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Background: Chest radiation therapy (RT) has been associated with increased cardiac
morbidity and mortality in numerous studies including the landmark Darby study published
in 2013 demonstrating a linear increase in cardiac mortality with increasing mean heart
radiation dose. However, the extent to which cardiotoxicity has been incorporated as an
endpoint in prospective RT studies remains unknown.

Methods: We queried clincaltrials.gov to identify phase II/III trials in lung, esophageal,
lymphoma, mesothelioma, thymoma, or breast cancer from 1/1/2006-2/1/2021 enrolling
greater than 100 patients wherein chest RT was delivered in at least one treatment arm.
The primary endpoint was the rate of inclusion of cardiotoxicity as a specific primary or
secondary endpoint in the pre- (enrollment started prior to 1/1/2014) versus post-Darby
era using the Chi-square test (p<0.05 considered significant). We also analyzed clinical
trial factors associated with the inclusion of cardiotoxicity as an endpoint using logistic
regression analysis.

Results: In total, 1,822 trials were identified, of which 256 merited inclusion. 32%were for
esophageal, 31% lung, 28% breast, and 7% lymphoma/thymoma/mesothelioma
cancers, respectively. 5% (N=13) included cardiotoxicity as an endpoint: 6 breast
cancer, 3 lung cancer, 3 esophageal cancer, and 1 lymphoma study. There was no
difference in the inclusion of cardiotoxicity endpoints in the pre-Darby versus post-Darby
era (3.9% vs. 5.9%, P=0.46). The greatest absolute increase in inclusion of cardiotoxicity
as an endpoint was seen for lung cancer (0% vs. 6%, p=0.17) and breast cancer (5.7% vs.
10.8%, p=0.43) studies, though these increases remained statistically non-significant. We
found no clinical trial factors associated with the inclusion of cardiotoxicity as an endpoint.
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Conclusions: Among prospective trials involving chest RT, cardiotoxicity remains an
uncommon endpoint despite its prevalence as a primary source of toxicity following
treatment. In order to better characterize cardiac toxicities, future prospective studies
involving chest RT should include cardiotoxicity endpoints.
Keywords: chest radiation therapy, thoracic radiation therapy, cardiotoxicity, clinical trials, major adverse cardiac
events, breast cancer, esophageal cancer, lung cancer
INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of mortality in
cancer survivors (1). Chest radiation therapy (RT) has been
associated with increased rates of cardiac morbidity and
mortality in survivors of breast (2–4), lung (5, 6), and
esophageal cancers (7–9), and lymphoma (10–13) including by
the landmark Darby study published in 2013 that demonstrated
a linear, persistent increase in cardiac mortality with increasing
mean heart radiation dose in patients treated for breast cancer
(3). The Darby study was a population-based, case control
analysis of 2,168 Scandinavian women who underwent RT for
breast cancer from 1958-2001, 963 of whom experienced major
coronary events while the remainder without coronary events
served as controls (3). This analysis established that excess, major
coronary events occurred even within the first 5 years after RT
and that these risks persisted for decades.

After publication of this study, increased awareness of this issue
motivated numerous other retrospective analyses, including reports
in non-small cell lung cancer (NSCLC) demonstrating that a
significant proportion of cardiac events occur even within two years
ofRTcompletion(5,6).Additionally,usingechocardiography,cohort
studies have identified subclinical cardiac dysfunction occurring just
months after RT (14, 15).Appreciationof the adverse effects ofRTon
theheart, largelybasedonretrospectivestudies,has ledtoanincreased
emphasis on minimizing radiation dose to the heart or its
substructures during radiation planning (3, 5, 6, 9, 12, 13, 16).
However, the extent to which cardiotoxicity has been incorporated
as an endpoint in prospective RT studies remains unknown. We
hypothesized that cardiotoxicity has increased in frequency as an
endpoint inoncology trials involving thoracicRT sincepublicationof
the Darby study in 2013, and we sought to quantify this change in
trial design.
METHOD

We queried clinicaltrials.gov for all phase II or III interventional
studies conducted from 1/1/2006 until 2/1/2021 that included RT
for definitive therapy of breast, esophageal, lymphoma,
mesothelioma, thymoma, or lung cancer with a planned
enrollment of greater than 100 patients. In our query, we
specified interventional studies of phase II or III only within the
relevant date range and included “radiation” and the type of cancer
as additional terms. Smaller, observational, and early-phase studies
were excluded. While single arm, observational studies looking at
serum and imaging biomarkers provide important hypothesis-
2

generating data, it is difficult to correlate these studies with
cardiac-specific outcomes due to the number of patients needed
to see any measurable increase in cardiac toxicity. Absolute rates of
excess major cardiac events may be low, particularly in certain
populations such as patients with breast cancer (4) or lymphoma,
and identifying meaningful differences may be beyond the scope of
smaller trials. It often takes years for events to occur, which is
beyond the funding window of many smaller, early-phase studies
that are just looking at early changes in biomarkers. Focusing on
phase II/III trials mitigated these issues, and allowed us to assess the
rate at which the trials most likely to affect standard of care were
considering the potential cardiac consequences of interventions. In
contrast, phase IV trials were not considered, because we sought to
quantify the rate of inclusion of cardiotoxicity endpoints in the pre-
market trials that impact standard of care in oncology. Studies
returned by clinicaltrials.gov query were evaluated by an
experienced team of 3 researchers with a background in clinical
radiation oncology. Studies were stratified into pre-Darby era
(enrollment started prior to 1/1/2014) or post-Darby era
(enrollment after 1/1/2014). Additional information about each
trial was collected, including but not limited to trial phase, type of
primary endpoint (cancer control, patient reported toxicity,
physician reported toxicity, or other), presence of a cardiotoxicity
primary or secondary endpoint, detailed information about RT
fractionation and delivery, inclusion of concurrent systemic therapy,
current trial recruitment status, country of origin, trial duration, and
trial sponsor. We included the report of any cardiac endpoints by
trials including both clinical and subclinical outcomes measures.

The primary endpoint of our analysis was the rate of inclusion of
any cardiotoxicity endpoint (whether primary or secondary) in
trials from the pre-Darby versus post-Darby eras. The Chi-square
test was used to compare the rate of inclusion of cardiotoxicity
endpoints between groups. We further analyzed whether any
clinical trial factors (disease site – breast vs. non-breast; study era
– post-Darby vs. pre-Darby; clinical trial phase – III vs. I-II, sample
size – dichotomized by the median sample size across all trials; trial
duration – dichotomized by the median; and use of concurrent
chemotherapy – yes vs. no) were associated with the inclusion of
cardiotoxicity as an endpoint with univariate logistic regression
analysis. Statistical tests were 2-sided with statistical significance
evaluated at the a=0.05 significance level.
RESULTS

Overall, 1,822 trials were reviewed, and 256 met the study criteria
(Figure 1). Of the trials included, 32%, 31%, and 28% involved
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esophageal, lung, and breast cancers, respectively; detailed
characteristics of the included trials, stratified by trial era, are
presented in Table 1. The remaining 9% were lymphoma,
thymoma, or mesothelioma. Across all trials, 59% included
concurrent systemic therapy, while 4% and 4% of trials
included stereotactic body radiation therapy and proton
therapy, respectively. Overall, 5% of included trials (N=13)
included cardiotoxicity as an endpoint: 6 breast cancer (8%), 3
lung cancer (4%), 3 esophageal cancer (4%), and 1 lymphoma
study (4% of all other included cancers) (Figure 2A). The
median trial duration was 6.5 years (1.0 - 19.9 years). Of these
trials, 5 (2%) included a cardiotoxicity metric as a primary
endpoint and 8 (3%) as a secondary endpoint. In general, these
endpoints were clinically defined and predominately involved
the measurement of serious late effects such as major adverse
cardiac events (7 trials, or 54%), including cardiac death and/or
ischemic heart disease. A minority of trials evaluated for lower-
grade cardiac toxicities. Across all cancer types, there was no
statistically significant increase in the inclusion of cardiotoxicity
as an endpoint in the pre-Darby versus post-Darby era (3.9% vs.
5.9%, p=0.46). The greatest absolute increases in inclusion of
cardiotoxicity as an endpoint were seen for lung cancer (0.0% vs.
5.9%, p=0.17) and breast cancer (5.7% vs. 10.8%, p=0.43) studies,
though these increases remained insignificant (Figure 2B).
Inclusion of cardiotoxicity endpoints in studies of esophageal
cancer decreased from 3.8 to 3.6%, and from 7.7% to 0.0% for all
other included malignancies. On univariate logistic regression
analysis, no variables of interest were associated with increased
likelihood of a trial reporting a cardiotoxicity endpoint (Table 2).
Multivariate analysis was not pursued due to the lack of
significant variables on univariate analysis.
DISCUSSION

Recent recognition of the adverse cardiac effects of RT has led to an
increased focus on minimizing radiation dose to the heart or its
substructures (3, 5, 6, 9, 12, 13, 16), yet overall, our analysis found no
significant increase in the rate of cardiotoxicity endpoints in clinical
trials involving chest RT in the post-Darby era. Even after
publication of the Darby study in 2013, roughly 95% of included
Frontiers in Oncology | www.frontiersin.org 3
trials did not include cardiotoxicity endpoints. Examined
individually, none of the included malignancies showed a
significant change in cardiac endpoint reporting over time. There
was a numeric increase in the proportion of trials in breast and lung
cancer including cardiotoxicity endpoints, perhaps related to
increased awareness from retrospective series and subsequent
improved access to funding, but it was ultimately non-significant
and overall rates remained objectively low. Surprisingly, studies in
the lymphoma/thymoma/mesothelioma showed a numeric
decrease in incorporation of cardiotoxicity endpoints over time
which most likely relates to the small sample size. These results are
startling given the recent trend towards increasing publication of
retrospective data detailing the prevalence of cardiac toxicity after
chest RT. Of the 250 Pubmed indexed publications identified by a
query for “radiation therapy” AND “cardiotoxicity,” over half (128)
were published in the last 5 years alone. One possible explanation is
that investigators have been prematurely reassured by decreased
total doses to the heart seen with modern treatment planning and
delivery techniques in breast (17), esophageal (18), and lung (19)
cancers. However, even if heart doses are decreasing, it is still
important that we adequately monitor cardiac outcomes, so that we
can confirm that these lower doses translate to decreased cardiac
risk. Ultimately, if cardiac events are adequately measured in the
prospective setting and event rates are found to be acceptably low
with modern RT techniques, attempts at further decreasing cardiac
dose through expensive therapies like proton and heavy ion therapy
may be unnecessary. Retrospective studies are useful for hypothesis
generation, but due to the inherent biases of such studies, greater
prospective characterization of cardiotoxicity after RT is needed.

These findings are highly concerning, because CVD remains the
leading cause of non-cancer mortality in cancer survivors (1), and
chest RT is consistently linked to increased cardiac complications in
survivors of numerous cancers (2–13) perhaps occurring as early as
within 2 years of RT completion (5, 6) with elevated risk persisting
for decades (2–13). Studies following survivors of various thoracic
and chest malignancies suggest that the risk of cardiac
complications increases linearly with increasing heart radiation
dose (3, 13). Possible complications vary widely depending upon
the damaged substructure but include pericarditis (pericardium),
heart failure (myocardium), acute coronary syndrome (coronary
arteries), valvular disease, and arrhythmia (conduction system) (16).
FIGURE 1 | Study schema documenting identification of trials meeting inclusion criteria. *other = lymphoma, mesothelioma, and thymoma.
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These risks are in addition to known cardiac risks from
chemotherapy, and in the modern era, additive risk from
concurrent or sequential systemic novel immunotherapies and
targeted therapies must also be considered given their increasing
links to development of cardiovascular disease (20). The majority of
studies included in this analysis included concurrent chemotherapy,
immunotherapy, targeted therapy, or hormone therapy.

This analysis has several limitations. This study only evaluated
the endpoints from definitive phase II or III trials involving thoracic
RT in patients treated with definitive intent with at least 100
patients. The reason for this is that although the Darby et al.
study demonstrated a relative increase in at least one acute coronary
event of 7.4% per Gray mean heart dose, the absolute increases are
quite small especially in patients with no cardiac risk factors. For
instance, the Darby et al. study estimates that for a healthy 40-year
old woman that receives a mean heart dose of 2 Gy during her
breast RT, her risk of at least one acute coronary event by the time
she is 80 years old increases by an absolute value of 0.7% (3).
Similarly, a follow-up study by Taylor et al. demonstrates that the
absolute increase in the risk of death from ischemic heart disease for
a healthy 50-year old woman that receives as much as 4 Gy mean
heart dose is only 0.3% by the time she is 80-years old (4). This
underscores the point that large numbers of patients need to be
followed for long periods of time in order to adequately capture the
potential effects of thoracic RT on cardiac toxicities. As a result,
Frontiers in Oncology | www.frontiersin.org 4
we did not include single arm prospective studies aimed at
identifying serum and/or imaging biomarkers of thoracic RT,
because these studies involve small numbers of patients and have
limited follow-up to correlate these biomarkers with actual cardiac
toxicity. Therefore, not only is it likely that the types of clinical trials
that we did not include in our analysis would not have significant
rates of inclusion of cardiotoxicity endpoints, but it is also likely that
these types of smaller interventional trials would not have adequate
power to identify small increases in cardiac toxicities above expected
baseline rates. No additional study registries were queried for trials
involving chest RT, but in order to best reflect widespread practice,
we focused on clinical trials evaluating definitive oncologic therapy
as captured by the US-based clinicaltrials.gov. Additionally, study
protocols could have been reviewed to determine the rate at which
trials without cardiac endpoints were still monitoring for adverse
cardiac events. However, such an approach has limited utility, as
prior work suggests that cardiotoxicity is underreported by clinical
trials that are not specifically designed to characterize cardiac events
(21–23). Dichotomizing the comparison eras differently may have
impacted the significance of the trend in inclusion of endpoints over
time but would not affect the overarching conclusion that clinical
trials including cardiac outcomes are too rare.

In summary, among prospective clinical trials involving chest
RT, cardiotoxicity remains an uncommon endpoint despite its
prevalence as a primary source of toxicity following treatment.
TABLE 1 | Characteristics of trials meeting inclusion criteria, stratified by era (pre- vs post-Darby publication).

All Trials 2013 or Earlier 2014 or Later
N (%) N (%) N (%)

Total 256 (100) 104 (41) 152 (59)
Cancer Type
Esophagus 81 (32) 26 (25) 55 (36)
Lung 80 (31) 30 (29) 50 (33)
Breast 72 (28) 35 (34) 37 (24)
Other 23 (9) 13 (13) 10 (7)

Trial Phase
II 122 (48) 54 (52) 68 (45)
III 134 (52) 50 (48) 84 (55)

Primary Endpoint
Cancer Control 199 (78) 78 (75) 121 (80)
Patient Reported Toxicity 7 (3) 3 (3) 4 (3)
Physician Reported Toxicity 41 (16) 19 (18) 22 (14)
Other 8 (3) 4 (4) 5 (3)

Cardiotoxicity Endpoint
Primary 5 (2) 1 (1) 4 (3)
Secondary 8 (3) 3 (3) 5 (3)
None 243 (95) 100 (96) 143 (94)

Concurrent Systemic Therapy
Yes 152 (59) 53 (51) 99 (65)
No 104 (41) 51 (49) 53 (35)

Planned Enrollment
100-499 202 (79) 81 (78) 121 (80)
500-999 35 (14) 13 (13) 22 (14)
>1000 18 (7) 9 (9) 9 (6)

SBRTa Included
Yes 9 (4) 2 (2) 7 (5)
No 247 (96) 102 (98) 145 (95)

Proton Therapy Included
Yes 10 (4) 7 (7) 3 (2)
No 246 (96) 97 (93) 149 (98)
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While inclusion of cardiotoxicity endpoints has increased slightly
over time (numeric increase not achieving significance), overall
rates of inclusion among latter-phase trials remain objectively
low. Thus, in order to better characterize cardiac toxicities,
education is needed to increase researchers’ and clinicians’
awareness of this subject. Additionally, future prospective
studies involving chest RT should include cardiotoxicity
endpoints with greater frequency.
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FIGURE 2 | Overall proportion of included trials with a cardiotoxicity endpoint, by cancer type (A). Trend in trial inclusion of cardiotoxicity endpoints over time, by
cancer type (B). Differences in rate of inclusion of cardiac endpoints over time are non-significant (p > 0.05).
TABLE 2 | Logistic regression analysis of association of radiation clinical trial characteristics and inclusion of a cardiac primary or secondary endpoint.

Variable Odds Ratio 95% CI p-value

Breast vs. Non-Breast disease site 2.30 0.75-5.25 0.15
Phase III vs. Phase II 2.12 0.64-7.08 0.22
Use of Concurrent Chemotherapy (Yes vs. No) 0.41 0.13-1.29 0.13
Trial Size (>220 patients vs. ≤ 220 patients) 1.20 0.39-3.66 0.75
Trial Duration (>6.5 years vs. ≤ 6.5 years) 0.43 0.13-1.42 0.17
Post-Darby Era vs. Pre-Darby Era 1.57 0.47-5.25 0.46
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