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Abstract

Background: Childhood cancer survivors experience significantly higher rates of hypertension
which potentiates cardiovascular disease, but the contribution and relationship of genetic and
treatment factors to hypertension risk are unknown.

Objectives: To determine the contribution of a blood pressure polygenic risk score (PRS) from
the general population and its interplay with cancer therapies to hypertension in childhood cancer
survivors.

Methods: Using 895 established blood pressure loci from the general population, we calculated a
PRS for 3572 childhood cancer survivors of European ancestry from Childhood Cancer Survivor
Study (CCSS) original cohort, 1889 from CCSS expansion cohort, and 2534 from the St. Jude
Lifetime Cohort (SJLIFE). Hypertension was assessed using National Cancer Institute criteria
based on self-report of a physician diagnosis in CCSS and by blood pressure measurement in
SJLIFE.
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Results: In the combined sample of 7995 survivors, those in the top decile of the PRS had an
odds ratio (OR) of 2.66 (95% Cl=2.03-3.48) for hypertension compared to survivors in the bottom
decile. The PRS-hypertension association was modified by being overweight/obese (per SD
interaction OR=1.13; 95% CI=1.01-1.27) and exposure to hypothalamic-pituitary axis radiation
(per SD interaction OR=1.18; 95% CI=1.05-1.33). Attributable fractions for hypertension to the
PRS and cancer therapies were 21.0% and 15.7%, respectively, they jointly accounted for 40.2%
of hypertension among survivors.

Conclusions: A blood pressure PRS from the general population is significantly associated with
hypertension among childhood cancer survivors and contributes to approximately one quarter of
hypertension risk among survivors. These findings highlight the importance of screening for
hypertension in all childhood cancer survivors, and identify higher risk subgroups.

Keywords
Hypertension; childhood cancer survivors; polygenic risk score; cancer therapies

Introduction

With improvements in survival rates of childhood cancer over the past decades,
cardiovascular disease has emerged as a leading cause of non-cancer morbidity and
mortality in long-term survivors(1-5). Compared to siblings, survivors are at five-fold
increased risk of developing severe cardiac events(3) and at eight-fold increased risk of
cardiovascular disease-related death(6). While much of this risk can be attributed to
exposure to cardiotoxic therapies including chest-directed radiation and/or anthracyclines,
aging long-term survivors also develop traditional, modifiable risk factors that are primary
contributors of cardiovascular disease in the general population, including hypertension,
diabetes, dyslipidemia and obesity(7). In survivors, hypertension was independently
associated with up to a 19-fold increased risk of cardiovascular diseases and the combined
effect of anthracycline and hypertension was significantly greater than the expected additive
effects with an 86-fold increased risk of heart failure(7). These results suggest that
hypertension can potentiate cancer treatment-related cardiotoxicity in a near-multiplicative
manner(8,9).

The prevalence of hypertension in childhood cancer survivors increases sharply with age,
exceeding 70% by age 50 and is substantially higher than the general population after
accounting for age, sex, race/ethnicity, and body mass index(10). The Children’s Oncology
Group (COG) long-term follow-up guidelines for survivors of childhood cancer currently
designate chemotherapies (ifosfamide and heavy metals [cisplatin, carboplatin and
oxaliplatin]), abdominal, hypothalamic-pituitary axis (HPA) or total body radiation and
nephrectomy as risk factors for hypertension, and recommend active surveillance of blood
pressure in exposed survivors(11). However, hypertension could be attributed to these cancer
treatments in only 9.3% of hypertensive survivors(12) and no other models of risk prediction
for hypertension are currently available. As such, there is a need to enhance risk
stratification in order to identify survivors at increased risk of hypertension who can be
targeted for enhanced surveillance and lifestyle and pharmacological interventions that may
minimize cardiovascular burden.
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In the general population, both heritable and lifestyle risk factors contribute to the risk of
hypertension. To date, 901 genetic variants are known to affect blood pressure levels in
European populations and their cumulative effect, assessed in the form of a polygenic risk
score (PRS) (13). This PRS is associated with a 3.34-fold increased risk of hypertension
among individuals at the top decile of the PRS, compared to those at the bottom decile. The
objective of this study was to evaluate this blood pressure PRS and its interplay with cancer
therapies and being overweight/obese in association with hypertension, using two cohorts of
childhood cancer survivors of European ancestry.

Study Population

Participants were from two large cohort studies of childhood cancer survivors in North
America, the Childhood Cancer Survivor Study (CCSS)(14,15) and the St. Jude Lifetime
Cohort (SILIFE)(16). The CCSS is a retrospective cohort study with a longitudinal follow-
up of survivors of childhood cancer treated at 31 institutions in the United States and
Canada. Study eligibility includes a diagnosis of cancer before age 21 years, and survival at
5 years after diagnosis of childhood cancer. Initial recruitment included survivors diagnosed
between 1970 and 1986 (“CCSS original cohort”), which was subsequently expanded to
include additional survivors diagnosed between 1987 and 1999 (“CCSS expansion cohort™).
The CCSS study methodology and characteristics have been previously described(15).

The SILIFE(16), initiated in 2007, is a retrospective cohort study with prospective clinical
follow-up and ongoing enrollment of 5-year survivors of childhood cancer treated at St. Jude
Children’s Research Hospital (SJCRH) since 1962. The Institutional Review Boards at
SJCRH and each of the centers participating in the CCSS approved the study, and
participants provided informed consent.

Considering the existing blood pressure PRS was derived from individuals of European
ancestry via genome-wide association study, our analyses were restricted to survivors of
European ancestry. In both CCSS and SJLIFE studies, genetic ancestry was determined by
principal component analyses using the 1000 Genomes Europeans as the reference
population.

Genetic data

Genotype data in the CCSS original cohort were obtained on Illumina HumanOmni5Exome
array. Following the quality control (QC) as described previously(17,18), genotypes were
imputed up to the Haplotype Reference Consortium r1.1 (2016) haplotypes using
Minimac3(19) implemented in the Michigan Imputation Server. Paired-end whole genome
sequencing (WGS) using the lllumina HiSeq X10 and/or NovaSeq sequencers was used to
obtain genotype data in the CCSS expansion cohort and the SILIFE. Details of the WGS,
data processing and QC metrics are provided elsewhere(20-22). Principal components were
generated based on the genotype data of an independent set of common variants using
EIGENSTRAT in PLINK version 1.9(23) and used to control for population stratification.
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Participants in the CCSS completed a multi-item questionnaire at baseline and follow-up
evaluations that included age at onset of hypertension based on self-report of medical
diagnosis and pharmacologic treatment. In SJILIFE, hypertension was ascertained through
measured blood pressure and extent of lifestyle/medical intervention. Using modifications of
the National Cancer Institute’s Common Terminology Criteria for Adverse Events (CTCAE,
version 4.03)(24), hypertension was graded and categorized as mild (grade 1), moderate
(grade 2), severe (grade 3), life-threatening or disabling (grade 4), or fatal (grade 5).
Survivors in both CCSS and SJLIFE are continuously assessed for hypertension based on
survey and clinical ascertainment, respectively. In this study, survivors with CTCAE grade
=2 at any of the hypertension assessments were considered hypertensive and those with
grade <2 in all hypertension assessments were classified as hypertension-free.

Polygenic risk score

The largest genome-wide association study on blood pressure to date including over one
million individuals of European ancestry robustly implicated 901 loci(13). Using the
reported beta estimates (on blood pressure) of these loci as their weights, a PRS was
constructed as a weighted sum of the number of risk alleles carried by an individual. Of the
901 loci, five were identified in non-European populations and are monomorphic in
Europeans, and one locus was absent in the CCSS original cohort, resulting in 895 loci for
our PRS calculation. Risk alleles and weights of these loci are provided in Supplementary
Table 1. The PRS was evaluated as a continuous variable or a categorical variable (1% decile,
2nd_5th geciles, 61-8t deciles, 9™ decile, and 101 decile, where the decile cutoffs were
determined by the PRS distribution in the CCSS original cohort, the largest of the three
cohorts).

Statistical analyses

For each PRS category, age-standardized prevalence ratio of hypertension was calculated as
the ratio of the observed number of hypertensive survivors in each individual cohort to the
expected number, which was calculated by applying the age-specific (10-year groups)
prevalence of hypertension in the CCSS original cohort, the largest among the three cohorts,
to the individual cohorts. The nonparametric bootstrap with 1000 replicates was used to
estimate the 95% confidence interval (Cl).

Continuous variables are reported with their medians with interquartile ranges (IQRs) and
categorical variables are presented with percentages. Multivariable analyses assessing
association between the PRS and risk of hypertension were performed in individual cohorts
as well as in the combined sample of all survivors from the three cohorts. Association results
were presented with estimated odds ratio (OR) and corresponding 95% Cls. The nongenetic
baseline model was first fit among all survivors in the three cohorts with logistic regression
for hypertension adjusting for the top ten principal components and covariates, where the
covariates included age at childhood cancer diagnosis, age at last follow-up, sex, body mass
index, smoking status (current or former vs. never) and physical activity (vigorous intensity
exercise in metabolic equivalents), cohort (CCSS original cohort, CCSS expansion cohort
and SJLIFE), and the six COG risk factors (yes/no) including ifosfamide, heavy metals,
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abdominal radiation, HPA radiation, total body radiation and nephrectomy. Of the six COG
risk factors, multivariable analyses showed ifosfamide was not significantly associated with
risk of hypertension (adjusted OR [aOR]=1.18; P=0.328), while a strong and statistically
significant association was observed when all alkylating agents (bendamustine [treanda],
busulfan, carmustine, chlorambucil [leukeran], cyclophosphamide, ifosfamide, lomustine,
mechlorethamine [nitrogen mustard], melphalan, procarbazine, and thiotepa) were
considered (aOR=1.59; /£<0.001). Therefore, we replaced ifosfamide with alkylating agents
(yes/no) in all the analyses. The PRS was then added in two ways: one as a continuous
variable (z-score normalized across all survivors) assessing adjusted prevalence of
hypertension per standard deviation (SD) change in the PRS; and the other as a categorical
variable. Stratified analyses based on body mass index (<18.5 kg/m?2 [underweight], 18.5—
24.9 kg/m? [normal weight] or =25 kg/m? [overweight/obese]) and each of the six COG risk
factors noted above except total body radiation due to insufficient numbers, were conducted,
followed by analyses of their multiplicative interaction with the PRS.

In the combined sample, the attributable fraction (AF) for hypertension was calculated using
multivariable logistic regression, adjusting for the same covariates of the regression model
above and the top ten principal components. Specifically, we first calculated the predicted
prevalence of hypertension (i) in presence of both cancer therapies (alkylating agents, heavy
metals, abdominal radiation, HPA radiation, total body radiation and nephrectomy) and the
PRS (p11); (ii) in absence of PRS by moving everyone to the bottom decile (the first decile)
without changing the cancer therapies (py0); (iii) in absence of the six cancer therapies
without changing the PRS (tp7); and (iv) with elimination of both cancer therapies and the
PRS (o). The AF of hypertension due to cancer therapies and that due to the PRS were
then calculated as (p11—p10)/ 011 and (011—001)/ P11, respectively. The AF of hypertension due
to the joint effect of cancer therapies and the PRS, exceeding the individual effects of the
two estimated separately above(25), was estimated as (p11—p10—Po1+Po0)/ 11 The following
stratified analyses were also conducted: (i) body mass index (<18.5 kg/m? [underweight],
18.5-24.9 kg/m? [normal weight] or =25 kg/m? [overweight/obese]; (ii) age (<35 years/=35
years) and (iii) the COG risk factor(s) showing significant interaction with the PRS.
Statistical analyses were performed using R 3.4.0 and two-sided P values <0.05 were
considered statistically significant.

After excluding survivors with missing phenotype and/or covariate data and of non-
European ancestry, there were 7995 survivors in both the CCSS and SJLIFE for the final
analysis. Clinical, demographic and treatment characteristics of all 7995study participants
according to cohort are provided in Table 1. Participants in the CCSS original cohort were
the oldest with median age at last contact of 41.5 years (IQR 12.4 years), followed by those
in the SJLIFE with median age at last contact of 35.5 years (IQR 15.3 years) and in the
CCSS expansion cohort with median age at last contact of 30.1 years (IQR 8.5 years). The
median body mass index in the CCSS original cohort, CCSS expansion cohort and SJLIFE
was 22.8 kg/m? (IQR 5.5 kg/m?2), 24.8 kg/m? (IQR 6.9 kg/m?) and 26.4 kg/m? (IQR 8.9
kg/m?), respectively. Of the 7995 survivors, 1678 were hypertensive. The prevalence of
hypertension was the highest in the clinically-assessed SILIFE cohort (28.7%), followed by
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the CCSS original cohort (22.1%) and expansion cohort (8.5%). The PRS distribution in the
three cohorts was similar and followed approximately a normal distribution (Supplementary
Figure 1).

Age-standardized prevalence ratio of hypertension

The PRS-decile-specific age-standardized prevalence ratios of hypertension in the CCSS
original cohort, CCSS expansion cohort and the SJLIFE are provided in Figure 1. Among
survivors with the PRS in the top decile, the prevalence of hypertension was greater than
expected in all three cohorts, with a prevalence ratio of 1.47 (CCSS original cohort), 1.03
(CCSS expansion cohort) and 2.07 (SJLIFE). Notably, in the clinically-assessed SJLIFE, the
prevalence ratio was greater than 1 in all categories of the PRS.

Association of the PRS with hypertension

In the CCSS original cohort, the PRS was significantly associated with an increased
prevalence of hypertension (adjusted OR [aOR] per one SD of the PRS 1.31; 95% CI 1.20—
1.42; P<0.001) (Table 2). Compared to survivors with the PRS in the lower decile, those in
upper deciles had a greater prevalence of hypertension; for example, survivors in the top
decile had a 2.63-fold higher odds (95% CI 1.80-3.83; A<0.001). Similar results were
observed among survivors in the CCSS expansion cohort with a significantly increased
prevalence of hypertension per SD change in the PRS (aOR=1.33; 95% Cl=1.12-1.58;
F£<0.001) and top vs. bottom decile (aOR=3.03; 95% CI=1.39-6.60; P=0.005). The adjusted
ORs of clinically assessed hypertension in the SILIFE were also comparable for both per SD
change in the PRS (aOR 1.39; 95% CI 1.26-1.54; £<0.001) and the top vs. bottom decile
(aOR 2.60; 95% Cl=1.66-4.06; £<0.001) than those in the CCSS cohorts with self-reported
hypertension. In the combined sample of all three cohorts, the PRS remained consistently
associated with hypertension [per SD change: aOR 1.34; 95% CI 1.26-1.43; /A<0.001 and
top vs. bottom decile aOR .66; 95% C1=2.03-3.48; A<0.001]. Survivors with the PRS in
intermediate deciles also showed significantly increased prevalence of hypertension
(aOR=1.24) compared to those with the PRS in the bottom decile (Table 2).

The PRS showed greater effect in overweight/obese survivors (per SD change in PRS aOR
1.39; top decile vs. bottom decile aOR 3.51) than those with normal weight (per SD change
in PRS aOR 1.23; top vs. bottom decile aOR 2.07) (Supplementary Table 2). These adjusted
odds ratios were significantly different from each other (the interaction aOR per SD change
in the PRS 1.13 (P=0.041); top decile vs. bottom decile aOR 1.85 (~£=0.001) (Table 3). We
did not observe a significant modification of the effect of the PRS in underweight versus
normal weight survivors (Supplementary Table 2). A greater PRS effect was also observed
among survivors exposed to HPA radiation (per SD change in PRS aOR 1.41; top decile vs.
bottom decile aOR 3.07) compared to unexposed survivors (per SD change in PRS aOR
1.24; top vs. bottom decile aOR 2.13) [the interaction aOR per SD change in the PRS=1.18;
P=0.005 and top vs. bottom decile aOR=1.44; P=0.195] (Supplementary Table 3). A slightly
greater effect of the PRS on hypertension was observed among survivors with nephrectomy
or exposed to abdominal radiation than unexposed survivors. However, no statistically
significant interaction was found between the PRS and exposure to alkylating or platinum
agents, abdominal radiation or nephrectomy (Supplementary Table 3).
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Attributable fraction of the PRS and cancer therapies for hypertension

The adjusted AF for hypertension due to both the PRS and the specific cancer therapies
considered as risk factors by the COG guidelines was 40.2% (Central Illustration). This total
AF can be broken down into three components: 21.0% attributed to the PRS; 15.7%
attributable to cancer therapies; and the remaining 3.5% due to the joint effect of both cancer
therapies and the PRS together, exceeding the two individual effects. The AF for the PRS
and cancer therapies was greater for survivors who were underweight (54.6%), had normal
weight (46.7%) or were <35 years (49.5%), and these increases were mainly due to greater
contribution of cancer therapies in these survivors. The contribution of the PRS remained
consistent across the subgroups based on body mass index, age and exposure to HPA
radiation.

Discussion

To our knowledge, this is the first study to apply and comprehensively evaluate the
polygenic risk of blood pressure loci from the general population to childhood cancer
survivors who are known to be at significantly greater risk of hypertension. Our results
showed that survivors with the PRS in the top decile have a 2.7-fold increased odds of
hypertension prevalence compared to those with the PRS in the bottom decile, and this risk
was further exacerbated among overweight/obese survivors and those exposed to HPA
radiation. Notably, our data indicate that the PRS and cancer therapies together accounted
for 40.2% of hypertension among survivors, with the PRS alone contributing 21.0%.

We found a slightly attenuated PRS effect on hypertension among childhood cancer
survivors compared to the 3.3-fold odds of hypertension prevalence among individuals with
the PRS in the top decile in the general population(13). However, considering the absolute
risk of hypertension in survivors is higher than those in the general population, the true
effect of PRS among survivors of childhood cancer may be slightly greater than the observed
2.7-fold odds of hypertension prevalence. Thus, even a small increase in relative risk by the
PRS can translate to substantial increase in absolute risk. Furthermore, the polygenic risk of
hypertension was increased by being overweight/obese— a major late effect in childhood
cancer survivors(26) and exposure to HPA radiation which is a risk factor for obesity in
survivors(27). However, the attributable fraction due to the PRS was slightly lower among
overweight/obese survivors (19.9%) compared to those with normal weight (22.8%). These
seemingly-contradictory observations may be explained by the following: if the genetic
contribution to the total risk is lower in presence of a strong non-genetic risk factor
(overweight/obesity), the risk increase by the genetic factor is stronger because the baseline
propensity for hypertension is elevated by the strong non-genetic strong risk factor.

An important finding in this study is that 40.2% of hypertension among survivors could be
attributed to cancer therapies plus the PRS. About 16% of hypertension among survivors
were attributed to cancer therapies and this contribution was higher (49% to 55%) among
younger (<35 years) survivors or those with normal or underweight. Approximately 21% of
hypertension among survivors could be attributed to the polygenic risk, which remained
generally consistent with respect to body mass index, age and HPA radiation. Given that
these estimates are independent of demographic, lifestyle and treatment factors and that the
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polygenic risk is established at birth, survivors with a high blood pressure polygenic risk
may benefit from earlier screening and intervention measures to reduce the risk of
hypertension and comorbidities. Additionally, evaluating the polygenic risk requires a one-
time genetic test (currently <$100), highlighting the feasibility of genetic risk assessment.
Our results, therefore, suggest that consideration of blood pressure polygenic risk in
combination with established cancer treatment-related risk factors can identify survivors at
high risk of hypertension. Genetic testing for polygenic risk, in concert with assessment of
clinical risk factors, could be used to risk stratify frequency of ongoing follow-up in
normotensive survivors at high risk and therapeutic interventions (e.g., lifestyle,
pharmacologic) for those with elevated blood pressure or established hypertension.

Limitations should be considered when interpreting the results of this study. While the PRS
and cancer therapies explained approximately 40% of hypertension among survivors, further
investigations are needed to understand the causes of remaining 60% hypertensive survivors.
In the CCSS survivors, hypertension was diagnosed based on self-report, which may be
prone to misclassification and hence the reported blood pressure PRS effect on hypertension
may be underestimated. Clinically-assessed cohorts of childhood cancer survivors such as
the SJLIFE provide a more accurate estimate of the PRS. Other such cohorts with both
genetic and outcome data are not currently available, however. Kidney abnormalities are
known predictors of hypertension; however, we were unable to assess their potential
influence on the PRS-hypertension association because of limitations in self-reported data in
the CCSS, which comprises approximately 68% of the study population. Nonetheless, the
genotypes are independent of these potential confounders, and if not, they would be in the
pathway that the PRS, thus capturing their risk at least partially. The PRS could be
calculated only for five-year childhood cancer survivors who provided DNA samples in
SJLIFE and CCSS. Thus, our findings may not be generalizable to cancer patients who died
before reaching the five-year milestone. Our analyses were also restricted to survivors of
European ancestry to be consistent with the populations used to derive the existing PRS.
There is a need to assess the polygenic risk among survivors of non-European ancestry.

Conclusions

In conclusion, we found that the blood pressure PRS from the general population predicts
hypertension among childhood cancer survivors in three independent cohorts. Survivors with
higher polygenic risk were at significantly increased risk of hypertension, independent of
demographic, lifestyle and treatment risk factors, and this risk was further elevated among
overweight/obese survivors and those exposed to HPA radiation. Approximately one quarter
of the hypertensive survivors were attributed to the PRS alone; together with the cancer
therapies, this contribution increased to over 40%. Our results, therefore, have strong
implications for the personalized management of current survivors of childhood cancer and
future cancer patients. While screening for hypertension in all childhood cancer survivors is
important, enhanced awareness and prevention are warranted for those who are at higher risk
due to the PRS, clinical factors, and treatment exposures.
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Clinical Perspectives
Competencies in Medical Knowledge:

The prevalence of hypertension in childhood cancer survivors is over 2.5 times higher
than in non-cancer survivor controls. Importantly, survivors exposed to cardiotoxic cancer
therapy have been shown to be at increased risk of cardiomyopathy, but those who also
develop hypertension experience a near multiplicative increase in risk of cardiomyopathy.
A blood pressure polygenic risk score (PRS) established in the general population adds
significantly to the prediction of high risk subgroups for hypertension in childhood
cancer survivors of European ancestry. Specifically, the attributable fraction of
hypertension to PRS and cancer treatments together is over 40%. Compared to survivors
in the lower 10% of the PRS, survivors in all the other deciles of the PRS are at increased
risk of hypertension, independent of demographic, lifestyle and treatment risk factors.
This PRS associated risk was further elevated among survivors exposed to hypothalamic-
pituitary axis radiation and those who were overweight/obese.

Translational Outlook:

While screening for hypertension in all childhood cancer survivors is important,
enhanced awareness and prevention are warranted for those who are at higher risk due to
the PRS, clinical factors, and treatment exposures. Future research should be focused on
the evaluation of genetic testing and application of polygenic risk scores, in concert with
the assessment of clinical risk factors, to risk stratify frequency of ongoing follow-up in
normotensive survivors at high risk and determine clinically appropriate therapeutic
interventions (e.g., lifestyle, pharmacologic) for those with elevated blood pressure or
established hypertension.
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Figure 1 |. Age-standardized prevalence ratios of hypertension by polygenic risk score (PRS)
deciles.

For survivors in the Childhood Cancer Survivor Study (CCSS) original and expanded
cohorts (self-report of hypertension) and the St. Jude Lifetime Cohort study (clinical
assessment of hypertension), the ratio of the observed number of hypertensive survivors in
each individual cohort to the expected number was calculated. The nonparametric bootstrap
with 1000 replicates was used to estimate the 95% confidence interval. Among survivors
with the PRS in the top decile, the prevalence of hypertension was greater than expected in
all three cohorts.
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Central Illustration |. Adjusted attributable fraction (aAF) for hypertension by specific cancer
therapies considered as risk factors by the Children’s Oncology Group guidelines and the
polygenic risk score (PRS) among survivors.

The aAF for hypertension due to both PRS and the specific cancer therapies was 40.2%
(21.0% attributed to the PRS; 15.7% attributable to cancer therapies; and the remaining
3.5% due to the joint effect of both cancer therapies and the PRS together, exceeding the
individual effects of the two). The contribution of the PRS remained generally consistent
across the subgroups based on body mass index, age and exposure to hypothalamic-pituitary

axis radiation.
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Table 1|

Demographic and treatment characteristics of eligible participants in this study

CCSS original cohort  CCSS expansion cohort SJLIFE

(n=3572) (n=1889) (n=2534)

Characteristics N (%) N (%) N (%)
Sex

Female 1876 (52.5%) 994 (52.6%) 1198 (47.3%)

Male 1696 (47.5%) 895 (47.4%) 1336 (52.7%)
Smoker

Never 2841 (79.5%) 1368 (72.4%) 1656 (65.4%)

Current/Past 731 (20.5%) 521 (27.6%) 878 (34.6%)
Hypertension

No 2782 (77.9%) 1729 (91.5%) 1806 (71.3%)

Yes 790 (22.1%) 160 (8.5%) 728 (28.7%)
Abdominal radiation

No 2661 (74.5%) 1570 (83.1%) 2042 (80.6%)

Yes 911 (25.5%) 319 (16.9%) 492 (19.4%)
Total body irradiation

No 3559 (99.6%) 1875 (99.3%) 2531 (99.9%)

Yes 13 (0.4%) 14 (0.7%) 3(0.1%)
Hypothalamic-pituitary axis radiation

No 1278 (35.8%) 1151 (60.9%) 1146 (45.2%)

Yes 2294 (64.2%) 738 (39.1%) 1388 (54.8%)
Nephrectomy

No 3229 (90.4%) 1736 (91.9%) 2369 (93.5%)

Yes 343 (9.6%) 153 (8.1%) 165 (6.5%)
Alkylating agents

No 1816 (50.8%) 849 (44.9%) 1068 (42.1%)

Yes 1756 (49.2%) 1040 (55.1%) 1466 (57.9%)
Heavy metals

No 3406 (95.4%) 1577 (83.5%) 2231 (88.0%)

Yes 166 (4.6%) 312 (16.5%) 303 (12.0%)
Age at cancer diagnosis (yrs.)

Median (IQR) 7.7 (10.5) 8.9 (9.9) 7.7 (10.2)
Age at last contact (yrs.)

Median (IQR) 415 (12.4) 30.1 (8.5) 35.5 (15.3)
Body mass index (kg/m?)

Median (IQR) 22.8 (5.5) 24.8 (6.9) 26.4 (8.9)

IQR, interquartile range; All the survivors are of European ancestry.
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Interaction of blood pressure PRS from the general population with body mass index and exposure to
hypothalamic-pituitary axis radiation in hypertension risk among childhood cancer survivors

Table 3 |

PRSx Overweight/obese

PRSx Hypothalamic-pituitary axis radiation

PRS OR (95% Cl) P OR (95% CI) P
per SD change  1.13 (1.01-1.27) 0.041 1.18 (1.05-1.33) 0.005
15t decile Reference (1.0)

25t deciles 1.21 (0.95-1.55) 0.120 1.02 (0.64-1.63) 0.930
6-8t deciles 1.21 (0.94-1.55) 0.140 1.23(0.77-1.97) 0.395
9th decile 1.39 (0.93-2.06) 0.104 1.45 (0.83-2.53) 0.197
10t decile 1.85(1.27-2.69) 0.001 1.44 (0.83-2.49) 0.195

Page 17

PRS, polygenic risk score derived from 895 blood pressure loci reported in Evangelou et al.(13); SD, standard deviation; OR, odds ratio; Cl,
confidence interval; Covariates included age at childhood cancer diagnosis, age at last follow-up, sex, body mass index, smoking status (current or
former vs. never), physical activity (vigorous intensity exercise in metabolic equivalents), cohort (CCSS original cohort, CCSS expansion cohort
and SJLIFE), alkylating agents, heavy metals, abdominal radiation, hypothalamic-pituitary axis radiation, total body radiation and nephrectomy

JACC CardioOncol. Author manuscript; available in PMC 2022 March 01.



	Abstract
	Introduction
	Methods
	Study Population
	Genetic data
	Phenotypes
	Polygenic risk score
	Statistical analyses

	Results
	Age-standardized prevalence ratio of hypertension
	Association of the PRS with hypertension
	Attributable fraction of the PRS and cancer therapies for hypertension

	Discussion
	Conclusions
	References
	Figure 1 |
	Central Illustration |
	Table 1 |
	Table 2 |
	Table 3 |

