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Abstract

Introduction: Cardiotoxicities induced by cancer therapy can negatively affect quality of life and

survival. We investigated whether high-sensitivity cardiac troponin T (hs-cTnT) levels could serve

as biomarker for early detection of cardiac adverse events (CAEs) after chemoradiation therapy
(CRT) for non-small cell lung cancer (NSCLC).

Methods: This study included 225 patients who received concurrent platinum and taxane—
doublet chemotherapy with thoracic radiotherapy to a total dose of 60-74 Gy for NSCLC. All
patients were evaluated for CAEs; 190 patients also had serial hs-cTnT measurements.

Results: Grade =3 CAEs occurred in 24 patients (11%) at a median interval of 9 months after
CRT. Pretreatment hs-cTnT levels were higher in men, in patients =64 years, and in patients
with pre-existing heart disease or poor performance status (£<0.05). hs-cTnT levels increased
at 4 weeks during CRT (P<0.05) and decreased after completion of CRT but did not return to
pretreatment levels (P=0.002). The change (delta) in hs-cTnT levels during CRT correlated with
mean heart dose (P=0.0004), the heart volumes receiving 5-55 Gy (/<0.05), and tumor location
(P=0.006). Risks of severe CAEs and mortality were significantly increased if the pretreatment
hs-cTnT was >10 ng/L or the delta during CRT was =5 ng/L.

Conclusions: Elevation of hs-cTnT during CRT was radiation heart dose—dependent, and high
hs-cTnT levels during the course of CRT were associated with CAEs and mortality. Routine

monitoring of hs-cTnT could identify patients who are at high risk of CRT-induced CAEs early to

guide modifications of cancer therapy and possible interventions to mitigate cardiotoxicity.
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Introduction

Cardiac toxicity has long been observed as an adverse effect of anti-cancer therapies.

Thoracic irradiation significantly increases the risk of cardiovascular disease among cancer
survivors; long-term survivors of Hodgkin lymphoma and childhood cancers have 2- to
>7-fold increases in risk of cardiac death after receipt of 30-40 Gy.12 Patients undergoing
radiation therapy for breast cancer showed a 27% excess of heart disease over those who
did not receive radiation.3# Cardiac toxicity is also well known as an adverse reaction

to radiotherapy for NSCLC,® with a reported incidence of symptomatic cardiac events as
high as 28.6% that can manifest as early as 3 months after chemoradiation. A recent
study of 748 patients with NSCLC showed that 2-year cumulative incidences were 5.8%
for major CAEs and 23.3% for grade =3 CAEs, suggesting that CAES were common in
NSCLC and occurred earlier than had previously been understood. This stands in contrast
to patients given radiation therapy for breast cancer or lymphoma, in whom most cardiac
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toxicity occurs years after treatment.8 The risk of cardiac death has been linked with mean
cardiac dose and is estimated to increase by 3% per Gy administered.* Cardiac events and
overall survival (OS) are associated with the doses to the heart subvolumes®19 and doses

to specific anatomic cardiac substructures.11:8 Radiation can damage any substructure of
the heart and can manifest as pericarditis, pericardial fibrosis, myocardial fibrosis, coronary
artery disease, microvascular damage, and valvular stenosis,}2-14 which can all eventually
lead to myocardial damage.2

Lung cancer remains the leading cause of cancer death worldwide!® even though
breakthrough advances have been made in the treatment of inoperable, stage 11-111B locally
advanced, non-small cell lung cancer (NSCLC) by using immune checkpoint inhibitors; the
median survival time was extended to 41 months with the addition of adjuvant durvalumab
(an antibody against programmed death-ligand 1 [PDL1]).16:17 As survival times become
longer, manifestations of cardiac adverse events have become issues that warrant clinical
and translational intervention for prevention and mitigation. To do so, risk stratification
and early detection of patients at high risk of developing cardiotoxicity before the clinical
manifestation of heart damage, optimally before or during treatment (to afford opportunity
for therapy modification), is a first step. High-sensitivity cardiac troponin assays have

been recommended for routine clinical use for the diagnosis of myocardial infarction.18-21
Cardiac troponins | and T are the preferred biomarkers for evaluating myocardial injury
because they are expressed almost exclusively by the heart. Their sensitivity and specificity
are higher than those of other biomarkers, e.g., creatine kinase MB isoform.21-26

In this report of a prespecified secondary subgroup analysis, we evaluated whether high-
sensitivity troponin T (hsTnT) would provide prognostic value in risk stratification for
toxicity and OS, and if this biomarker assessed during the course of treatment can facilitate
early detection of cardiac events occurs after CRT. The aims of the current study were to (1)
evaluate the incidence of symptomatic CAEs; (2) investigate the dynamics of hs-cTnT levels
in serum before, during, and after CRT and potentially associated factors; and (3) assess
potential associations between hs-cTnT levels and CAEs and OS.

Patients and follow-up

This report represents a secondary analysis of a completed prospective randomized trial
comparing intensity-modulated (photon) radiation therapy (IMRT) with passive scattering
proton therapy (PSPT) for NSCLC (NCT009105005), a trial approved by our institutional
review board. Details of the trial design, inclusion criteria, treatment, and radiation
dosimetric planning are reported elsewhere.2? Of the total 272 patients who signed informed
consent to enroll in the prospective randomized trial, 225 patients received a radiation

dose of at least 60 Gy and were included for evaluation of CAEs in this analysis. Among
these 225 patients, 190 patients also signed informed consent to donate blood samples for
correlative studies (Suppl. Fig. S1).

Smoking history and cardiac history were obtained as part of a comprehensive systems
review at registration. Pre-existing cardiac disease was documented prospectively at
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enrollment and included angina, congestive heart failure, coronary bypass surgery,
hypertension, myocardial infarction, stroke, or transient ischemia attack. The first follow-up
visit was at 1-3 months after CRT, followed by visits every 2—4 months for the first 2 years,
every 6 months for the next year, and then annually thereafter.

CAEs were graded according to the Common Terminology Criteria for Adverse Events
(CTCAE) version 5, and included arrhythmia, acute coronary syndrome, pericarditis,
cardiomyopathy, ventricular dysfunction, cardiac arrest, and congestive heart failure. Stable
pre-existing cardiac comorbidities or CAEs attributable to other medications were not
counted as cancer therapy—induced events. If several CAEs occurred in one patient, the
highest-grade event was used in the analysis. All CAEs were reviewed by three independent
physicians, one of whom is a cardiologist.

Treatments

Details of radiation treatment, including planning and radiation dose metrics by treatment
modality, and chemotherapy were described in the primary report of the trial.2” The current
secondary analysis included both randomized and non-randomized patients. Patients were
treated with radiation to a dose of 60-74 Gy or Gy(RBE) [the unit of absorbed dose for
protons] in daily 2-Gy(RBE) fractions to the planning target volume. All patients received
platinum and taxane— based doublet chemotherapy delivered concurrently with either IMRT
or PSPT to the thorax. Cardiac dose constraints were (volume [%] receiving more than a
threshold dose of radiation, Vygse) V30 Gy <50%, V45Gy <40%, and V60 Gy <20%.

Cardiac contouring and dose-volume histogram variables

The heart and its substructures were contoured retrospectively on treatment-planning CT
images according to the RTOG atlas?® and reviewed by board-certified radiation oncologists.
Cardiac dosimetric variables for the whole heart, pericardium, and the 4 chambers (left and
right atria and left and right ventricles) were extracted from the treatment planning system
for each patient; these variables included mean dose, maximum dose, and V5 Gy to V70 Gy
in increments of 5 Gy.

Blood samples

Blood samples for hs-cTnT analysis were collected within 2 months before CRT, 2-3 times
during CRT, and at the first follow-up visit (i.e., at 4-12 weeks after CRT). Among the

190 patients who consented to provide blood samples, 158 provided samples at baseline
(before treatment), 181 patients provided samples during CRT, and 143 patients provided
samples after CRT (Suppl. Fig. S1). Serum was separated within 2 hours after collection
and stored at —80°C for testing and long-term storage. The hs-cTnT concentrations in serum
were measured in duplicate with an Elecsys® TnT Gen 5 STAT assay (Roche Diagnostics,
Indianapolis, IN, USA) on a Cobas e411 analyzer.

Statistical analysis

Severe CAEs (grade =3) and OS were two clinical endpoints of this analysis. The Kaplan-
Meier method?® was used to estimate the time to CAEs and OS, with subgroup estimates
compared with log-rank tests. Linear mixed-effect regression was used to model the
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longitudinal measurements of hs-cTnT in individual patients and to compare differences in
hs-cTnT between CAE groups, accounting for associations between repeated measurements
in the same subjects. Random intercepts were included in the mixed-effect model, and
timepoints were represented by indicator variables corresponding to hs-cTnT at baseline,
weekly during CRT, and at follow-up; this approach made it possible to detect trends in
average hs-cTnT that were nonlinear in time. The Kruskal-Wallis test was used to compare
hs-cTnT baseline and delta during treatment (i.e., peak minus baseline) with clinical
characteristics. Spearman correlation analysis was used to analyze correlations between
heart dose variables and hs-cTnT delta. Univariate and multivariate Cox proportional hazard
models3Y were used to analyze potential associations of hs-cTnT with CAEs and OS.
Clinical covariates underwent stepwise forward selection (£<0.1 for entry). The optimal
cutpoints for hs-cTnT baseline, peak during CRT, delta, and after-treatment levels for

risk of grade =22 CAEs were tested in the inner 90% distribution and selected by the

method proposed by Contal and O’Quigley,3! which is based on the univariate log-rank test
statistic. Statistical analyses were done with SAS 9.4 (SAS Institute, Cary, NC). Statistical
significance for all analyses was set at a two-sided a of 0.05.

Patient baseline characteristics

Baseline characteristics of the patients included in this study are listed in Table 1. The
median age of the 119 men (53%) and 106 women (47%)was 66 years (interquartile

range [IQR] 58-71). Most patients (91%) were white, had previously or currently smoked
(92%), had stage 111 disease (83%), had good performance status (Karnofsky Performance
Status [KPS] score of >80; 88%), and did not have pre-existing heart disease (81%).
Forty-three patients had pre-existing heart conditions, including angina (n=5), congestive
heart failure (n=3), coronary angioplasty (n=19), coronary bypass surgery (n=9), myocardial
infarction (n=15), and transient ischemic attack (n=9). Radiation doses (range 60-74 Gy)
were delivered with IMRT to 137 patients (61%) or with PSPT to 88 patients (39%). The
median mean heart dose was 12.0 Gy (IQR 6.7-19.5 Gy). The median follow-up time was
26.2 months (IQR 12.1-53.1 months) after radiation therapy.

Cardiac events

Among all 225 patients evaluated for CAEs, such CAEs occurred in 57 patients (25%): 24
(10.7%) experienced grade 1 CAEs, 9 (4%) experienced grade 2 CAEs, and 24 (10.7%)
experienced grade >3 CAEs. Among the 24 patients with grade =3 CAEs, 10 (4.4%) were
grade 3, 5 (2.2%) were grade 4, and 9 (4.0%) were grade 5 (Table 2). The most common
grade =3 CAEs were atrial fibrillation/flutter (n=9), followed by cardiac arrest (n=5),
ischemia/myocardial infarction (n=4), and others. One event of grade 3 cardiomyopathy
reported at 10 months after radiation therapy was attributed to the use of a MEK/AKT
inhibitor. The cumulative incidences of CAEs and mortality are shown in Figure 1. The
median time to grade >3 CAEs was 9 (IQR 3.2-18.8) months after CRT. By 24 months after
the start of CRT, 80% of the grade =3 CAEs had occurred, with an incidence rate of 8%.
No difference in incidence of CAEs was found between IMRT- and PSP T-treated patients
(p=0.20, Suppl. Figure S2).
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Elevation of cardiac troponin T

Association

Mean (xSEM) serum hs-cTnT level was 8.2+0.96 ng/L at baseline, 9.4+0.43 ng/L during
CRT, and 10.4+0.74 ng/L at first follow-up. hs-cTnT baseline and delta values (from
baseline to during treatment) are listed by patient characteristics in Table 1. hs-cTnT
baseline levels were higher in men (£<0.0001), in patients =64 years (£<0.0001), and in
patients with pre-existing heart disease (£=0.0008) or poor KPS (P=0.025). The hs-cTnT
delta during CRT was related to tumor location (right vs. left): on average, hs-cTnT level
increased by 2 ng/L during CRT for patients with right-sided tumors and increased by

6 ng/L for patients with mediastinal or left-sided tumors (P=0.006). Changes in serum
hs-cTnT levels over time from before CRT to the first follow-up after CRT were analyzed by
linear mixed-effects regression [Suppl. Figure S3A]. Mean hs-cTnT levels were significantly
increased from baseline starting at week 4 of CRT to the end of CRT (/<0.05) but did

not return to pretreatment levels at the first follow-up visit (P=0.002). At the end of CRT
and at the first follow-up, hs-cTnT levels were higher in patients who developed grade =3
CAEs relative to patients with grade <3 CAEs with Pvalues of 0.019 (Suppl. Figure S3B).
The hs-cTnT delta during CRT was correlated with mean heart dose (P=0.0004) and with
heart volumes receiving 5-55 Gy (V5-V55, £<0.05), as shown by Spearman correlation
(Suppl. Table S1). Similar correlations were found between hs-cTnT delta and dose-volume
variables for the pericardium, left atrium, left ventricle, and right ventricle. However, for the
volumes that received high doses (V60-V70), only the left atrium or left ventricle correlated
with hs-cTnT delta (Suppl. Table S1).

between hs-cTnT and cardiac events and survival

Univariate Cox regression analysis (Suppl. Table S2) showed that hs-cTnT levels (as a
continuous variable) before CRT, and peak level during CRT, were significantly associated
with grade =3 CAEs and OS. Optimal cutpoints for hs-cTnT baseline, peak, delta, and after
CRT were then identified for grade >3 CAEs. The cutpoints were 10 ng/L for baseline
hs-cTnT, 16 ng/L for peak hs-cTnT, 12 ng/L for hs-cTnT after CRT, and 5 ng/L for hs-cTnT
delta.

Multivariate Cox regression analysis was then used to assess associations between hs-cTnT
levels at all timepoints (categorized by the optimal cutpoints) and CAEs and OS, with
adjustment for clinical covariates. The clinical covariates considered in multivariate models
and subjected to stepwise selection included age, sex, race, disease stage, tumor histology,
gross tumor volume, tumor location, KPS, smoking status, pre-existing heart disease, receipt
of induction or adjuvant chemotherapy, radiation modality, total delivered radiation dose,
mean heart dose, and mean lung dose. As shown in Table 3, hs-cTnT baseline and delta
were independent risk factors for grade =3 CAEs and mortality. According to this analysis,
the risk of grade =3 CAEs was increased, with a hazard ratio (HR) of 4.06 (P=0.021), if
hs-cTnT baseline was >10 ng/L; risk of grade =3 CAEs was also increased, with a HR of
3.57 (P=0.009), if the hs-cTnT delta was =5 ng/L during CRT. Moreover, elevated hs-cTnT
before and during treatment also predicted poor OS, with respective HRs of 1.95 (P=0.002)
and 1.99 (P=0.013) (Table 3).

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2022 November 15.
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The cumulative incidence of grade =3 CAEs and Kaplan-Meier estimates of OS stratified by
cutoffs of hs-cTnT baseline and delta are plotted in Figure 2. Risks of CAEs and mortality
were further stratified by combining the two high-risk factors: hs-cTnT baseline >10 ng/L
and delta =5 ng/L during CRT (Fig. 3). Patients with neither of these high-risk factors (i.e.,
0 risk factors) had the lowest risk of grade =3 CAEs (13%) or death (median OS time 39
months) compared with patients with 1 or 2 risk factors. Among patients with both high-risk
factors, 45% developed grade =3 CAEs and had a median OS time of 14 months. Patients
with 1 risk factor fell between these two groups, with 13% grade =2 CAEs and median OS
time of 21 months, even though the risk of death was not significantly different for patients
with 1 vs. 2 risk factors (P=0.129).

Discussion

Our investigation of cardiotoxicity and cardiac troponin levels in NSCLC patients revealed
several significant findings. First, the incidence of CAEs was quite high, and most

occurred within 24 months after the start of CRT, suggesting that cardiotoxicity is an

early complication aafter treatment for NSCLC (73% of the cumulative incidence of grade
>3 events occurred at a median 9 months after the start of CRT). Second, we found that
serum hs-cTnT levels at any time [before CRT (10 ng/L), during CRT (peak 16 ng/L or
increase of 5 ng/L), or after CRT (12 ng/L)] were associated with CAE and OS and therefore
might be helpful to stratify patients for risk of CAEs. hs-cTnT levels at baseline and the
extent of elevation during CRT were two independent risk factors for CAEs and mortality;
specifically, patients who had high baseline and large increases in hs-cTnT during CRT were
at the highest risk for CAEs. Third, we found links between radiation dose-volume metrics
and change in hs-cTnT levels during CRT, with mean heart dose showing the strongest
correlation. We did not find any difference in incidences of CAEs between IMRT vs. PSPT,
a finding that may be explained by larger volumes in the high dose region (V40-V70 Gy)
even though the mean heart dose was lower with PSPT (£ >0.05, not shown).

The incidence of CAEs reported here is similar to that of a multicenter prospective study
reported by Dess et al,32 which showed a 24-month cumulative incidence of grade >3
cardiac events of 11%, with the events occurring at a median 11 months after treatment.
However, a pooled analysis reported by Wang et al®-33 demonstrated an even higher
cumulative incidence of symptomatic (grade =2) cardiac events of 23% at a median time

of 26 months. Differences in radiation dose, treatment modalities, and length of follow-up
may underlie these differences in rates of cardiotoxicity events. Specifically, the radiation
dose ranges in our study (60—74 Gy in 2-Gy fractions) were well within the dose range used
in the multicenter trial (47-96 Gy) and generally below that in the pooled analysis (70—90
Gy); the treatment modalities were either IMRT or PSPT in the current study, but were 3D
conformal radiation therapy (3DRT) or IMRT in the multicenter trial, and 3DRT only in the
pooled analysis. The median follow-up times were 26 months in our study, 23 months in the
multicenter study, and 8.8 years in the pooled analysis. Recently, Atkins et al” reported a
cumulative incidence of grade =3 cardiac events at 2 years of 23%, slightly higher than that
in our study. The difference might be due to fact that most patients in the Atkins et al. study
were treated with 3DRT (78%), and cardiac dose constraints were not adopted before 2008
(36%).

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2022 November 15.
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Several cardiac biomarkers have been tested in clinical settings. Biomarkers of cardiac
injury, including hs-cTnT, brain natriuretic peptide (BNP), and C-reactive protein (CRP),
also predict a higher likelihood of myocardial ischemia. Several studies have shown

that hs-cTnT assays enable the early detection and prediction of chemo- or radiotherapy-
induced cardiac toxicity.34-37 Among cancer patients receiving radiotherapy, a meta-analysis
suggested that BNP could be useful as a biomarker of cardiac damage.38:39 Another marker
of cardiac damage from inflammation and ischemia is CRP, which has been shown to
effectively monitor trastuzumab-induced cardiac toxicity in early-stage breast cancer4?

and is associated with severity of thoracic radiotherapy-induced cardiomyopathy.*! Two
other putative biomarkers, placental growth factor (PIGF) and growth differentiation factor
(GDF)-15 were not tested in the current study because serum sample size was limited.

Many groups have explored and been unable to define the predictive value of using cardiac
biomarkers (e.g., cardiac troponin, CRP, NT-proBNP) for early detection of cancer therapy-
induced cardiac toxicity.1942-45 These studies usually involved small numbers of patients
with quite heterogenous thoracic diseasel®4243 as well as lower prescribed radiation doses;
for example, in the Kuo study, only 13 of 30 patients had NSCLC, and the radiation dose
was only 50.4 Gy. Other studies involved patients with breast cancer, for whom cardiac
structures can be avoided in radiation treatment planning. Reported cardiac exposures
associated with treatment of breast cancer are usually quite low, and the total dose is

lower than that typically used for definitive concurrent chemoradiation for NSCLC.43-45
Interestingly, both De Sanctis*3 and Palumbo?® reported finding no elevation in longitudinal
measurements of NT-proBNP levels or any association with cardiac toxicity in prospective
studies of patients with early breast cancer; Palumbo reported finding a strong correlation
between the normalized NT-proBNP and cardiac dosimetry. In another study, cardiac
radiation dosimetric parameters correlated strongly with DGF-15 and PIGF levels during
treatment for patients with lung cancer.46

hs-cTnT has been well established as a quantitative marker of myocardial injury.18:19.47-49
Cardiac troponin elevation may indicate the use of enalapril for cardioprotection in
anthracycline-induced cardiotoxicity according to one study®9 and has shown high
diagnostic accuracy for major CAEs after immune checkpoint-inhibitor therapy at
discharge.5! Currently, the American Society of Clinical Oncology recommends screening
for cardiotoxicity by 2D echocardiography if the prescribed radiation dose is =30 Gy when
the heart is in the treatment field.52 Our study suggests that hs-cTnT may be used as a
biomarker in addition to imaging for predicting CAEs associated with radiotherapy.

Our finding of a heart radiation dose—dependent increase in this biomarker is consistent
with a report by Darby et al,8 who found that rates of major coronary events increased
linearly with the mean dose to the heart by 7.4% per Gy (95% confidence interval, 2.9 to
14.5; P<0.001), with no apparent threshold. In that study, only major coronary events (i.e.,
myocardial infarction, coronary revascularization, or death from ischemic heart disease)
were included. With our current results, we are working to develop a predictive model to
clarify the relationship of heart radiation dose and hs-cTnT as well as various cardiac events.
A prospective study monitoring the continuum of hs-cTnT levels through the course of
treatment and follow-up, coupled with functional assessment of the heart, will be crucial

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2022 November 15.
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to verify the predictive power of hs-cTnT for radiation-induced cardiac injury and to

screen patients for high risk of CAEs. This would be a first step toward development of
individualized strategies to modify cancer therapy by reducing the radiation dose to the heart
and developing medical intervention for mitigation and prevention of CAEs.

The strengths of our study are that the clinical outcome and biomarker data were
prospectively collected, and it is the first to report radiation dose—dependent dynamics of
serum hs-cTnT during radiation in patients with lung cancer; this is also the first study to
evaluate the predictive role of hs-cTnT for radiation-induced CAEs and mortality in patients
with lung cancer. Among the limitations of our study are that measuring hs-cTnT only 2
or 3 times during CRT may not reveal the true peak in hs-cTnT. Also, we did not obtain
blood samples at the time at which CAEs occurred. Third, patients had cardiac imaging
or functional examination only when medically indicated, and the lack of prospective
systematic cardiac testing (e.g., electrocardiography) for all study subjects may have led
to under-detection of subclinical, asymptomatic events. Therefore, our findings should be
considered hypothesis-generating and must be validated in a larger prospective study with
weekly hs-cTnT measurements.

In conclusion, we found that most clinically significant CAEs among patients given
definitive CRT for locally advanced NSCLC developed within 24 months after treatment;
that the extent of change in hs-cTnT levels during CRT depended on heart dose; and that hs-
cTnT was a sensitive quantitative biomarker associated with radiation-induced symptomatic
CAEs and OS. Because hs-cTnT is a well-established cardiac-specific biomarker in clinical
practice, its use could be expanded to radiation oncology as a routine test to monitor cardiac
toxicity, especially for patients receiving thoracic radiation when heart exposure cannot be
avoided. A prospective trial is currently being developed to confirm our findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 2.
Risks of grade =3 cardiac adverse events (A and B) and overall survival (C and D) stratified

by serum high-sensitivity cardiac troponin T (hs-cTnT) levels: baseline hs-cTnT levels <10
ng/L vs. 210 ng/L and hs-cTnT delta (peak minus baseline) during chemoradiation therapy
<5 ng/L vs. =5 ng/L.
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Fig. 3.

Risk stratification of grade =2 cardiac adverse events (CAESs) (A) and survival (B) by
number of risk factors. High-risk factors were baseline hs-cTnT levels =10 ng/L and hs-
cTnT delta during chemoradiation therapy =5 ng/L.
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Table 1.

Patient and Treatment Characteristics and hs-cTnT Comparisons

hs-cTnT baseline (n=158) hs-cTnT delta (n=149)

Characteristics No. of Pts (n=225, %)
mean (SD) P mean (SD) P
Age <0.0001 0.683
<64 years 90 (40) 5.1(3.7) 3.0 (4.7)
>64 years 135 (60) 10.2 (11.7) 4.1(11.3)
Sex <0.0001 0.455
Female 106 (47) 6.3 (9.1) 3.1(6.5)
Male 119 (53) 9.9 (10.0) 4.3(116)
Race 0.848 0.282
White 204 (91) 8.0 (9.5) 3.8(9.4)
Other 21 (9) 10.1 (12.6) 2.5(9.1)
Disease Stage 0.902 0.902
1l 18 (8) 10.7 (11.4) 3.7(6.1)
A 91 (40) 7.6 (8.9) 2.2(3.9)
B 92 (41) 8.5 (10.1) 4.6(12.8)
v 10 (5) 11.3 (16.8) 7.3(14.6)
Recurrent 14 (6) 5.8 (3.5) 3.9(7.3)
Tumor Histology 0.065 0.428
Adeno 118 (52) 7.4 (8.3) 45 (11.6)
Squamous 76 (34) 7.9(9.0) 3237
Other 31 (14) 12.5 (15.2) 1.3(8.1)
Gross Tumor Volume 0.191 0.651
<126.5 cm® 147 (65) 7.4(7.6) 4.2 (10.6)
>126.5 cm? 77 (34) 10.0 (13.1) 2.5 (6.1)
Tumor Location 0.999 0.006
Left/ Mediastinal 90 (40) 7.0 (6.2) 5.9 (12.1)
Right 130 (58) 9.1(11.7) 2.1(6.6)
Other 5(2) 5.6 (1.5) 2.3(2.7)
KPS 0.025 0.762
<80 26 (12) 17.1(20.2) 1.8 (9.4)
>80 199 (88) 7.2(7.3) 3.9(9.3)
Smoking Status 0.334 0.889
Never 18 (8) 7.0 (5.9) 4.0 (6.5)
Previous 159 (71) 8.7 (9.6) 3.3(6.1)
Current 48 (21) 7.3 (11.5) 4.6 (16.3)
Pre-existing heart disease 0.0008 0.554
No 182 (81) 7.6 (9.7) 3.8 (10.0)
Yes 43 (19) 11.1 (9.8) 2.8(5.7)
Modality 0.622 0.088
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hs-cTnT baseline (n=158)  hs-cTnT delta (n=149)

Characteristics No. of Pts (n=225, %)
mean (SD) P mean (SD) P
PSPT 7 88 (39) 9.3(11.6) 3.5(13.0)
IMRT 137 (61) 7.5(8.3) 3.8(5.8)

Abbreviations: Pts, patients; hs-cTnT, high-sensitivity cardiac troponin T; KPS, Karnofsky performance status score; PSPT, passively-scattered
proton therapy; IMRT, intensity-modulated (photon) radiation therapy.

*
One patient had no information on gross tumor volume.

fOne patient was grouped in PSPT but was treated with 34 Gy PSPT first and 38 Gy IMRT later

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2022 November 15.
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Table 2.
*
Type and Severity of Cardiac Adverse Events

Cardiac adverse event Gradel Grade2 Grade3 Graded4 Grade5 Grade3-5
Atrial fibrillation/flutter 1 3 7 2 9
Myocardial infarction 4 2 1 1 4
Cardiomyopathy 1 1 1
Cardiac arrest 1 4 5
Congestive heart failure 2 1 3
Pericarditis 1 1 1
Tachycardia or bradycardia 23 0
Left ventricular systolic dysfunction 1 1
Subtotal, no. (%) 24 (10.7) 9(4) 10 (4.4) 5(2.2) 9(4) 24 (10.7)

*
A total of 57 events occurred among 225 patients.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2022 November 15.

Page 18



1duosnuey Joyiny

1duosnuen Joyiny

Xu et al. Page 19

Table 3.

Multivariate Cox Proportional Hazard Regression Analysis for Association of High-Sensitivity Cardiac
Troponin T and Grade =3 Cardiac Adverse Events and Overall Survival

Variables CardiacG,g\gl\j/Zrng Events Overall Survival

HR 95% ClI P HR 95% ClI P
hs-cTnT
Baseline >10 ng/L  4.06 1.52-10.88 0.005 1.95 1.28-2.96 0.002
delta >5 ng/L 357 1.37-9.29 0.009 1.99 1.16-342 0.013
Tumor location
Left/Mediastinum Ref
Right 172 1.06-2.78 0.028
Other 1.63 0.47-5.63 0.442
Stage
H-11TA Ref
1B 0.22 0.06-0.78 0.019
1V, recurrent 0.45 0.06-3.55 0.446
Total dose, Gy 095 0.91-1.00 0.033
Radiation technique
Photon vs Proton 0.48 0.31-0.76 0.002

Abbreviations: HR, hazard ratio; Cl, confidence interval; hs-cTnT, high-sensitivity cardiac troponin T.

Note: Clinical covariates evaluated in multivariate models include age, sex, race, disease stage, tumor histology, gross tumor volume, tumor
location, Karnofsky performance status score, smoking status, pre-existing heart disease, induction and adjuvant chemotherapy, treatment modality,
total delivered dose, mean heart dose, and mean lung dose, with an inclusion criteria threshold of 0.1.
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