 4513 2716 141 735 24 0 Ak 6415 638  SI68 4240 269 1601 90 4% 1% 0 Ak 387 3833 3238 2688 18U s 61 299 108 0
fents 0 2 a7 103 s e 78 730 1% Bems 0 [ . . A ) fes 0 1 8 2 2 ;3% % 1 ®
Radiotherapy Radiotherapy Radiotherapy
Atrisk 16039 15945 12167 9571 5858 3377 1765 776 275 o Atrisk 12111 12042 9196 7221 4400 2519 1292 561 193 I Atrisk 3928 3903 2971 2350 1458 858 473 215 82 o
fems 0 o 4 % o 13 e o m m Bews 0 0 40 79 W07 2 10 143 W3 14 fets 0o 0 4 1w 0 % ®m 8 » 2

Fig. 4 Age- and sex-stratified association between radiotherapy and cumulative incidence of hematologic SPMs. a No significant association
between radiotherapy and the cumulative incidence of hematologic SPMs among young 2-year survivors of FPHNC. b No significant association
between radiotherapy and the cumulative incidence of hematologic SPMs among young male patients. ¢ Radiotherapy was associated

with a higher risk of developing hematologic SPMs (SHR =123,386.00, 95% Cl 31,560.00—498,147.00; P< 0.001) among young female patients.

d No significant association between radiotherapy and the cumulative incidence of hematologic SPMs among middle-aged patients. e No
significant association between radiotherapy and the cumulative incidence of hematologic SPMs among middle-aged male patients. f No
significant association between radiotherapy and the cumulative incidence of hematologic SPMs among middle-aged female patients. g No
significant association between radiotherapy and the cumulative incidence of hematologic SPMs among elderly patients. h No significant
association between radiotherapy and the cumulative incidence of hematologic SPMs among elderly male patients. i No significant association
between radiotherapy and the cumulative incidence of hematologic SPMs among elderly female patients. Multivariable Fine-Gray models
adjusted for sex, FPHNC site, FPHNC histology, cancer-directed surgery, and chemotherapy (a, d, g), and adjusted for FPHNC site, FPHNC histology,
cancer-directed surgery, and chemotherapy (sex excluded due to stratification) (b, ¢, , f, h, i). Cl confidence interval, FPHNC first primary head
and neck cancer, SHR subdistribution hazard ratio, SPMs second primary malignancies

with reduced risks of second primary myeloma (SIR revealed in the findings. Specifically, increased risks of
=0.57, 95% CI 0.35-0.87) and second primary lympho-  solid SPMs were observed for middle-aged patients,
cytic leukemia (SIR =0.49, 95% CI 0.28—0.79; Additional  while decreased risks for hematologic SPMs were identi-
file 1: Table S16). fied in elderly patients. These observations highlight the
importance of considering age as a factor in treatment
Discussion decisions and long-term surveillance for HNC patients.
This SEER-based study investigated the association Evaluation of SIR provides valuable preliminary data
between radiotherapy and the development of SPMs at the population level to support research on the risk
in HNC patients. An age-dependent association was of SPMs relative to the general US population [24, 27].
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Age-stratified SIRs of SPMs were identified in the pre-
sent study. The radiotherapy-associated risk of second
primary non-Hodgkin lymphoma was elevated in young
patients. Among middle-aged patients treated with radi-
otherapy, higher risk ratios for SPMs were observed in
the bones/joints, esophagus, lung/bronchus, vulva, soft
tissue including the heart, urinary bladder, liver, and
non-lymphocytic leukemia. For elderly patients receiving
radiotherapy, higher risks for SPMs were identified in the
esophagus, lung/bronchus, and colon/rectum. The occur-
rence of SPMs outside the primary field of irradiation
may be explained by mechanisms such as the bystander
effect, which affects non-irradiated neighboring cells,
as well as the abscopal effect, which affects more dis-
tant cells [13, 28, 29]. The bystander effect involves the
transmission of signals from irradiated cells to nearby
non-irradiated cells that result in DNA damage and other
cellular changes. Conversely, the abscopal effect is a phe-
nomenon where immune-mediated responses triggered
by localized radiotherapy result in anti-tumor effects at
distant, non-irradiated sites [28, 29]. Although the absco-
pal effect is traditionally viewed as an anti-tumor mecha-
nism, it may also provide insights into the development
of distant SPMs following local radiotherapy for HNCs.
By inducing systemic immune modulation, genomic
instability, and chronic inflammation, radiotherapy may
create a microenvironment that promotes carcinogenesis
at distant sites [30—32]. Immunotherapy such as immune
checkpoint inhibitors has the potential to enhance the
anti-tumor effects of radiotherapy through mechanisms
such as the abscopal effect [33]. While immunotherapy
may reduce the risk of SPMs by enhancing immune sur-
veillance, it may also contribute to SPM development
through chronic inflammation or immune dysregulation
[30-32]. The long-term impact of combining radiother-
apy and immunotherapy on SPM risk in HNC patients
remains uncertain. This uncertainty highlights the need
for further research.

The methodology used in this study follows the guide-
lines described in the SEER monograph, which empha-
sizes the distinction between observed and expected
rates of SPMs [24]. By comparing SIRs for patients with
or without radiotherapy, the analysis sought to identify
any excess risk attributable to treatment. However, it is
acknowledged that these analyses cannot definitively
establish causality on an individual level.

Patients with HNC exhibit unique characteristics com-
pared to the general population. These characteristics
include differences in lifestyle, smoking habits, alcohol
use, HPV infections, EBV infections, and genetic pre-
dispositions, that may confound the results of external
comparisons [1, 2, 34, 35]. Confounding by smoking may
have biased the SIRs for smoking-associated cancers
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(e.g., lung/bronchus, colon/rectum, and urinary bladder)
in a negative direction [36, 37]. Likewise, confounding by
alcohol may have biased the SIRs for alcohol-associated
cancers (e.g., liver and esophagus) in the negative direc-
tion [37, 38]. Confounding by HPV infections may have
biased the SIRs for HPV-associated cancers (e.g., anal
cancer) in the negative direction [39, 40]. Confounding
by EBV infections may have biased the SIRs for EBV-
associated cancers (e.g., gastric cancer) in the negative
direction [41, 42].

The internal comparison conducted in this study rep-
resents a significant improvement over prior studies
[43-46]. This approach minimized confounding from
smoking and alcohol consumption, as these factors did
not influence the decision to administer radiotherapy in
HNC patients [16]. Through these internal comparisons,
an increased risk of solid SPMs was observed in middle-
aged patients. Comparing the present findings with those
from other cancer studies is challenging due to variations
in cohort inclusion criteria, and the wide range of clinical
and sociodemographic factors that influence outcomes
[47]. Nonetheless, the findings of the present study are
consistent with those reported by Hashibe et al. [13], who
identified an increased risk of solid SPMs associated with
radiotherapy in HNC patients.

According to our study, males were more likely to
develop solid SPMs compared to females, a finding con-
sistent with previous studies [13, 48]. The increased sensi-
tivity of males to radiation-induced damage likely results
from a combination of weaker DNA repair mechanisms,
hormonal differences, and immune system variations [49,
50]. Further research is needed to fully understand these
mechanisms and develop targeted strategies to mitigate
SPM risk in male patients undergoing radiotherapy.

Apart from radiotherapy, chemotherapy is frequently
used in the management of HNC. Chemotherapy has
also been identified as a significant risk factor for SPMs,
particularly for hematologic SPMs [51, 52]. Therefore,
all multivariable models in this study were adjusted for
chemotherapy to ensure more robust results. Among
elderly patients, radiotherapy was associated with a
decreased risk of hematologic SPMs in the internal
comparison, contrary to earlier findings from SEER-
based studies [11, 13]. Previous SEER-based studies did
not account for the potential effect of chemotherapy, as
data were not included in the earlier publicly accessible
SEER database [13, 16]. This could have accounted for
the difference between their findings and the results of
the present study. Our results have also indicated that
patients who received a combination of radiotherapy
and chemotherapy had a higher risk of developing solid
SPMs compared to those treated with radiotherapy
alone, especially in young patients. In clinical practice,
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the concurrent use of radiotherapy and chemotherapy
for the treatment of HNC should be approached with
caution, particularly in young patients.

Smoking-associated HNCs, typically diagnosed in
elderly patients, are slowly declining globally. This is
due, in part, to reduced tobacco use [34]. In contrast,
cases of HPV-associated oropharyngeal cancer are on
the rise, especially among younger adults in Northern
Europe and North America. These trends reflect the
long latency period of HPV-induced carcinogenesis,
which often occurs 10 to 30 years after initial exposure
[34, 39, 40]. The observed differences in solid SPM risk
among younger, middle-aged, and elderly patients fol-
lowing radiotherapy likely stem from a complex inter-
play of factors. Young patients may not have lived long
enough to accumulate significant environmental risk
factors or for SPMs to manifest, and their cancer risk
may be driven more by genetic predisposition [53, 54].
In contrast, elderly patients may develop HNC due to
age-related biological degradation but have a lower
post-radiotherapy SPM risk due to competing risks,
shorter lifespans, and potentially less aggressive treat-
ment [55-57]. Middle-aged patients appear to have
the highest SPM risk due to a combination of lifestyle-
related exposures, a sufficient lifespan for SPM devel-
opment, and cumulative cellular damage [37, 58, 59].
Further research is needed to disentangle these con-
tributing factors and clarify the role of radiotherapy in
SPM development among different age groups. Under-
standing these dynamics can help tailor cancer treat-
ment and surveillance strategies to minimize SPM risk
and optimize patient treatment outcomes.

This study reveals age-stratified associations between
radiotherapy and SPMs, underscoring the need for more
age-specific treatment protocols in HNC management.
Implementing such protocols enables a more tailored
approach that balances the benefits of radiotherapy with
the potential risks of developing SPMs. From a patient
care perspective, these findings highlight the importance
of individualized treatment planning, informed con-
sent, and long-term surveillance [60]. Discussions with
patients should include the potential risks and benefits
of radiotherapy, ensuring they are well-informed before
making treatment decisions.

The present study has significant strengths. First, it
utilizes a large-scale, population-based database that
provides a robust reflection of real-world associations
in a community setting. The extended follow-up period
enables reliable estimates of the long-term outcomes
associated with radiotherapy. A major aspect of the
methodology was the focused comparison within the
cohort, with separate evaluations conducted for young,
middle-aged, and elderly patients. This approach revealed
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the varied relationships between radiotherapy and the
risks of developing SPMs among different age groups.

The present study also has several limitations. Although
the SEER database is comprehensive, it lacks specific
details on radiotherapy fields, doses, and techniques, as
well as information on treatment administered during
relapse. This limitation may result in underestimating the
actual use of radiotherapy, cancer-directed surgery, and
chemotherapy [24]. Contemporary radiotherapy tech-
niques such as intensity-modulated radiotherapy (IMRT),
volumetric modulated arc therapy (VMAT), and cone-
beam computed tomography (CBCT)-guided radiother-
apy have revolutionized cancer treatment by improving
precision and reducing toxicity. However, their impact
on SPM risk remains incompletely understood. Indeed,
IMRT and VMAT enable highly conformal dose deliv-
ery, sparing surrounding normal tissues and reducing the
volume of irradiated healthy tissue. This precision theo-
retically lowers the risk of SPMs by minimizing radiation
exposure to non-target tissues. However, these tech-
niques often expose a larger volume of non-target tissues
to low-dose radiation, compared to older techniques such
as three-dimensional conformal radiotherapy. This “low-
dose bath” effect may increase the risk of SPMs in distant
tissues, as even low doses of radiation can induce DNA
damage and carcinogenesis [61, 62]. Modern techniques
may also generate more scattered radiation to distant
sites, further contributing to SPMs outside the treatment
field [61]. By improving precision, CBCT-guided radio-
therapy may lower the risk of acute and late toxicities
[62]. However, the additional imaging dose from CBCT,
albeit small, may cumulatively contribute to SPM risk
over time [63]. Radiotherapy doses as high as 66—74 Gy
are often used in high-risk HNCs such as advanced-stage
tumors, positive margins, or extracapsular extension [1].
These higher doses may increase the risk of SPMs due
to greater radiation exposure and DNA damage in nor-
mal tissues [8]. In contrast, intermediate-risk HNCs are
usually treated with lower doses (50—60 Gy) [1]. While
this reduces the risk of acute toxicity, the long-term risk
of SPMs remains a concern, particularly in young and
middle-aged patients with longer life expectancy. The
association in young patients should be interpreted with
caution due to the wide CI and small sample size, as seen
in the data presented in Additional file 1: Fig. S2b. Long-
term studies are needed to evaluate the impact of these
contemporary radiotherapy techniques on SPM risk,
particularly in younger HNC patients. Future research
should focus on establishing dose—response relationships
for SPMs, taking into account radiotherapy dose, frac-
tionation, and treatment volumes.

Furthermore, the SEER database may not fully rep-
resent all demographic groups, particularly those with
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different levels of healthcare access [64]. Consequently,
these findings should be interpreted with caution when
applying them to broader populations. Future studies
with more detailed and comprehensive data collection
are necessary to validate and expand upon these results.

Conclusions

This large population-based study demonstrated that
radiotherapy was associated with increased risks of SPMs
in survivors of non-metastatic primary HNC. Further-
more, an age-stratified association between radiotherapy
and SPMs was identified. Middle-aged patients (aged
40-64 years) may have an elevated risk of developing
SPMs as a result of radiotherapy. Therefore, the use of
radiotherapy in this age group should be approached with
caution. This study highlights the importance of age-tai-
lored treatment decisions and long-term surveillance to
reduce SPM risks in vulnerable age groups among HNC
survivors.
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