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Background:

Survivors of childhood cancer are a growing population, estimated to reach over half a
million in the United States alone by 2040." Despite reductions in short and long-term treatment
toxicity and improvements in screening and medical care for late effects of treatment, survivors
of childhood cancer remain at risk for late-mortality.? Specifically, the 40-year cumulative incidence
of all-cause mortality among 5-year survivors in the Childhood Cancer Survivor Study (CCSS) is
23.3%, with 51.2% of deaths attributable to health-related causes and 34.0% attributable to
cancer recurrence/progression.® As time from treatment increases, there is a decline in the
proportion of deaths due to cancer recurrence/progression and an increase in proportion of deaths
due to non-progression, non-external causes.*

Treatment factors, modifiable risk factors, and sociodemographic factors are all known to
impact the risk of late mortality in survivors of childhood cancer. For example, chest radiation,
cranial radiation, anthracyclines, and cyclophosphamide are each independently associated with
health-related death.® An unhealthy lifestyle, including factors such as smoking, alcohol, physical
activity, and weight, is associated with increased risk of death compared to healthy lifestyle
(Standardized Mortality Ratio 6.2 vs. 3.5), and living in a census block with the highest level of
area deprivation is associated with a nearly nine-fold increased risk of death compared to
survivors living in areas of low deprivation.®® While the aforementioned factors are known to be
associated with risk of late mortality among survivors of childhood cancer, the proportion of deaths



due to specific risk factors remains unknown, as does the contribution of inherited genetic
predisposition.

The role of genetic predisposition in risk of chronic health conditions among survivors of
childhood cancer is a growing field, with evidence demonstrating links between genetic
susceptibility and conditions such as diabetes, cardiomyopathy, coronary artery disease,
pulmonary disease, obesity, and secondary malignancies among others.®'2 A recent study found
that genetic factors impact the risk of death after second malignancies in survivors of childhood
cancer," and there is ongoing work evaluating the association of actionable genetic variants with
the risk of death in survivors.' Thus, we propose to estimate the attributable fraction (AF) of
mortality among survivors due to treatment, genetic, modifiable lifestyle/cardiovascular, personal
socioeconomic status (SES), and social determinants of health (SDOH) factors. An understanding
of how each of these categories contributes to overall mortality among survivors is necessary to
inform areas for targeted intervention to mitigate the risks.

Specific Aims

Aim 1: Estimate the attributable fraction (AF) of all-cause and cause-specific mortality in survivors
of childhood cancer in the CCSS due to cancer treatment exposure, disease-specific genetic
variants, modifiable lifestyle/cardiovascular risk factors, SES, and neighborhood social
determinants of health (SDOH).

a. Genetic factors will include rare pathogenic/likely pathogenic (P/LP) variants in
cancer susceptibility genes and disease-specific (e.g., cardiovascular disease, cancer)
polygenic risk scores (PRSs) and the PRSs for mortality/longevity and CVD from the
general population.

C. Because of the complex and often bidirectional relationship between certain
lifestyle/cardiovascular risk factors, personal SES, and SDOH we will explore the change
in AF when each of these components are added to the estimates to better understand
their relationship to late mortality.

Aim 2: Assess whether the AFs for all-cause and cause-specific mortality differ among males and
females, follow-up age periods (or treatment era), and race/ethnicity. Given the high correlation
between attained age and treatment era, we will attempt stratified analyses based on either follow-
up age periods or treatment era, if possible. Analyses based on race/ethnicity will be attempted
only if sufficient sample sizes are available.

Aim 3: Compare the AF of all-cause and cause-specific mortality in CCSS participants (i.e.,
survivors) with those from the general population (e.g., NHANES and/or CCSS sibling controls).
This comparison will focus on AFs due to modifiable cardiovascular/lifestyle factors, and personal
SES that are available in NHANES and/or CCSS sibling questionnaire responses.

Analysis Framework



Population: Survivors and sibling controls enrolled in the CCSS Original Cohort (1970-1986) and
Expansion Cohort (1986-1999) will be included in this analysis. Survivors with unknown treatment
exposures will be excluded.

Outcome variables
Vital status, including cause of death and date of death

o Cause of death will be categorized as cancer recurrence/progression, cardiac, pulmonary,
subsequent malignant neoplasm, other health-related, non-health related/non-recurrence.

e If numbers permit, will look at specific causes of death: subsequent cancer, heart disease,
cerebrovascular disease, sepsis, influenza and pneumonia, kidney failure, diabetes, liver
disease, chronic lower respiratory disease, complication of medical or surgical care.

Variables of interest
Sociodemographic variables

o Age at primary cancer diagnosis

o Attained age (age at event, death or last contact)
o Reported race/ethnicity

e Sex

Cancer diagnosis and treatment variables

e Primary cancer diagnosis
e Cancer treatment exposures within 5 years of primary diagnosis
o Radiation
* Cranial radiation dose
» Chest radiation dose
= TBI exposure
o Chemotherapy
= Alkylating agents: cyclophosphamide-equivalent dose'®
» Anthracyclines: doxorubicin-equivalent dose'®
= Epipodophyllotoxin dose
» Platinating agent dose

Social determinants of health variables (at baseline)

e Neighborhood-level factors: Social Vulnerability Index (SVI)" and Minority Health
Social Vulnerability Index (MHSVI)."® Addresses will be geocoded and SVI and MHSVI
will be derived as previously described in Choi et al.' Briefly, addresses are converted
to Federal Information Processing System codes that correspond to U.S. census tracts
and counties, with the year 2010 choses as the anticipated median year for CCSS
participant address information. These codes are then linked to SVI and MHSVI. SVI
and MHSVI are measured with percentile rank from 0 (lowest vulnerability) to 1
(highest vulnerability). SVI and MHSVI overall and domain specific scores will be
tested, with the score that captures a higher proportion of death included in the final



analysis. Other neighborhood-level factors that will be explored via sensitivity analyses
for potential inclusion are the area deprivation index (ADI)® and historical redlining.
e Individual-level SES factors
o Educational attainment
o Household income
o Health insurance

Modifiable lifestyle and cardiovascular risk factor variables: chronic health conditions and lifestyle
factors will be defined based on status at the time of Original or Expansion questionnaire at
baseline.

e Hypertension: CTCAE grade 2+
o Diabetes: CTCAE grade 2+
e Dyslipidemia: CTCAE grade 2+
e BMI:
e Underweight: < 18.5 kg/m?
¢ Normal weight: >18.5 and <24.9 kg/m2
e Overweight: >24.9 and <30 kg/m2
e Obese: > 30 kg/m2
o Physical activity: Using published CCSS methodology by Scott et al. vigorous physical
activity time will be calculated into metabolic hours per week (MET-h/week) and
categorized as 0, 3-6, 9-12 and 15-21 MET-h/wk.?® Adequate physical activity (Y/N) will
be defined as survivors achieving at least 9 MET-h/wk.
e Smoking: Ever smoked >100 cigarettes in lifetime. Tertiles of smoking dose will also be
considered.
¢ Heavy/Risky alcohol use:
Heavy:
= Men >6 drinks per day, at least once per month
=  Women >5 drinks per day, at least once per month

Risky:

= Men >4 drinks per day or 14 drinks per week
= Women >3 drinks per day or 7 drinks per week

Genetic data

For CCSS survivors in the expansion cohort, we will use quality-controlled WGS data and for the
CCSS original cohort, we will use quality-controlled WES or imputed genotype data. The WES or
WGS data will be used for analysis of rare P/LP variants in 237 previously described cancer
susceptibility genes?'. We will use SnpEff?2 and dbNSFP? (version 4.1a) to identify predicted
deleterious missense variants. dbNSFP uses about 40 in silico prediction tools for variant
annotation. We will consider missense variants deleterious if >90% of annotations predict it is
deleterious. ClinVar?®* will be used to identify P/LP variants, using variants without conflicting
interpretations from clinical testing laboratories from 2015 onwards, regardless of the phenotype



reported in ClinVar, as phenotypes may be vague or broad. P/LPs will be examined as a carrier
status, with O indicating a non-carrier and 1 indicating the presence of 1+ P/LPs. We will also use
existing PRSs from the general population, to calculate a PRS for all CCSS survivors for
cardiovascular disease, cancer, and mortality. PRS calculations will be completed using PRSice-
2 and transformed to Z scores for inclusion in analysis.

Genetic variables

o Polygenic risk scores from the general population, specifically for

o Cardiovascular disease
» Coronary artery disease: PGS003725%
* Heart failure: PGS0017902%
= Atrial fibrillation: PGS005065%"
» Stroke: PGS000333%

o Cancer (pan-cancer): PGS000356%°

o Mortality and longevity: PGS000318%°, PGS000319%, and PGS000906%'

Statistical Analysis

Descriptive statistics (frequency and percentage for categorical variables, and mean, standard
deviation, median, and interquartile range for continuous variables) will be computed for the study
participants’ demographics, cancer diagnosis and treatment factors, genetic factors, baseline
socioeconomic factors, baseline lifestyle factors, baseline cardiovascular factors, and mortality
outcomes, stratified by cohorts and survivor/control status.

Aim 1: Estimate the attributable fraction (AF) of all-cause and cause-specific mortality in survivors
of childhood cancer in the CCSS due to cancer treatment exposure, disease-specific genetic
variants, modifiable lifestyle/cardiovascular risk factors, personal SES, and social determinants
of health (SDOH).

Year of diag nosis




To estimate the attribution function of different factors for overall and cause-specific mortality, we
will use a similar analytic approach to Neupane 2025, Lancet Oncology.” Multivariable
piecewise-exponential models, defined as generalized linear models with the logarithmic link
function, the Poisson error distribution, and a piecewise-constant step function of age effects will
be used to estimate the relative rates and attributable fractions of the exposures for overall and
cause-specific mortality. Due to the possible correlation and mediation relationships between
the exposures of interests, we will consider the following models, in order to understand the
contribution to mortality of exposures in each separate domain:

Model 1 (clinical model): the exposure will include chemotherapy and radiation therapy
variables;

Model 2 (clinical + genetics model): the exposure will include chemotherapy and radiation
therapy variables, P/LP variants, and PRS;

Model 3 (clinical + SDOH and SES model): the exposure will include chemotherapy and
radiation therapy variables, SVI, MHSVI, education attainment, insurance type, and household
income;

Model 4 (clinical + lifestyle model): the exposure will include chemotherapy and radiation
therapy variables, vigorous physical activity level, smoking, BMI, and drinking behavior;

Model 5 (clinical model + CVRF model): the exposure will include chemotherapy and
cardiovascular risk factors, including hypertension, dyslipidemia, and diabetes;

Model 6 (combined model): the model will include all exposure variables considered, and thus
inform the direct effects of the exposure variables of each domain to mortality.

We will treat Model 6 as the primary model, and the others as sensitivity analyses. In each
model, preliminary variable selection will be performed using elastic net with 10-fold cross
validation. AF’s will be reported both by individual variables and by categories. All models will
adjust for the survivors’ sex, age, and age at primary cancer diagnosis. Relative rates and
attributable fractions for all domains and individual variables will be reported.

Aim 2: Assess whether the AFs for all-cause and cause-specific mortality differ among males
and females, follow-up age periods (or treatment era) and race/ethnicity. Given the high
correlation between age and treatment era, we will attempt stratified analyses based on either
follow-up age periods or treatment era, if possible. Analyses based on race/ethnicity will be
attempted only if sufficient sample sizes are available.

Same analysis as in Aim 1. Hypothesis testing for difference in AFs will be obtained by
nonparametric bootstrap.®? For example, if we want to compare AFs of cancer treatments
between male and female, we will use the following method:

1) Observations will be resampled for B=2,000 times with replacement;
2) In each resampled datasetb =1, 2, ..., B, calculate the AF of cancer treatments in male
and in female separately, denoted as AFwuaie, b and AFremate, b;



3) Obtain the a/2-th and (1 — %)-th percentiles of the ratios in AFs (AFwaie, b / AFFemate, b);

4) Reject the null hypothesis if the a/2-th percentile > 1 or the (1 — %)-th percentile < 1.
5) Report the bootstrap 95% confidence interval of the AF ratio.

Aim 3: Compare the AF of all-cause and cause-specific mortality in survivors with those from
the general population (e.g., NHANES and/or CCSS sibling controls). This comparison will focus
on AFs due to modifiable cardiovascular/lifestyle factors and SDOH that are available in
NHANES and/or CCSS sibling questionnaire responses.

NHANES and CCSS sibling controls will be used and analyzed separately. In NHANES data,
individuals will be selected by matching year of birth, sex and race/ethnicity to the CCSS cancer
survivors. In each of the two control cohorts, Models 3-6 will be repeated without the cancer
treatment variables or genetics variables. Comparison of attribution functions will be performed
using a similar nonparametric bootstrap approach in Aim 2, except that resampling will be
performed stratified by cohorts.
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Table 1. Participant Characteristics

Characteristic

Survivors, n (%)

CCSS Sibling
controls, n (%)

Sex

Male

Female

Race and ethnicity

Hispanic

Non-Hispanic Black

Non-Hispanic White

Other

Unknown

Educational attainment

<High school

Completed high school

Some college

College graduate

Household income

Less than $19,000

$20,000-39,000

$40,000-60,000

2$60,000

Insurance status

Insured/Canadian citizen

Uninsured

Social vulnerability index, median (IQR)

Lowest tertile

Middle tertile

Highest tertile

Age at primary cancer diagnosis, median (IQR)

N/A

0-4 years

5-9 years

>10 years

Age at last follow-up, median (IQR)

Decade of diagnosis

N/A

1970-79

1980-89

1990-99

Primary cancer diagnosis

N/A

ALL

AML

Other leukemia

Hodgkin lymphoma

Non-Hodgkin lymphoma

CNS tumor

Bone tumor

Soft tissue sarcoma

Kidney tumors

Neuroblastoma

Radiation exposure

N/A

Any radiation




TBI

Yes

No

Cranial radiation

Any exposure

Median dose (Gy), (IQR)

Chest radiation

Any exposure

Median dose (Gy), (IQR)

Anthracycline exposure (mg/m?) N/A

Any exposure

Median dose (doxorubicin equivalent), (IQR)

Alkylating agents (mg/m?) N/A

Any exposure

Median dose (cyclophosphamide equivalent),
(IQR)

Epipodophyllotoxins (mg/m?) N/A

Any exposure

Median dose (IQR)

Platinating agents (mg/m?) N/A

Any exposure

Median dose (IQR)

Body mass index (kg/m?2), median (IQR)

Underweight

Healthy

Overweight

Obese

Physical activity (MET-hr/week), median (IQR)

Active

Inactive

Smoking

Never

Former

Current

Alcohol Use

Heavy/risky drinking

Chronic conditions

Hypertension, CTCAE grade 2+

Diabetes, CTCAE grade 2+

Dyslipidemia, CTCAE grade 2+

Figure: Consider figures similar to Neupane et al. figures 2-4 (PMID: 40449499). Attributable
fraction percent on y-axis with mortality (all-cause and cause specific) on x-axis and bars
representing proportion attributable to:

Treatment

Treatment plus genetics

Treatment plus SDOH and SES

Treatment plus lifestyle (PA, alcohol, smoking, BMI)



- Treatment plus cardiovascular risk factors (hypertension,
dyslipidemia, diabetes)
- Combined model with all variables considered

Table 2. Proportions of overall and cause-specific mortality attributable to treatment, genetics,
SDOH and SES, lifestyle factors, and cardiovascular risk factors by sex, follow-up age period,
and race/ethnicity

All- Mortality Pulmonary | SMN Cardiovascular | Other Non- Health
Cause due to Mortality Mortality | Mortality Health — | related, Non-
Mortality | Recurrence/ related recurrence
Progression Mortality | Mortality

AF (%, 95%
Cl)in
Females

Treatment

Genetics

SDOH and
SES

Lifestyle

CVRF

AF (%, 95%
Cl) in Males

Treatment

Genetics

SDOH and
SES

Lifestyle

CVRF

AF (%, 95%
Cl) by follow-
up age
period

Treatment

Genetics

SDOH and
SES

Lifestyle

CVRF

AF (%, 95%
Cl)in
Hispanic
Survivors

Treatment

Genetics

SDOH and
SES

Lifestyle




CVRF

AF (%, 95%
Cl) in non-
Hispanic
Black
Survivors

Treatment

Genetics

SDOH and
SES

Lifestyle

CVRF

AF (%, 95%
Cl) in non-
Hispanic
White
Survivors

Treatment

Genetics

SDOH and
SES

Lifestyle

CVRF

Figure. Mirror figures above with 2 bars (survivors, controls) for each attributable fraction
(SDOH and SES, lifestyle, CVRF).




