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Background: Recently, multiple studies have focused on cardiac toxicity induced by radiation, particularly
in patients with breast carcinoma. However, in most circumstances, the radiation intensity is much higher for
the heart in patients with esophageal carcinoma. This study aimed to investigate whether cardiac toxicity is
related to radiation and distinguish the types of patients who are more susceptible to cardiac death.
Methods: We analyzed 8,210 esophageal cancer survivors who were involved in the US Surveillance
Epidemiology and End Results (SEER) cancer program. Descriptive statistics were used to demonstrate the
disease characteristics in radiation therapy (RT) and non-RT groups. Cox hazard proportional regression and
Kaplan-Meier method were applied to determine independent risk factors of cardiac death.

Results: The most important risk factors determining heart death were age (HR, 14.297; 95% CI: 9.174—
22.283) and radiation (HR, 1.952; 95% CI: 1.684-2.263). The radiotherapy performed in the middle (HR,
1.872; 95% CI: 1.464-2.395) and lower thoracic segment of the esophagus (HR, 1.539; 95% CI: 1.464-1.772)
was associated with an increased risk of cardiogenic death, which occurred since the first year after diagnosis.
Compared with RT in postoperative group (HR, 0.48; 95% CI, 0.37-0.62), patients in preoperative group
had a significantly increased survival rate.

Conclusions: Cardiogenic death is closely related to RT in esophageal cancer patients. Age, radiation
sequence and tumor sites are key factors influencing the cardiac death risk induced by radiotherapy. Early

detection and prevention are necessary for the high-risk population.
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Introduction

Esophageal carcinoma is an incredibly aggressive
malignancy cancer with a stable incidence. Approximately
17,290 new cases were diagnosed in 2018 in the USA
alone (1). Because surgery alone could not prolong overall
survival (OS), researchers grew more interests in developing
neoadjuvant therapy (2). Radiotherapy, including
neoadjuvant radiotherapy (NeoRT), has been proven to
raise OS rates in esophageal carcinoma patients, especially
those in non-metastatic advanced (>T2 or N+) stage (3,4).
There has been compelling evidence that radiation therapy
(RT) is concerned with a raised mortality risk from heart
disease when the heart is located in the RT region in
lung cancer, breast cancer, and Hodgkin lymphoma (5-9).
Moreover, the radiation intensity is usually too high for the
heart in esophageal carcinoma patients.

Radiation is a potent inducer of thrombotic and
inflammatory changes, including increased production and
release of thromboxane and von Willebrand factor and
decreased production of prostacyclin, thrombomodulin, and
ADPase. Both in-vitro and in-vivo studies demonstrated
that microvascular injury and fibrosis induced by radiation
contributed to the worsening of atherosclerosis (10-12).
The cardiac diseases induced by radiation were
reported to include coronary artery disease, pericarditis,
cardiomyopathy, valvular disease, abnormal conduction, and
cardiac death (13-15).

The relationship between RT and cardiac death mortality
in esophageal carcinoma patients remained unclear. Gayed
et al. found cardiac complications after radiotherapy were
more common in patients with esophageal cancer than
those with lung cancer, although the difference was not
significant (16). It was suggested that cardiac death after
radiotherapy in patients with esophageal carcinoma could
not be ignored.

Because the outcome was improved due to adding RT
as a supplementary therapy, the number of patients at risk
of RT-associated toxicity is growing. Evaluating the risk of
cardiac death and identifying patients based on risk factors
can be helpful in screening the patients who should receive
treatment to diminish cardiotoxicity. In this research,
the database of the Surveillance, Epidemiology, and End
Results (SEER) was used to find out the cardiac death rate
in patients with esophageal cancer who have received RT.

Furthermore, whether RT toxicity is related to tumor
location and radiation sequence remained undiscovered.
While in patients with breast cancer and lung cancer, those
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who had tumors on their left side suffered from a higher
risk of cardiovascular diseases after RT compared with those
who had tumors on their right side (17,18).

Methods
Source of data and population of the study

Subjects were chosen from the database of SEER Program
in the US National Cancer Institute which recently
reported the incidence of cancer and consequent mortality
of specific causes in 30% of the United States population.
Patients who were diagnosed as multiple tumors,
identified through autopsy and death certificates, or died
of cancer were excluded. Our study included 8,210 cancer
survivors who were diagnosed as esophageal cancer from
January 1, 1973 to December 31, 2012. Patients identified
through autopsy and death certificates, diagnosed with
other types of cancer or followed-up less than 3 months
were excluded. Cardiac death was defined as death from
heart diseases (recode: 50060). The characteristics of
the subjects and carcinoma listed below were adjusted in
the analysis of multiple variables: ethnicity/race; year of
diagnosis; age; sex; disease stage; tumor grade; histology;
stage, esophageal subsite, and modality from treatment
(chemotherapy and RT).

Statistical analysis

Descriptive data were applied to demonstrate the
characteristics of the disease in two groups (RT and non-
RT). Chi-squared tests were used to make comparisons
between the groups. Cardiac specific survival (CSS) was
evaluated with the Kaplan-Meier test (along with log-rank
statistics). Cox hazard regression model was applied in the
multivariate analysis of survival. Confidence intervals (95%
ClIs) and hazard ratios (HRs) were calculated. All statistics
analyses were performed with SPSS statistics software
(Version 25.0.0, IBM Corp in Armonk, New York, USA)
and R Version 2.13.2 (website: http://www.r-project.org).
P<0.01 or 0.05 indicated significant difference.

Results
Features of the patients and carcinoma

We analyzed 8,210 patients who survived from cancer
and they were predominantly Caucasian (84.0%) and
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Table 1 Esophageal cancer-survivor demographics by receiving

radiation or not

No radiation Radiation
Factor
N (%) N (%)

Entire cohort 3,534 43 4,676 57
Mean age 65 64

<40 137 3.9 189 4

40-49 187 5.3 287 6.1

50-59 778 22 1,082 23.1

60-69 1,128 31.9 1,569 33.6

70-79 913 25.8 1,093 23.4

>80 391 11.1 456 9.8
Chemo

No 3,064 86.7 735 15.7

Yes 470 13.3 3,941 84.3
AJCC stage

Local 1,194 33.8 452 9.7

Regional 408 11.5 1,720 36.8

Distant 148 4.2 227 4.9

Unknow 1,784 50.5 2,277 48.7
Surgery

Unperformed 882 25 1,953 41.8

Performed 1,893 53.6 1,694 36.2

Unknow 759 21.5 1,029 22
Year of diagnosis

1973-1999 857 24.3 1,192 255

2000-2013 2,677 75.7 3,484 74.5
Subsite

Cervical 29 0.8 162 3.5

Upper thoracic 107 3 307 6.6

Middle thoracic 467 13.2 940 20.1

Lower thoracic 2,269 64.2 2,671 571

Unknow 662 18.7 596 12.7
Race

Black 278 7.9 567 121

Other 206 5.8 264 5.6

White 3,050 86.3 3,845 82.2

Table 1 (continued)
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Table 1 (continued)

No radiation Radiation
Factor
N (%) N (%)
Grade
G1 388 11 271 5.8
G2 1,145 32.4 1,703 36.4
G3/G4 901 25.5 1,763 37.7
Unknow 1,100 31.1 939 20.1
Sex
Female 813 23 1,193 255
Male 2,721 77 3,483 74.5
Histology
Adenocarcinoma 2,281 64.5 2,182 46.7
Squamous cell 811 22.9 2,180 46.6
Other 442 12.5 314 6.7

males (75.5%). One-third of the subjects had cancers
of low differentiation but barely any distant metastasis.
The average follow-up was 68 months in patients with
irradiation and 78 months in those without irradiation.

As shown in Table 1, 43% patients had not received
radiotherapy and 57% received radiotherapy, including
3,941 patients who were treated with chemoradiotherapy.
The average age was 65 years in non-RT group and 64
in RT group. Compared with the patients in non-RT
group, those who received radiotherapy were more prone
to receive chemotherapy (84.3% vs. 13.3%, P<0.0001).
However, distribution of lower or middle thoracic
esophageal carcinoma and superjacent tumor in two groups
were almost identical, suggesting that in this population
carcinoma location scarcely had influence on whether
radiotherapy was given (56.9% and 43.1% vs. 57.2% and
42.8%, P=0.855). Additionally, the number of patients
with adenocarcinoma in the non-RT group was increased
compared with the RT group.

Survival analysis and independent prognostic factors of
cardiac death

Multivariate analysis with Cox regression was performed
(Table 2) and the following factors were found to have
a negative influence on CSS: radiotherapy, early year
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Table 2 Multivariable analyses of cardiac specific survival

Variable Hazard ratio 95% CI P
Radiation: yes/no 1.952 1.684-2.263 <0.001
Year: <2000/>2000 1.359 1.082-1.705 0.008
Grade

G1 1 [Reference]

G2 0.926 0.764-1.121 0.429

G3/G4 0.914 0.754-1.108 0.36
Stage

| 1 [Reference]

Il 1.044 0.819-1.33 0.73

1 1.079 0.826-1.41 0.576

\Y 1.812 1.318-2.492 <0.001
Chemotherapy: yes/no 0.687 0.597-0.79 <0.001
Race: black/white 1.452 1.246-1.693 <0.001
Sex: male/female 0.703 0.625-0.792 <0.001

Hist: squamous/adenoid  1.016 0.889-1.162 0.814

Subsite
Cervical 1.123 0.976-1.292 0.105
Upper thoracic 1 [Reference]
Middle thoracic 0.925 0.714-1.198 0.556
Lower thoracic 1.018 0.902-1.149 0.769
Age
<40 1 [Reference]
40-49 1.823 1.077-2.083 0.025
50-59 2.976 1.915-3.465 <0.001
60-69 4.946 3.206-7.632 <0.001
70-79 8.174 5.295-12.619  <0.001
>80 14.297 9.174-22.283  <0.001

of diagnosis, distant metastasis, black race, refusing
chemotherapy, and elder age. Histological features and
tumor grade were not independent predictors for survival.
Age (P<0.001; HR, 14.297; 95% CI: 9.174-22.283) and
radiation (P<0.001; HR, 1.952; 95% CI: 1.684-2.263) were
found to be the most significant independent prognostic
metrics.

Given the significant influence of age, Kaplan-Meier
method for CSS was performed by comparing radiation
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with non-radiation groups to evaluate the effect of radiation
on cardiac death in the subgroup of age (Figure I). RT
was closely associated with declined CSS in patients over
50 years old. Five-year survival rate gap was 7.4%, 8.4%,
12.6% and 13.9% between irradiated and non-irradiated
patients aged 50-59, 60-69, 70-79 and over 80 years old,
respectively. Patients older than 70 years old appeared to
be more easily affected by this risk factor compared with
younger patients.

Influence of cancer sites and the duration after
radiotherapy on the cardiac mortality ratios

CSS was higher if the tumors in non-irradiated patients
were located in the middle (HR, 1.872; 95% CI: 1.464-
2.395; P<0.001) and lower thoracic segments of the
esophagus (HR, 1.539; 95% CI: 1.464-1.772; P<0.001)
(Figure 2). In non-irradiated patients with upper thoracic
(P=0.181; 95% CI: 0.853-2.318; HR, 1.406) or cervical
esophagus cancer (P=0.273; 95% CI: 0.663-4.282;
HR, 1.685), the superiority of CSS was not statistically
significant.

In order to evaluate whether the post-radiation
cardiac death changed over time, we analyzed patients
diagnosed before 1995 to make sure that the follow-up
time exceeded 20 years. Among patients with middle or
lower thoracic esophagus carcinoma, the HR of post-
radiation cardiac death was the highest (HR, 2.21 and 1.84,
respectively) during the first year since diagnosis. From
the second year to the second decade since diagnosis, the
HR declined steadily by time, but maintained at 1.46 and
1.15, respectively (Zable 3). Thus, we found proof of actual
hazard, even in the first year after irradiation.

Influence of radiation time on survival

A total of 3,587 patients received both surgery and RT among
which 1,935 patients’ radiation sequences were lost. The ratio
of patients receiving preoperative or postoperative RT was
4:1 (1,343 vs. 309). Patients in preoperative RT" group had an
increased survival rate compared with those in postoperative
RT group (P<0.001; 95% CI: 0.37-0.62; HR, 0.48). The
10- and 5-year survival rates of CSS were 87% and 93%,
separately, in pre-operative RT group comparing 85% and
77% in post-operative RT groups (Figure SI). In subgroup
analysis of subsite, the prolonged CSS of preoperative
RT against postoperative RT was seen in the middle (248
vs. 150 months in average survival; P<0.001), and lower
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Figure 1 Cardiac specific survival in patients aged <40 (A), 40-49 (B), 50-59 (C), 60-69 (D), 70-79 (E) and over 80 (F). Kaplan-Meier

estimates for cancer survivors with or without radiotherapy by age.

thoracic segments of the esophagus (283 vs. 239 months
in average survival; P<0.001) (data were not given). CSS
did not increase in upper thoracic esophagus cancer group
(205 ws. 153 months in average survival; P=0.400) or cervical
esophagus cancer group (152 vs. 197 months in average
survival; P=0.958) (data were not given).

Discussion

The database of SEER Program in the US National Cancer
Institute included approximately 10-14% of the whole US
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population. The database was applied to figure out whether
the risk of cardiac death increased in esophageal carcinoma
patients who received radiotherapy. In this study, this risk
was found dominantly increased in patients aged over
50 years old and those who had tumors located in middle or
lower thoracic esophagus.

Darby et al. reported that there was an increased
comparative risk of ischemic heart disorder disease of
about 7.4% per 1 Gy average heart dose in patients with
breast cancer (19). It was reported that higher RT dose was
the most significant factor influencing the prognosis (20).
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Figure 2 Cardiac-specific survival curves of cancer survivors with cervical (A), upper thoracic (B), middle thoracic (C), and lower thoracic (D)

esophageal cancer. Kaplan-Meier estimates for cancer survivors with or without radiotherapy by cancer location.

Although RT dose was not defined in previous studies,
over V30 in pericardium was found to cause cardiac
complications.

Most studies proposed that radiation-related cardiac
diseases are the adverse reaction which usually occurred in
the advanced stage. In atomic bomb survivors, the incidence
of heart disorders did not increase significantly until
12 years after exposure (21). In women with breast cancer, the
cardiac disease occurs chiefly after the first decade following
radiation and the risks would increase in the next 12 years (7).
But patients with esophageal carcinoma are not the same as
patients with breast carcinoma and those who survived from
atomic bomb, because the doses of radiation their heart
received are a bit higher. In this study, the risk of cardiac
death was the highest in the first year after radiotherapy and
slowly decreased over time but would not disappear. This
finding was consistent with the research which proved that
patients with esophageal cancer would suffer from toxicity
in the first 2 years following radiation treatment (20).

Additionally, preoperative RT was better than post-
operative treatment in decreasing cardiac toxicity. Similar
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phenomenon was found in rectum cancer that preoperative
CRT had a higher locoregional control ratio, survival
rate and toxicity profile (22). In theory, preoperative
RT was advantageous in low dose and promoting tumor
downstaging (23). Wojcieszynski er al. reported that
postoperative treatments required higher radiation dose,
resulting that the heart and lung would receive more
radiation. Meanwhile, patients receiving preoperative
RT tended to accept additional interventions following
surgeries, for example, adjuvant chemotherapy (24).
Recently, a large number of patients with esophageal
cancer have received combined modality strategies with
curative intension. Although the survival rate of the patients
with different kinds of cancers has been improved, cardiac
toxicity induced by anti-neoplastic agents remains a severe
issue. In traditional chemotherapy, cardiac conditions
after application of anthracyclines have been a critical
problem for a long time. However, biological molecules
and targeted therapies can result in cardiac dysfunction.
Nowadays, immunotherapies have been introduced into
tumor treatment strategies. The two most important
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Table 3 Cardiac mortality rate and subsequent ratios by esophageal
cancer location, and time from diagnosis to cardiac death

Time Middle thoracic Lower thoracic
(months)  NoRT RT  HR  NoRT  RT HR
12 0.033 0.073 2.212 0.026 0.048 1.846
24 0.089 0.149 1.674 0.051 0.090 1.765
36 0.132 0.132 1.402 0.074 0.122 1.649
60 0.155 0.262 1.690 0.074 0.122 1.649
120 0.232 0.412 1.776 0.163 0.237 1.454
240 0.425 0.621 1.461 0.356  0.411 1.154

therapies target the programmed cell death 1 (PD-1) and its
ligand PD-L1 as well as cytotoxic-T-lymphocyte-associated
antigen 4 (CTLA-4). These methods have brought good
outcomes in cancer treatment. However, relevant research
indicated that PD-1 deletion and CTLA-4 inhibition could
contribute to autoimmune myocarditis. Furthermore,
PD-L1 and PD-1 can be expressed in human and rodent
cardiomyocytes (25). It has been reported that lethal heart
failure could be induced by these therapies. Accumulating
clinical studies have combined immunotherapy with
chemoradiation to treat esophageal cancer. In our
research, radiotherapy was shown to be toxic to the heart.
According to previous studies, immunotherapy could also
cause heart diseases (26). A study has demonstrated that
chest radiotherapy combined with immunotherapy will
affect survival rates. The possible cause is the increase
of T cells infiltrating in heart and lung tissue after the
treatment of chest irradiation and anti-PD-1 antibody (26).
Radiotherapy combined with chemotherapy also increases
the cardiotoxicity. As the most common chemotherapeutic
drugs, cisplatinum and 5-FU are both reported to be
related to raised risks of cardiovascular diseases. Using
the combination of mitomycin, ifosfamide with cisplatin,
gemcitabine with paclitaxel, carboplatin with paclitaxel or
carboplatin alone may not increase the cardiac toxicity in
patients with lung cancer (17).

Although cardiac toxicity is associated with radiation dose,
the decrease of the heart dose, even with progressive radiation
delivery methods such as VMAT or IMRT, will contribute
to a higher dose in lung with a raised risk of fibrosis and
pneumonitis. Proton therapy can solve this problem, but it
is relatively expensive and not widely available. Therefore,
selecting patients who can gain the most benefits from the
proton therapy is of vital importance (27).
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Computed tomography and myocardial perfusion
imaging have been used to evaluate subclinical and early
heart diseases. Some studies have demonstrated changes
in myocardium metabolism and motion disorders of the
myocardium in the areas with higher radiation dose. These
changes are consistent with the results that focal ischemia,
microvasculature and fibrosis appeared in animal studies
and autopsy (20).

Recently, Sharma ez /. have discovered a novel
tetrapeptide Ac-SDKP which seems to be cardio-protective
mainly via preventing the aggressive fibrotic process in
cardiac tissues when rat models were exposed to radiation (28).
But doubts were raised that fibrosis was not the only
mechanism of heart damage induced by radiation in human,
which included much more complex factors. Researchers
also provided suggestions for reducing the radiation dose
in heart: (I) maneuvers to keep the heart away from the
area that received radiation (e.g., breath-hold, prone
positioning); (II) improvements for highly conformal
radiation treatment, such as stereotactic body RT; (III) real-
time tissue monitoring, including image guidance, such
as magnetic resonance imaging or cone beam computed
tomography; (IV) strategies of directly delivering the
radiation into the lesions such as brachytherapy; and (V)
alternative therapies, such as proton or heavy particle
therapy (29).

An advantage of our research is the adequate samples
of 8,210 which enable the study to have sufficient resource
to conduct stratified multivariate analysis and make the
findings more reliable. The limitations are the incapability
of using cumulative intensity or doses of radiation and
chemotherapy treatments to evaluate the risk. Moreover, we
have not distinguished the patients who had heart disease
before radiotherapy, which may overestimate the cardiac
mortality associated with radiotherapy.

Conclusions

In brief, risks of cardiac death were increased in esophageal
cancer survivors who received RT. This risk would
increase if patients were older than 70 years old or RT was
performed after the surgeries. In patients with esophageal
cancer, radiation would cause cardiac death since the first
year after diagnosis, which is much earlier compared with
breast cancer. Early detection and prevention in radiated
patients and use of heart protective agents are necessary.
This study was aimed to highlight the importance
of cardiac protection in radiotherapy for patients with
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esophageal cancer.
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Figure S1 Cardiac-specific survival estimates by sequence between surgery and radiotherapy for patients who received both surgery and
radiotherapy.
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