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Abstract

Background: —Subsequent thyroid cancer (STC) is one of the most common malignancies in
childhood cancer survivors. We aimed to evaluate the polygenic contributions to STC risk and
potential utility in improving risk prediction.
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Methods: A polygenic risk score (PRS) was calculated from 12 independent single-nucleotide
polymorphisms associated with thyroid cancer risk in the general population. Associations
between PRS and STC risk were evaluated among survivors from St. Jude Lifetime Cohort
(SJLIFE) and were replicated in survivors from Childhood Cancer Survivor Study (CCSS). A risk
prediction model integrating the PRS and clinical factors, initially developed in SILIFE, and its
performance were validated in CCSS.

Results: Among 2,370 SJLIFE survivors with a median follow-up of 28.8 (interquartile range
[IQR]=21.9-36.1) years, 65 (2.7%) developed STC. Among them, the standardized PRS was
associated with an increased rate of STC (relative rate [RR]=1.57, 95% CI=1.24-1.98, p<0.001).
Similar associations were replicated in 6,416 CCSS survivors among whom 121 (1.9%) developed
STC during median follow-up of 28.9 (IQR=22.6-34.6) years (RR=1.52, 95% CI=1.25-1.83,
p<0.001). A risk prediction model integrating the PRS with clinical factors showed better
performance than the model considering only clinical factors in SILIFE (p=0.004, AUC=83.2%
vs. 82.1%, at age 40), which was further validated in CCSS (p=0.010, AUC=72.9% vs. 70.6%).

Conclusions: Integration of the PRS with clinical factors provided a statistically significant
improvement in risk prediction of STC, although the magnitude of improvement was modest.

Impact: PRS improves risk stratification and prediction of STC, suggesting its potential utility for

optimizing screening strategies in survivorship care.

Keywords
Polygenic risk score; Subsequent thyroid cancer; Childhood cancer; Survivorship

INTRODUCTION

Following the successful treatment of childhood cancer, survivors often experience
subsequent malignancies requiring further therapy and clinical care. Of these, the most
common endocrine malignancy observed in survivors of childhood cancer are subsequent
thyroid cancers (STC),(1) which accounts for approximately 10% of all subsequent
malignancies.(2) The predominant form of STC is differentiated thyroid cancer, which
includes both papillary and follicular carcinoma.(3) Among childhood cancer survivors,
occurrence of STC has been reported largely attributable to radiotherapy (RT) for childhood
cancer that exposes the thyroid gland.(4) Importantly, STC occurrence also demonstrates a
dose-related increase in risk that declines after 30Gy.(5) Therefore, periodic surveillance

for thyroid cancer among childhood cancer survivors treated with neck-RT is highly
recommended.(6) However, debate remains over the necessity and benefit of routine STC
screening with ultrasonography versus routine palpation, considering STC’s favorable
prognosis as well as potential harms associated with discovery of benign thyroid nodules.

In recently published consensus recommendations from the International Late Effects of
Childhood Cancer Guideline Harmonization Group and the PanCareSurFup Consortium, the
expert panel found no evidence to support superiority of one screening modality over the
other, and therefore recommended shared decision making between the health care provider
and survivor to make this determination.(7) As such, both clinical practitioners and survivors
of childhood cancer may benefit from methods to enhance precision in risk stratification and
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individual risk prediction via the integration of genetic susceptibility of STC with clinical
risk factors such as childhood cancer treatment exposures and doses.

Polygenic contributions to the risk of de novo thyroid cancer in the general population have
been studied by genome-wide association studies (GWAS), resulting in the identification

of 12 independent common risk alleles within populations of European ancestry (without
known exposure to radiotherapy or chemotherapy).(8-13) Notably, the estimated effect sizes
(i.e., per-allele odds ratios (ORs)) range between 1.20 and 1.81, which are relatively larger
than most cancer GWAS findings. For example, the effect size for 172 common breast
cancer risk loci ranges between 1.03 and 1.31.(14) This difference points to an allelic
architecture of genetic susceptibility for thyroid cancer, involving a smaller number of risk
loci, some of which may have higher estimated effect sizes as compared to other more
common adult carcinomas (e.g., breast,(15) colon,(16) and prostate(17)).

We hypothesized that the polygenic risk score (PRS) based on all the common risk

alleles, which were identified within the general population presumably without exposure

to radiotherapy or chemotherapeutic agents for de novo thyroid cancer risk, could be
informative for assessing the risk of STC among survivors of childhood cancer. In this study,
we established a risk prediction model by integrating a PRS with commonly used clinical
risk factors identified among survivors in the St. Jude Lifetime Cohort (SJLIFE).(18) We
further validated our integrated prediction model within an independent cohort of survivors
from Childhood Cancer Survivors Study (CCSS).(19)

MATERIALS AND METHODS

Study population and data collection

The SJLIFE study is a retrospective cohort study initiated in 2007 with prospective

clinical follow-up and ongoing enrollment of 5-year survivors of all childhood cancer who
were treated at St. Jude Children’s Research Hospital (SJCRH) since its establishment

in 1962.(18) Among 3,006 SJLIFE survivors with whole-genome sequencing (WGS) data
as previously described(14), a total 2,370 survivors were available for further statistical
analyses based on the exclusion criteria (Supplementary Methods, Supplementary Figure
S1A). The demographic and clinical characteristics including treatment information were
abstracted from the self-reported questionnaires and patients’ medical records, respectively.
Subsequent malignancies including STC were clinically ascertained. The current report of
SJLIFE is based on follow-up through 2018. All SJLIFE study participants provided written
informed consent. The SJILIFE study protocol was approved by the Institutional Review
Board (IRB) at SJCRH.

For replication/validation of findings from SJLIFE, data from survivors in the CCSS cohort,
a multicenter retrospective cohort study with prospective follow-up, was used.(19,20) A total
of 6,416 (4,188 original + 2,228 expansion) CCSS cohort were available for analyses after
the exclusions (Supplementary Methods, Supplementary Figure S1B). The demographic and
clinical characteristics were obtained in CCSS from self- or proxy-reported questionnaires,
death certificate, and medical records. Treatment data included all treatments received
within the first five years following childhood cancer diagnosis. Subsequent malignancies
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including STC were identified by self-reported questionnaires and subsequently confirmed
by pathology reports. The CCSS survivors were followed up through 2019. The CCSS study
participants provided the informed consent and the study protocol was approved by the IRB
at each participating center.

SNP extraction and PRS calculation

A total of 32 single-nucleotide polymorphism (SNP) associations with thyroid cancer

risk in the general population were downloaded from NHGRI-EBI GWAS catalog on
December 8™, 2019(21) (Supplementary Table S1), many of which are highly correlated.
We subsequently excluded studies using individuals from non-European ancestry. If multiple
studies have reported association findings for the same SNP or SNPs with strong pairwise
linkage disequilibrium (LD, r2>0.8), estimates from the study with the largest sample size
were used. A total of 12 SNPs (rs11693806, rs2466076, rs1588635, rs368187, rs116909374,
rs12129938, rs6793295, rs73227498, rs7902587, rs2289261, and rs56062135) remained
after curation. The PRS was calculated as a weighted sum of the number of risk alleles
carried by an individual, in which their weights were taken as the natural logarithm of the
estimated ORs of the corresponding loci, and then standardized as a z-score with a mean of
0 and a standard deviation (SD) of 1. To compare cumulative incidence curves for groups
with different genetic risks, the PRS was categorized into tertiles (cutoffs: 2.73 and 3.33).

Statistical analysis

The cumulative incidence of STC by age was estimated for SILIFE and CCSS survivors

in each tertile of the PRS. Death was considered as a competing risk event. Gray’s method
(22) was used to evaluate statistical significance of the differences in cumulative incidence
curves across three tertiles. We employed the Fine and Gray proportional subdistribution
hazards model (23) to construct a clinical base model encompassing demographic and
treatment variables in the SILIFE study (Supplementary Methods). The final clinical model
included the following covariates: attained age; age at primary diagnosis; sex; and the
derived 8-category treatment groups (Supplementary Table S2). Then, the standardized PRS
was added as a continuous independent variable to the final clinical model to formulate

the full integrated model. The adjusted subdistribution hazard ratio was reported as relative
rate (RR). The RR of STC by one SD increase in the PRS was estimated by the maximum
likelihood method and its inference including 95% confidence intervals (Cls) and p-values
were calculated using the standard large-sample inference methods. The analyses were also
stratified by the neck-RT exposure status. In order to evaluate model-predicted lifetime
risk, we estimated the cumulative incidence of STC at age of 20, 30, 40 and 50 years

for each risk profile (n=192 profiles) comprised of the combinations of sex (2 categories),
age-at-diagnosis (4), treatment combinations (8), and PRS tertiles (3). A replication analysis
of the integrated model was conducted with the CCSS data using the integrated model
from SJLIFE including the same definitions of variables and adjusting for the same set of
covariates: the purpose of this replication analysis was to examine the consistency between
SJLIFE and CCSS regarding the associations of the PRS with the STC rate.

To evaluate risk prediction performance of the SILIFE models, we considered the final
clinical model and the integrated model (the final clinical model plus the PRS) of SILIFE
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and validated in CCSS. We estimated time-dependent receiver operating characteristic
(ROC) curves(24) and compared predictive power by time-specific area under the ROC
curves (AUCs) and its weighted average, Harrell’s Concordance (C) statistic(25), between
the two models at ages of 40 and 50 years. Data analysis and visualization were performed
using SAS 9.4 (SAS Institute Inc, Cary, NC, USA) and R 3.5.1(26). All statistical tests were
two-sided and p-value<0.05 was set as the threshold for statistical significance.

RESULTS

Characteristics of study populations

Among 2,370 SJILIFE survivors (median time from diagnosis: 28.8 years, interquartile range
[IQR]: 21.9-36.1 years), 65 (2.7%) were subsequently diagnosed with thyroid cancer (Table
1). The median age at primary cancer diagnosis and follow-up was 7.1 years (IQR: 3.1-13.1
years) and 36.6 years (IQR: 30.3-44.1 years), respectively. A total of 1,265 (53.4%) were
male. Childhood cancer diagnoses comprised leukemia (36.6%), central nervous system
(CNS) tumors (10.5%), lymphoma (20.0%), sarcoma (12.9%), and non-CNS embryonal
tumors (16.5%). For radiotherapy, 20.1% survivors received neck-RT. For chemotherapy
potentially impacting STC risk, 58.3%, and 35.4% survivors were exposed to anthracyclines,
and epipodophyllotoxins, respectively.

Among 6,416 CCSS survivors (median time from diagnosis: 28.9 years, IQR: 22.6-34.6),
121 (1.9%) survivors were subsequently diagnosed with thyroid cancer. The median age at
primary cancer diagnosis was 7.5 years (IQR: 3.3-13.6 years) and the median follow-up was
36.5 years (IQR: 30.2-44.2 years). A total of 3,058 (47.7%) were male. Childhood cancer
diagnoses comprised leukemia (26.7%), central nervous system (CNS) tumors (18.1%),
lymphoma (21.4%), sarcoma (16.0%), and non-CNS embryonal tumors (17.3%). Regarding
the treatment variables required for the replication analysis in the CCSS, 21.1%, 41.0%

and 11.3% survivors were exposed to neck-RT, anthracyclines and epipodophyllotoxins,
respectively.

We further tested the difference of several characteristics including age at diagnosis, sex,
primary diagnosis, treatment exposures and treatment group between survivors included
in the analysis versus those excluded (Supplementary Table S3). We found that primary
diagnosis was significantly different (P<0.001) in SJLIFE, whereas age at diagnosis,
treatment exposures, and treatment group were significantly different (£<0.001) in CCSS.

Cumulative incidence of STC by neck-RT and PRS tertiles

The cumulative incidence curves of STC showed statistically significant differences by PRS
tertiles among SJLIFE survivors (p=0.002, Figure 1A). Survivors with PRS in the third
tertile had the highest cumulative incidence compared to survivors >25 years old with a PRS
in the second or the first tertile. Among SJLIFE survivors (Supplementary Table S4), the
cumulative incidence for those with PRS in the first, second and third tertiles were 0.4%
(95% C1=0.0-0.9), 1.2% (95% CI1=0.3-2.0), and 2.1% (95% CI=1.0-3.3) by age 30 years,
1.6% (95% Cl=0.4-2.8), 2.8% (95% Cl=1.3-4.2), 4.8% (95% Cl=2.9-6.6), by age 40 years,
and 2.7% (95% CI1=0.8-4.5), 6.7% (95% CI1=3.4-10.0), 8.1% (95% CI=5.0-11.2) by age 50
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years, respectively. Among 65 SJLIFE survivors who developed STC, 9 had a PRS in the
first tertile, 23 in the second tertile and 33 in the third tertile. When stratified by neck-RT,
the cumulative incidence of STC showed statistically significant differences by neck-RT
exposure among SJLIFE survivors (p<0.001, Supplementary Figure S2A, Supplementary
Table S5). Furthermore, the cumulative incidence of STC differed across PRS tertiles in
survivors exposed to neck-RT (p=0.013, Figure 1B) but not in survivors without neck-RT
exposure (p=0.29, Figure 1C). The cumulative incidence was as high as 22.0% by age 50
years for SILIFE survivors who were previously exposed to neck-RT and had PRS in the
third tertile (Supplementary Table S4).

A similar pattern of cumulative incidence of STC by PRS tertiles was observed among
CCSS survivors (p<0.001, Figure 2A). Among the CCSS survivors (Supplementary Table
S4), the cumulative incidences of STC for survivors with PRS in the first, second and

third tertiles were 0.3% (95% C1=0.0-0.5), 1.0% (95% CI1=0.5-1.5), 1.4% (95% CI=0.8-
1.9) by age 30 years, 1.4% (95% C1=0.8-2.0), 2.5% (95% CI=1.6-3.3), 3.5% (95%
Cl=2.5-4.5) by age 40 years, and 1.6% (95% CI1=0.9-2.4), 3.5% (95% Cl=2.2-4.9),

5.2% (95% CI1=3.6-6.8) by age 50 years, respectively. Among 121 CCSS survivors who
developed STC, 22 had a PRS in the first tertile, 40 in the second tertile and 59 in

the third tertile. When stratified by neck-RT, the cumulative incidence of STC showed
statistically significant differences by neck-RT exposure among CCSS survivors (p<0.001,
Supplementary Figure S2B, Supplementary Table S5). Furthermore, statistically significant
differences of cumulative incidence across the PRS tertiles were observed among survivors
previously exposed to neck-RT (p=0.040, Figure 2B) and survivors not exposed to neck-RT
(p<0.001, Figure 2C). CCSS survivors exposed to neck-RT showed a distinct pattern where
survivors with a PRS in the second tertile had the highest incidence before age 35 years but
survivors with a PRS in the third tertile became the highest incidence group after age 35
years. The cumulative incidence was as high as 10.0% by age 50 years for CCSS survivors
who were previously exposed to neck-RT and had a PRS in the third tertile (Supplementary
Table S4).

In addition, we calculated the model-predicted lifetime risk (cumulative incidence) of STC
at age of 20, 30, 40 and 50 years for each risk profile (n=192 profiles). (Supplementary
Table S6).

of the PRS with STC risk

The base clinical model with the treatment groups and other clinical characteristics was

built with the SILIFE data (Supplementary Table S2). The base clinical model was validated
in CCSS (Supplementary Table S7). We assessed whether the PRS based on the 12 SNPs
was associated with the risk of developing STC among childhood cancer survivors (Table

2). In SILIFE, the PRS was statistically significantly associated with an increased rate of
STC among all survivors (RR=1.57, 95% Cl=1.24-1.98, p<0.001) and among survivors with
prior neck-RT exposure (RR=1.68, 95% C1=1.29-2.18, p<0.001). However, no significant
association was observed among survivors with no prior neck-RT exposure. The associations
between the PRS and STC rates were replicated in CCSS overall (RR=1.52, 95% Cl=1.25-
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1.83, p<0.001), survivors with neck-RT (RR=1.42, 95% CI=1.09-1.85, p=0.009) and
survivors without prior neck-RT (RR=1.66, 95% C1=1.26-2.20, p<0.001) (Table 3).

Evaluation of a risk prediction model of STC with the PRS included

We first compared two risk prediction models of STC: a base clinical model considering
the treatment groups and other clinical characteristics and an integrated model additionally
including the PRS (Table 4). In the SILIFE survivors, the integrated model with the

PRS performed better than the base clinical model at age of 40 years (C-statistic=84.2%,
AUC=0.83 vs. C-statistic=82.8%, AUC=0.82, p=0.004) and at age of 50 years (C-
statistic=83.4%, AUC=0.82 vs. C-statistic=82.1%, AUC=0.81, p=0.022). The CCSS
replication data showed better performance of the integrated model with the PRS

than the base clinical model at age of 40 years (C-statistic=73.0%, AUC=0.73 vs. C-
statistic=70.7%, AUC=0.71, p=0.010) and age of 50 years ( C-statistic=72.7%, AUC=0.72
vs. C-statistic=70.5%, AUC=0.69, p=0.006).

DISCUSSION

Implementation of precision care that focuses surveillance and interventions on populations
at high risk of adverse outcomes represents a priority among multidisciplinary health

care professionals monitoring childhood cancer survivors. Our study demonstrates that the
PRS constructed from thyroid cancer associated genetic variants established in the general
population can effectively identify survivors with high STC risk, although the risk prediction
model integrating the PRS with cancer treatment risk factors only provided a marginal
improvement over risk prediction of STC utilizing a clinical model that includes cancer
therapy exposures. Nonetheless, these findings, which were validated in an independent
cohort of childhood cancer survivors, provide a basis for future addition of newly discovered
thyroid cancer risk loci that could eventually be useful for identifying individuals at

the highest and lowest risk for STC and inform future discussions regarding risk-based
surveillance strategies.

In the current study, it is evident that the PRS can stratify survivors with different STC

risk levels as observed in the distinct cumulative incidence curves corresponding to PRS
tertiles, in both SJLIFE and CCSS. The magnitude of differences in cumulative incidence

is substantial. For instance, by age of 40 years, SILIFE survivors with a PRS in the third
tertile had a 6-fold increased STC rate compared to survivors with a PRS in the first

tertile suggesting that survivors with a PRS in the third tertile may benefit more from

a recommendation of imaging screening to facilitate early diagnosis. The rate of STC
increased by 1.5-fold per standard deviation change of the PRS after adjusting for other
clinical risk factors. The effect sizes for the PRS differed little between survivors with and
without radiation exposure to neck. Moreover, we found the prediction model integrating the
PRS with clinical risk factors had small but statistically significant improvement of accuracy
in predicting STC risk over the model considering only clinical risk factors across the entire
age range in SJLIFE. The improved performance was further validated using CCSS study.

Clinically, if we follow the surveillance guideline for carriers of pathogenic/likely
pathogenic germline variants in PTEN gene(27-29), using a 35% lifetime risk as the
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threshold for recommendation of ultrasonography surveillance (USS) for STC may be
reasonable. To illustrate the value of considering PRS, take male survivors at age of 50
years (Supplementary Table S6D) as an example: for those diagnosed between 0 and 4 years
and treated with Neck RT <20 Gy plus epipodophyllotoxin, considering PRS would exclude
approximately one-third of survivors who would have met criteria for USS without the
additional consideration of the PRS; for those diagnosed between 0 and 4 years and treated
with Neck RT between 20 and 30 Gy plus epipodophyllotoxin, considering PRS would
exclude approximately two-thirds from USS; for those diagnosed between 10 and 14 years
and treated with Neck RT <30 Gy plus epipodophyllotoxin, considering PRS would exclude
approximately one-third from USS; for those diagnosed = 15 years old and treated with
Neck RT < 20 Gy plus epipodophyllotoxin, considering PRS would include an additional
one-third for USS.

We previously showed that the PRS based on established breast cancer risk loci identified
from the general population (i.e., by comparing de novo breast cancer cases vs. non-cancer
controls) was associated with risk of subsequent breast cancer among survivors of childhood
cancer.(14) Our current study further generalizes this paradigm by demonstrating that the
PRS based on the 12 SNPs previously discovered by thyroid cancer GWAS studies could
inform STC risk in survivors of childhood cancer. Notably, the effect of each of the 12 SNPs
was attenuated towards null when analyzing the STC among survivors of childhood cancer,
possibly due to the strong effects of prior cancer treatment and different host genetics
(Supplementary Table S8). A methodological study evaluating the generalizability of GWAS
findings among childhood cancer survivors suggested that cancer treatments, including
chemotherapy and RT, produce persistent changes on the methylome affecting methylation
levels of CpG sites near disease/trait-associated genes and alter the expression of underlying
genes or expressivity of risk alleles(30). However, despite the attenuated effect size observed
in each SNP for STC risk in survivors of childhood cancer, joint contributions of all 12 SNPs
in the PRS were still useful in risk stratification and prediction.

In general population case-control samples from UK Biobank, Liyanarachchi et al. reported
that the top decile (91-100%) of the PRS, built by 10 SNPs identified from previous GWAS,
conferred a 6.9-fold higher risk of thyroid cancer compared to the bottom decile (0-10%),
and adding the 10-SNP PRS to the model significantly improved predictive ability with
AUC of 0.69-0.75(31). There are few studies to evaluate the polygenic contributions for
subsequent malignancies among survivors of childhood cancer(14,32) and one study for
clinical prediction model, specifically for STC.(33) Our risk prediction model integrating the
PRS, generated by the 12-GWAS SNPs, with the treatment exposure groups, improved the
performance with AUC of 0.72-0.83, which was slightly better than the previously reported
clinical model with AUC of 0.71-0.80.(33)

This study has several limitations. First, even though we included all survivors five or
more years from the completion of primary diagnoses, they are still relatively young, with
a median attained age of 36.6 years in SILIFE and 36.5 years in CCSS. The young age

of our cohorts is especially pertinent considering that thyroid cancer incidence increases
with age in the general population and is most prevalent in the 65-to-74 age group.(34)
Hence, longer follow-up is warranted to comprehensively evaluate the effect of the PRS
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on STC. Second, we did not have neck-RT dose for everyone, and we did not consider

low dose scattering from nearby radiation fields. Third, since the study population was
restricted to survivors of European ancestry, further validation in other race/ethnic groups

is needed. We compared the difference of STC incidence between CEU survivors (i.e.,
survivors of European ancestry) (N=2,370 SJLIFE and 6,416 CCSS) and non-CEU survivors
(i.e., survivors of other or mixed ancestries) excluded from the analysis (N=546 SJLIFE and
707). In SJLIFE, 65 of 2,370 CEU survivors (2.7%) and 4 of 546 non-CEU survivors (0.7%)
developed STC and CEU survivors had 3.2-fold increased risk for STC than non-CEU
survivors (RR=3.2, 95% C1=1.2-8.9, p=0.02) in multivariable analysis adjusted for age at
diagnosis, attained age, and sex, and 2.7-fold increased risk when additionally adjusted

for treatment group (RR=2.7, 95% CI=1.0-7.4, p=0.06). In CCSS, 121 of 6,416 CEU
survivors (1.9%) and 8 of 707 non-CEU survivors (1.1%) developed STC but this was not
statistically significant (0=0.34). Because non-CEU survivors represent a mixed population
and a relatively small proportion of STC incidence, we had insufficient statistical power, to
include non-CEU population in this analysis. Lastly, heterogeneity exists between SJLIFE,
the discovery study, and CCSS, the replication study. It is notable that the incidence of STC
is lower in CCSS than SILIFE (especially among survivors with prior neck-RT exposure),
potentially due to under reporting in CCSS, which relies on self-report and subsequent
confirmation by pathology report. Nevertheless, our study is the largest (Nota) =8,786) and
the first to study the polygenic contributions to STC risk among childhood cancer survivors.

In summary, this study demonstrates that the PRS, generated from thyroid cancer risk loci
identified in the general population, can further enhance STC risk stratification among
childhood cancer survivors, beyond cancer-treatment factors. As more clinical indicators and
new thyroid cancer-related loci are identified, we anticipate that findings from research like
ours will enable more precise identification of survivors at highest and lowest risk for STC,
and thus, begin to inform development of personalized surveillance strategies.
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Figure 1.

Cumulative incidence of STC by PRS tertiles in SILIFE. (A) Overall survivors (B) Survivors

with neck-RT (C) Survivors without neck-RT
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