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Abstract

Background—Survivors of childhood cancer exposed to cardiotoxic therapies are at significant
cardiovascular risk. The utility of cardiac biomarkers to identify risk of future cardiomyopathy and
mortality is unknown.

Methods—N-terminal pro-B-type natriuretic peptide (NT-proBNP) and cardiac troponin-T
(CTNT) were assessed in 1213 adults =10 years from childhood cancer diagnosis, 786 exposed to
anthracycline chemotherapy and/or chest-directed radiation therapy (RT). NT-proBNP above age-
and sex-specific 97.5 percentiles were considered abnormal. Generalized linear models estimated
cross-sectional associations between abnormal NT-proBNP and anthracycline or chest RT dose as
risk ratios (RR) with 95% confidence intervals (CI). A Poisson distribution estimated rates and
Cox-proportional hazards model estimated hazard ratios (HR) for future cardiac events and death.

Results—At a median age of 35.5 years (interquartile range, IQR 29.8-42.5), NT-proBNP and
cTnT were abnormal in 22.5% and 0.4%, respectively. Exposure to chest RT and anthracycline
chemotherapy were each associated with a dose-dependent increased risk for abnormal NT-
proBNP (p-for-trend <0.0001). Among exposed survivors with no history of CTCAE graded
cardiomyopathy and normal systolic function survivors with abnormal NT-proBNP had a higher
rate/1000 person-years of cardiac mortality (2.93 vs. 0.96, p-value <0.0001) and future
cardiomyopathy (32.10 vs. 15.98, p-value <0.0001) and an increased risk of future
cardiomyopathy (HR 2.28, 95% CI 1.28-4.08) on multivariable assessment.

Conclusion—Abnormal NT-proBNP values were prevalent and, among survivors exposed to
cardiotoxic therapy but without history of cardiomyopathy or current systolic dysfunction,
identified those at increased risk for future cardiomyopathy. Further longitudinal studies are
needed to confirm this novel finding.

Precis:
In this longitudinal cohort study that included 1213 adult survivors of childhood cancer, nearly
25% had an abnormal NT-proBNP value for age and sex at baseline. Among survivors exposed to
cardiotoxic therapy who had a normal ejection fraction at baseline, those with abnormal NT-
proBNP had more than twice the risk of future cardiomyopathy, a significant finding.

Keywords
Biomarker; Cancer; Cardiotoxicity; Child; Survivors

INTRODUCTION

Over 85% of children diagnosed with cancer today will become long-term survivors.!
However, by age 30, 8% will have at least one severe, disabling, life-threatening or fatal
cardiovascular condition, a proportion that will increase to 35% by age 50.2 Known risk
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factors for cardiomyopathy among survivors of childhood cancer include anthracycline
exposure and chest radiotherapy involving the heart.3# Traditional cardiovascular risk
factors, including hypertension, dyslipidemia and diabetes further increase risk.> Early
detection provides opportunities for interventions to preserve systolic function and
potentially limit heart failure associated morbidity and mortality, similar to findings
observed in the general population.6.” However, prior studies have been unsuccessful at
identifying early markers of developing cardiac dysfunction in the childhood cancer survivor
population.3:8

Natriuretic peptides including brain natriuretic peptide (BNP) and N-terminal proBNP (NT-
proBNP), are released in response to myocardial wall stretch and remodeling and are widely
utilized for the diagnosis and prognosis of symptomatic heart failure.6:7- Studies in the
general population have identified that higher natriuretic peptide levels at baseline, even
when within the normal range, are associated with increased risk of incident heart failure, a
first major cardiovascular event, and death from any cause.1°

Prior cross-sectional studies focused on the diagnostic yield of surveillance for
cardiomyopathy in asymptomatic childhood cancer survivors suggested that natriuretic
peptides were inadequate as the only method of surveillance due to low sensitivity and
positive predictive value for detection of current cardiomyopathy.3811.12 However,
associations with future major cardiac events and death have not been systematically
assessed in a large cohort of adult, long-term survivors of childhood cancer. Therefore, we
aimed to assess cross-sectional associations between cardiac biomarkers and 1) cardiotoxic
therapy exposure, 2) exercise intolerance and 3) their sensitivity and specificity as a
screening marker of current cardiac dysfunction. We then aimed to assess longitudinal
associations between abnormal NT-proBNP and new cardiac events or death, in the subset of
survivors with cardiotoxic therapy exposure and no known cardiac dysfunction.

Study participants

Participants in the current study were recruited from the SILIFE cohort.13.14 Eligibility
included age =18 years at evaluation, =10 years from original cancer diagnosis, treated for
childhood cancer at St. Jude Children’s Research Hospital (SJCRH) from 1962 through
2007, and had no history of congenital heart disease. Survivors were excluded if they had
chronic kidney disease, defined as estimated glomerular filtration rate <60 ml/min/1.73 m2
or salt-wasting requiring electrolyte replacement, as renal dysfunction complicates the
interpretation of NT-proBNP levels, at least in part due to decreased clearance of this
peptide.1> Pregnant women were excluded.

Eligible survivors were stratified based on exposure to cardiotoxic therapy (any chest-
directed radiation therapy (RT); any chest-directed RT and any anthracycline chemotherapy;
anthracycline chemotherapy only, at dose categories of 1 to 199, 200 to 349 or =350 mg/m?;
or neither anthracycline chemotherapy nor chest directed RT) and randomly assigned to
order of recruitment. This study was approved by the institutional review board prior to
recruitment and written, informed consent was obtained prior to enrollment.
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Cardiac Biomarkers

Blood samples were obtained from fasting participants. Plasma NT-pro-BNP was measured
with an electrochemiluminescence immunoassay (Elecsys 2008; Roche Diagnostics,
Indianapolis, Indiana). The lower limit of detection was 5 pg/mL. Normal NT-pro-BNP
values for age and sex were defined using previously established 97.5" quantile regression
limit cut-points for healthy adults in the Framingham Heart Study Generation 3 cohort
(Table S1).16 Cardiac troponin-T (cTnT) was measured with an electrochemiluminescence
immunoassay (Elecsys 2008; Roche Diagnostics, Indianapolis, Indiana) with detectable
levels at or above 0.01 ng/mL considered abnormal.

Demographic and exposure variables

Medical record abstraction ascertained cancer diagnostic and treatment information. Total
anthracycline dose was calculated in milligrams per square meter as the doxorubicin
equivalent dose.1” Radiotherapy records were centrally reviewed and the maximum target
dose (maxTD) for chest directed RT was determined by summing the total prescribed dose
from all overlapping treatment fields in the chest.18 Demographic, lifestyle and cardiac
medication variables were obtained from SJLIFE questionnaires.

Cardiovascular risk factors, cardiac events (myocardial infarction, cardiomyopathy, stroke
and other vascular events) and other chronic health conditions were identified either during
clinical study evaluation or by participant self-report and validated by medical records.
Events were graded using a modified Common Terminology Criteria for Adverse Events
(CTCAE) v4.03 grading (Table S$2).14 Among patients with cardiomyopathy diagnosed prior
to the study visit, medications used to treat cardiomyopathy or heart failure were captured by
participant self-report (Table S3).

Echocardiography

Baseline assessment included concurrent echocardiography and biomarker blood collection.
Left ventricular volumes to determine ejection fractions were measured by three-
dimensional (3D) echocardiography and diastolic function was assessed with two-
dimensional measures and Doppler using a Vivid 7 machine (GE Medical Systems,
Milwaukee, WI) according to the American Society of Echocardiography (ASE) guidelines
with abnormal LVEF defined as <53%.19 Diastolic dysfunction was defined according to
2016 ASE guidelines by meeting any three of the following criteria: 1) E/e’ >14, 2) septal e’
velocity <7 cm/s or lateral e’ velocity <10 cm/s, 3) tricuspid regurgitation velocity >2.8 m/s,
4) left atrial volume index >34 ml/m2.20 From 2016 ASE guidelines, all participants with
LVEF <53% were considered to have diastolic dysfunction. Global longitudinal peak
systolic strain (GLS) was assessed using 2D echocardiography with speckle tracking and
values >1.5 standard deviations above sex-, age- and vendor-specific means were defined as
abnormal.21

Echocardiograms were centrally evaluated in a blinded manner by a core laboratory at
Baylor College of Medicine. The core echocardiography lab included three cardiologist
reviewers. We estimated interobserver and intraobserver variability for LVEF using a
random selection of 20 echocardiograms, stratified by LVEF <53% versus >53%, which
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were originally read by the lead cardiologist and were then read by each of the three
reviewers at a later date. Pairwise interobserver agreement was calculated for LVEF (normal
vs. abnormal) as 95-100% for each of the three reviewer pairs. Intraobserver agreement for
LVEF (normal vs. abnormal) was 95%.

Exercise testing

Exercise intolerance was defined as a relative peak oxygen uptake (Vgopeak measured in
milliliters per kilogram per minute) <85% of predicted during maximal cardiopulmonary
exercise testing (CPET) on a treadmill using a modified Bruce protocol.13:22-24 A |eg or arm
ergometer ramping protocol was used for participants with amputation or balance
impairments that prohibited treadmill testing. Safety and peak Vo, were monitored using a
continuous 12-lead ECG and breath-by-breath gas analysis (Ultima CardiO2; MGC
Diagnostics, St. Paul, MN). Lifestyle and performance measures known to impact exercise
capacity were assessed and are described in detail in the Supplement.

Mortality and Major Cardiac Events

A National Death Index (NDI) search, supplemented by the SICRH Cancer Registry
continuous annual follow-up through December 31, 2018 was used to determine mortality.
Cause of death was identified using the /nternational Classification of Diseases, 9" and 10"
Revisions from the NDI or review of death certificates, medical records, or next-of-kin
interviews. Major non-fatal cardiac events subsequent to the baseline visit were identified by
self-report during annual follow-up or clinical assessment during a subsequent SJLIFE visit
and verified by clinician review of relevant medical records.

Statistical analyses

Descriptive statistics, with comparisons using #tests or XZ statistics, characterized the study
population. Median values were reported with interquartile ranges (IQR). Generalized linear
models, adjusted for age at diagnosis, age at evaluation, sex and race/ethnicity, were first
used to examine cross-sectional associations of abnormal NT-proBNP levels with treatment
characteristics and then with chronic conditions. Estimates are reported as risk ratios (RR)
with 95% confidence intervals (Cl). Sensitivity, specificity, positive predictive value (PPV)
and negative predictive value (NPV) of abnormal NT-proBNP for identification of cross-
sectional echocardiographic cardiac dysfunction (reduced LVEF, abnormal GLS or diastolic
dysfunction) were calculated for survivors overall and those exposed to cardiotoxic therapy,
excluding survivors previously diagnosed with CTCAE grade 3 or 4 cardiomyopathy.
Generalized linear regression, using a binomial distribution and a logit link, was used to
evaluate cross-sectional associations between abnormal NT-proBNP and exercise intolerance
with estimates reported as odds ratios (OR) with 95% CI. For the longitudinal analysis of
cardiac events and mortality, a Poisson distribution, using a log link with log of person-years
as the offset, was used to estimate rates of death and cardiac events. Cox-proportional hazard
regression estimated the association between abnormal NT-proBNP and cardiac event or
mortality, adjusted for age at diagnosis, age at assessment, sex, race/ethnicity, and body mass
index (BMI) reported as hazard ratios (HR) with 95% CI. SAS, version 9.4 (SAS Institute,
Cary, NC) was used for analysis.
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Among 1,369 potentially eligible survivors, there were 109 with active or passive refusal, 44
excluded due to chronic kidney disease, and three for incomplete biomarker testing leaving a
population of 1,213 evaluated for this analysis (88.6%; Figure S1). Survivors exposed to
anthracycline chemotherapy and/or chest-directed RT (N=786), were older at diagnosis
(median age 10.0 years, IQR 4.2-14.7; Table S4) than those not exposed (7.1 years, 3.1—
12.9) but had a similar duration of follow-up from diagnosis (median 26.3 years, IQR 20.4—
33.1, and 27.1 years, 18.7-35.1, respectively) at baseline evaluation. Exposed survivors were
more likely to have been treated for lymphoma or bone tumors than unexposed survivors.
The proportions of survivors with cardiovascular risk factors including diabetes mellitus,
hypertension, dyslipidemia and obesity were similar (Table S4).

A total of 273 (22.5%, 95% CI 20.2-24.9%) survivors had an NT-proBNP value > age- and
sex-specific 97.51 percentile values in the general population (Table S5; Figure S2 shows
distributions by age and cardiac function). A higher proportion of survivors exposed to
anthracyclines and/or chest RT had abnormal NT-proBNP values compared to unexposed
survivors by sex (male 33.9% vs. 8.3%, p<0.0001; female 27.0% vs. 6.7%, p<0.0001; Figure
1, Table S5) and overall. Only five survivors (0.4%, 95% CI 0.0-0.8%) had an abnormal
cTnT value, all of whom had been exposed to anthracycline chemotherapy or chest-directed
RT.

In a multivariable analysis, adjusted for demographic factors, we identified a dose-dependent
increase in risk for abnormal NT-proBNP with exposure to chest RT (p-for-trend <0.0001)
and anthracycline chemotherapy (p-for-trend <0.0001; Figure 2, Table S6). Survivors
exposed to the highest dose level of anthracycline or chest RT, compared to no anthracycline
or no chest RT, respectively, had at least a three-fold increase in risk for abnormal NT-
proBNP (anthracycline dose >350 mg/m?, RR 2.99, 95% CI 2.27-3.95; chest RT =30 Gy,
RR 3.66, 95% CI 2.89-4.64). Similarly, when a composite variable combining both agents
and dose was generated, we identified that compared to those with no cardiotoxic agent
exposure, survivors exposed to both agents at higher doses (>200 mg/m? anthracycline and
>20 Gy chest RT) had three-times the risk for abnormal NT-proBNP (RR 3.18, 95% CI
2.04-4.94; Table S7).

Among survivors exposed to cardiotoxic therapy exercise intolerance was present in 64.4%
(95% CI 62.6-66.3%) of those with normal NT-proBNP and 82.2% (95% CI 81.3-83.1%) of
those with abnormal NT-proBNP (Table 1). Abnormal NT-proBNP was associated with an
increased likelihood of exercise intolerance (OR 1.72, 95% CI 1.13-2.60), independent of
age, sex, race/ethnicity, lifestyle habits and other organ system dysfunction.

Among the subset of survivors exposed to cardiotoxic therapy and previously undiagnosed
with grade 3-4 cardiomyopathy, abnormal NT-proBNP at the time of the baseline evaluation
had poor sensitivity (<31% for all comparisons) and only moderate specificity for
identifying survivors with new onset of abnormal LVEF <53%, GLS or diastolic
dysfunction, 75%, 77%, and 76% respectively (Table S8).
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Among exposed survivors with no previous history of grade 3—4 cardiomyopathy and
normal LVEF (=53%) at baseline (N=535), 24.7% (95% CI 21.0-28.4%, N=132) had an
abnormal NT-proBNP value. With median follow-up of 5.4 (IQR 4.67-5.95) years, there
were 74 major adverse cardiac events including 52 survivors with cardiomyopathy (Table
S9) and 15 deaths attributable to second malignant neoplasms (n=4), cardiac conditions
(n=4), liver failure (n=2), and other causes (n=>5). The cardiac-related mortality rate was
higher among those with abnormal vs. normal NT-proBNP values (Rate/1000 person-years
2.93 vs. 0.96; p-value <0.0001). Rates of any major adverse cardiac event and the
development of cardiomyopathy were also higher among those with abnormal vs. normal
NT-proBNP values (Any event: 35.76 vs. 24.56, Cardiomyopathy: 32.10 vs. 15.98, p-
values<0.0001; Table 2). Compared to those with normal NT-proBNP, survivors with
abnormal NT-proBNP exposed to cardiotoxic therapy with no history of cardiomyopathy
and normal LVEF at baseline had an increased risk of any major adverse cardiac event (HR
1.75, 95% CI 1.04-2.94), driven by a two-fold increase in risk of future development of
cardiomyopathy (HR 2.28, 95% CI 1.28-4.08) independent of age, sex, race/ethnicity, and
baseline cardiovascular risk factors (BMI, hypertension, dyslipidemia, diabetes). Further,
they had an increase in risk of cardiac mortality (HR 3.31, 95% CI 0.32-34.59); however,
this finding did not reach statistical significance.

Discussion

We have demonstrated that an abnormal NT-proBNP identifies survivors at increased risk of
future cardiomyopathy among a population exposed to cardiotoxic therapy but previously
undiagnosed with cardiomyopathy and without echocardiographic evidence for systolic
dysfunction at the time of biomarker evaluation. These novel findings should inform clinical
care as an abnormal NT-proBNP, even in the setting of a normal LVEF, may identify
individuals who should be considered for more frequent follow-up or prevention strategies.

To our knowledge, this is the first study to demonstrate that abnormalities in natriuretic
peptide levels in survivors of childhood cancer exposed to cardiotoxic therapy are associated
with current exercise intolerance and an increased risk of future cardiomyopathy. Among the
general and elderly adult population, there is significant evidence for worse outcomes among
individuals with elevated natriuretic peptide levels. A study of healthy adults in the
Framingham Offspring cohort demonstrated that, after adjustment for age, sex, BMI,
smoking status and traditional cardiovascular risk factors, a natriuretic peptide level above
the 80t percentile for sex was associated with an increase in risk of death from all causes
and first major cardiovascular event, with a 3- to 5-fold increase in risk of heart failure.10
Subsequent studies have confirmed that natriuretic peptide levels are an independent
predictor of mortality in adults both with and without heart failure,2> and in specific
populations including patients with hypertrophic cardiomyopathy,2® stable coronary artery
disease,2’ or aortic stenosis.28 Therefore, our findings are supported by those in other adult
populations.

Among adult survivors of childhood cancer exposed to cardiotoxic therapy nearly one-third
had an NT-proBNP level above the 97.51 percentile for age and sex, while abnormal levels
were identified in only 7.5% of survivors not exposed. Furthermore, we identified a clear
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dose-dependent relationship between prior cardiotoxic therapy exposure and current NT-
proBNP level, providing strong evidence that NT-proBNP is a marker of treatment-related
toxicity. Despite this relationship, NT-proBNP had poor performance as a screening marker
to identify survivors with current echocardiographic evidence of systolic or diastolic
function. This confirms prior studies in childhood cancer survivors that determined NT-
proBNP was unreliable as the only screening method for cardiac dysfunction.3.8:11.12

Only five survivors (0.4%) had abnormal cTNT levels. Although all five instances occurred
in survivors with prior exposure to cardiotoxic therapy, only two had an LVEF <53% (both
with abnormal NT-proBNP). This is expected, as elevated cardiac troponin levels are

reflective of myocardial injury, and prior studies have demonstrated an association between

elevated levels and short-term,29:30 but not late onset, anthracycline-related cardiotoxicity.
8,12,31,32

Although our follow-up time for mortality and major cardiac events was relatively short,
even at a median of five years we identified a significant increase in risk of cardiomyopathy
among the over 500 survivors with exposure to cardiotoxic therapy who had no history of
cardiomyopathy or echocardiographic systolic dysfunction at baseline. This suggests that
there is a strong effect, however, longer follow-up time with longitudinal assessment of
natriuretic peptide levels in conjunction with cardiac imaging will be necessary to more
clearly define the utility and limits of natriuretic peptide levels for screening of survivors
exposed to cardiotoxic therapy. Due to the low number of deaths, the elevated risk for
cardiac mortality among survivors with abnormal NT-proBNP did not achieve statistical
significance and we were unable to evaluate how cardiovascular risk factors (hypertension,
diabetes, dyslipidemia) or baseline diet and exercise may modify observed associations. A
limitation of our data is that it did not include assessment of clinical symptoms of heart
failure. This information would have been useful to assess any possible association between
NT-proBNP level and clinical heart failure in a non-acute setting among survivors as
natriuretic peptide cut-points have been used to differentiate heart failure from other causes
of dyspnea in the general adult population.®33 Finally, although echocardiogram is the
recommended screening tool for cardiomyopathy among survivors of childhood cancer,3:34
echocardiographic methods have high false-negative rates and, at best, moderate sensitivity
to detect survivors with a reduced ejection fraction compared to cardiac magnetic resonance
imaging (MRI).3° It is possible that a study investigating association between natriuretic
peptide elevation and cardiac dysfunction using cardiac MRI may identify improved
sensitivity and specificity for biomarker screening in this population.

In conclusion, abnormal NT-proBNP was highly prevalent among survivors previously
exposed to cardiotoxic therapy and was associated with an increased risk for future
cardiomyopathy among exposed survivors with no history of cardiomyopathy and normal
LVEF at the time of baseline assessment. Further, abnormal NT-proBNP was associated with
anthracycline chemotherapy and chest RT in a dose-dependent manner as well as exercise
intolerance. Given that among exposed survivors with normal systolic function, those with
abnormal NT-proBNP had increased rates of cardiac death and future major cardiac events,
including cardiomyopathy, we believe these findings may inform current guidelines for long-
term follow-up of survivors such that identification of abnormal NT-proBNP in the setting of
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normal LVEF may warrant more frequent follow-up. However, additional longitudinal
studies including serial natriuretic peptide levels, cardiac imaging and long-term event data
among survivors are needed to fully understand the utility of natriuretic peptides as a
screening tool and prognostic marker for future cardiovascular events in this high-risk
population of adult survivors of childhood cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Distribution of NT-proBNP level by anthracycline and chest radiation therapy

exposu

re status and sex.

The median value is represented by the horizontal line within each box, the box is the
interquartile range and the whiskers extend to 1.5 times the interquartile range. Circles

represent outliers and the diamond represents the mean value
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Figure 2. Multivariable association between treatment exposures and abnormal NT-proBNP as
risk ratio (95% confidenceinterval).

Analysis modeled the risk ratio of abnormal NT-proBNP adjusting for age at diagnosis,
attained age, race, sex and treatment exposures in figure. Risk ratios for each treatment are
compared to no exposure to that treatment, represented by the line of no difference at a risk
ratio of 1.0.
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Association of NT-proBNP with exercise intolerance adjusting for demographic, lifestyle factors and organ-
based impairment among exposed survivors of childhood cancer

N % Exerciselntolerance (95% CI) | OR 95% CI p-value
NT-proBNP
Normal 545 64.4 (62.6-66.3) 1.00
Abnormal 241 82.2 (81.3-83.1) 1.72 | 1.13-2.60 0.01
Race/Ethnicity
White 669 67.1 (66.3-68.0) 1.00
Non-white 117 85.5 (84.4-86.6) 2.34 | 1.49-3.65 | <0.001
Sex
Female 367 65.4 (64.2-66.6) 1.00
Male 419 73.7 (72.8-74.6) 1.65 | 1.21-2.25 0.002

OR, odds ratio; Cl, confidence interval

Analysis was limited to survivors exposed to chest-directed radiation or anthracycline chemotherapy. Odds were adjusted for age at assessment,
race, sex, smoking (pack-years), diet quality, physical activity, and performance measures known to impact exercise capacity. (See Supplement for

detailed description of all covariates)
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