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A B S T R A C T

Purpose
The significance of radiotherapy (RT) –associated cardiac injury for stage III non–small-cell lung
cancer (NSCLC) is unclear, but higher heart doses were associated with worse overall survival in the
Radiation Therapy Oncology Group (RTOG) 0617 study. We assessed the impact of heart dose in
patients treated at our institution on several prospective dose-escalation trials.

Patients and Methods
From 1996 to 2009, 127 patients with stage III NSCLC (Eastern Cooperative Oncology Group
performance status, 0 to 1) received dose-escalated RT to 70 to 90Gy (median, 74 Gy) in six trials. RT
plans and cardiac doses were reviewed. Records were reviewed for the primary end point:
symptomatic cardiac events (symptomatic pericardial effusion, acute coronary syndrome, peri-
carditis, significant arrhythmia, and heart failure). Cardiac risk was assessed by noting baseline
coronary artery disease and calculating the WHO/International Society of Hypertension score.
Competing risks analysis was used.

Results
In all, 112 patients were analyzed. Median follow-up for surviving patients was 8.8 years. Twenty-six
patients (23%) had one or more events at a median of 26 months to first event (effusion [n = 7],
myocardial infarction [n = 5], unstable angina [n = 3], pericarditis [n = 2], arrhythmia [n = 12], and heart
failure [n = 1]). Heart doses (eg, heart mean dose; hazard ratio, 1.03/Gy; P = .002,), coronary artery
disease (P, .001), and WHO/International Society of Hypertension score (P = .04) were associated
with events on univariable analysis. Heart doses remained significant on multivariable analysis that
accounted for baseline risk. Two-year competing risk–adjusted event rates for patients with heart
mean dose , 10 Gy, 10 to 20 Gy, or $ 20 Gy were 4%, 7%, and 21%, respectively. Heart doses
were not associated with overall survival.

Conclusion
Cardiac events were relatively common after high-dose thoracic RT and were independently as-
sociated with both heart dose and baseline cardiac risk. RT-associated cardiac toxicity after
treatment of stage III NSCLC may occur earlier than historically understood, and heart doses should
be minimized.

J Clin Oncol 35:1387-1394. © 2017 by American Society of Clinical Oncology

INTRODUCTION

Radiotherapy (RT) –associated heart toxicity has
long been recognized in patients with breast
cancer or Hodgkin lymphoma, with increases in
cardiovascular events and deaths typically noted
10 or more years after treatment.1-6 However, the
clinical relevance of RT-associated heart disease
for patients with stage III non–small-cell lung

cancer (NSCLC) is unclear. Conventional wisdom
holds that there are few long-term survivors to
experience toxicity, given the typically long la-
tency of RT-associated heart injury and poor
prognosis. On the other hand, though most RT-
associated cardiac events in patients with breast
cancer or lymphoma occur many years after RT,
there may also be an increased rate at earlier
intervals.6-9 In addition, patients with lung cancer
are more likely to have comorbid risk factors such
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as smoking and pre-existing cardiac disease that lower their reserve
and predispose them to earlier events.

Several studies report increased cardiac deaths with post-
operative RT after surgery for stage I to III NSCLC.10-12 Evidence
for cardiac injury after definitive RT is more limited.13,14 Recently,
the Radiation Therapy Oncology Group (RTOG) 0617 (A Ran-
domized Phase III Comparison of Standard-Dose [60 Gy] Versus
High-Dose [74 Gy] Conformal Radiotherapy With Concurrent
and Consolidation Carboplatin Plus Paclitaxel6 Cetuximab {IND
#103444} in Patients With Stage IIIA and IIIB Non–Small-Cell
Lung Cancer) trial reported inferior overall survival (OS) with
dose-escalated chemoradiation to 74 Gy compared with standard
60 Gy for stage III NSCLC. Heart radiation dose was associated
with worse OS with a median follow-up of 2 years, suggesting
a contribution of radiation-induced cardiac morbidity relatively
soon after treatment.15

From 1996 to 2009, the University of North Carolina (UNC)
participated in six single or multi-institution prospective phase I
and II trials that investigated various chemotherapeutic regimens
with dose-escalated RT in the definitive treatment of stage III
NSCLC.16-22 Here we review these studies to assess the impact of
cardiac doses on subsequent cardiac events.

PATIENTS AND METHODS

Study Design
This was a post hoc analysis pooling several prospective trials. OS and

progression-free survival (PFS) were prospectively assessed. Records were
retrospectively reviewed to assess toxicity. The primary end point was

symptomatic cardiac events (see Evaluation of Cardiac Toxicity), including
symptomatic pericardial effusion, myocardial infarction, unstable angina,
pericarditis, significant arrhythmia, and heart failure. Secondary end
points were OS and new pericardial effusion.

Patient Population and Treatment
In all, 127 patients were treated at UNC with dose-escalated RT to 70

to 90 Gy in six institutional review board–approved prospective phase I or
II trials from 1996 to 2009 (Table 1). Patients had stage III NSCLC, Eastern
Cooperative Oncology Group performance status of 0 to 1, and received
three-dimensional (3D) conformal RT, typically using a four-field technique
with some elective nodal coverage (eg, large opposed anterior/posterior fields
and smaller off-spinal cord oblique fields). Intensity-modulated radiation
therapy (IMRT) was not used. Three of six trials used a dose-escalation
design; two of them did not observe any dose-limiting toxicities and one
observed dose-limiting toxicities at the final planned dose level. The other
three trials prescribed 74 Gy. Four of six trials did not mandate cardiac dose
limits, one trial limited heart volume receiving 40 Gy (V40Gy) to , 100%,
and one trial limited the left ventricle (LV) V40Gy to , 100%. All patients
received induction, and most patients received concurrent chemotherapy.
Further details are available in prior publications.16-22 Patients were excluded
if they did not complete RT to$ 70 Gy (n = 9) or had inaccessible RT plans
(n = 6), leaving 112 patients for this analysis.

Dosimetric Assessment
The delivered 3D RT dose distributions for each patient (created

using the departmental treatment planning software Plan-UNC)23 were
reviewed. Lungs were delineated using automatic thresholding, excluding
gross tumor. The esophagus was delineated from the cricoid to the gas-
troesophageal junction. The heart was delineated by one investiga-
tor (K.W.) per previously published methods24 and independently
reviewed for accuracy and consistency by a second investigator (M.J.E.).

Table 1. Trials Included and the No. of Patients Treated at UNC and Included in the Final Analysis

Trial
Abbreviation Trial Title

No. of
Patients Chemotherapy Radiation

LCCC 9603 Phase I/II Trial of Induction Carboplatin/Paclitaxel
Followed by Concurrent Escalating Dose Conformal
Radiotherapy and Carboplatin/Paclitaxel in Locally
Advanced NSCLC

26 Induction carboplatin plus paclitaxel and
concurrent carboplatin plus paclitaxel

70-74 Gy (2 Gy
once daily)

LCCC 9732 Phase I Dose Escalation Research Study of
Radiotherapy Using Three-Dimensional Treatment
Planning Following Neoadjuvant Chemotherapy for
Stage IIB/III NSCLC

11 Induction carboplatin plus paclitaxel or
induction carboplatin plus vinorelbine*

73.6-86.4 Gy (1.6
Gy
twice a day)

LCCC 2001 Phase I Trial of Induction Chemotherapy Using
Paclitaxel, Carboplatin, and Irinotecan with Filgrastim
Support Followed by Concurrent Escalating Dose
Conformal Radiotherapy and Paclitaxel/Carboplatin in
Locally Advanced Unresectable Stage IIIA/B NSCLC

18 Induction carboplatin plus irinotecan plus
paclitaxel and concurrent carboplatin
plus paclitaxel

78-90 Gy (2 Gy
once daily)

CALGB 30105 Induction/Concurrent Chemotherapy and Dose-
Escalated Three Dimensional Thoracic Radiation for
Patients With Stage III NSCLC: A Randomized Phase
II Study

10 Induction and concurrent carboplatin plus
paclitaxel or induction carboplatin plus
gemcitabine and concurrent gemcitabine

74 Gy (2 Gy
once daily)

LCCC 0215 Induction Chemotherapy Using Paclitaxel, Carboplatin,
Irinotecan with Pegfilgrastim Support Followed by
Conformal Radiotherapy and Paclitaxel/Carboplatin/
Gefitinib in Locally Advanced Unresectable Stage
IIIA/B NSCLC

19 Induction carboplatin plus irinotecan plus
paclitaxel and concurrent carboplatin plus
paclitaxel plus gefitinib

74 Gy (2 Gy
once daily)

LCCC 0511 Phase I/II Trial of Induction Carboplatin/Paclitaxel With
Bevacizumab Followed by Concurrent Thoracic
Conformal Radiation Therapy With Carboplatin/
Paclitaxel, Bevacizumab and Erlotinib in Stage IIIA/B
NSCLC

28 Induction carboplatin plus paclitaxel plus
bevacizumab and concurrent carboplatin plus
paclitaxel plus bevacizumab with or without erlotinib
and consolidation bevacizumab plus erlotinib

74 Gy (2 Gy
once daily)

Abbreviations: CALGB, Cancer and Leukemia Group B; LCCC, Lineberger Comprehensive Cancer Center; NSCLC, non–small-cell lung cancer; UNC, University of North
Carolina.
*No concurrent chemotherapy was used in this trial.
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Dose-volume histograms were generated for organs at risk. Parameters
for analysis were prespecified largely on the basis of RTOG 0617 and
included heart mean dose, heart volume receiving $ 30 Gy (V30Gy),
heart volume receiving $ 5 Gy (V5Gy), LV mean dose, LV V30Gy, LV
V5Gy, lung mean dose, lung V5Gy, lung V20Gy, esophagus mean dose,
esophagus maximum dose, and esophagus V60Gy.15

Evaluation of Cardiac Toxicity
All available patient records were reviewed to assess the primary end

point: symptomatic cardiac events. Radiographic studies and echocar-
diograms were reviewed for the secondary end point of pericardial effusion
(either symptomatic or asymptomatic). Malignant pericardial effusions
were not counted as events. Six symptomatic cardiac events were defined
by an attending cardiologist (B.C.J.):

1. Symptomatic pericardial effusion: effusions presenting with shortness
of breath, confirmed on echocardiogram as hemodynamically sig-
nificant and/or requiring procedural intervention;

2. Myocardial infarction: chest pain with increased cardiac biomarkers
or as otherwise noted in the medical record;

3. Unstable angina: chest pain without biomarker increase but with is-
chemia on stress test or significant stenosis on cardiac catheterization;

4. Pericarditis: radiographic-, echocardiographic-, or electrocardiogram-
confirmed pericardial inflammation along with a presentation with
shortness of breath or chest pain;

5. Significant arrhythmia: new onset arrhythmia requiring either medical
or procedural intervention;

6. Heart failure: shortness of breathwith new diagnosis of echocardiogram-
confirmed heart failure or hospitalization for existing heart failure
unassociated with other defined events.

To assess baseline cardiac risk, the WHO/International Society of
Hypertension (WHO/ISH) risk score was calculated. This score uses age, sex,
smoking status, diabetes, and systolic blood pressure to estimate 10-year risk
of a cardiovascular event in five strata (0 to, 10%, 10% to, 20%, 20%
to, 30%, 30% to, 40%, and$ 40%).25 Baseline risk was also assessed by
noting whether patients had previously diagnosed coronary artery disease.

Statistical Analysis
The Kaplan-Meier method was used to estimate OS, PFS, and cu-

mulative incidence of cardiac events (treating deaths as censored). A

Table 2. Patient and Treatment Characteristics

Characteristic

All Patients
Patients Without Symptomatic

Cardiac Events
Patients With Symptomatic Cardiac

Events

No. % Median (range) No. % Median (range) No. % Median (range)

No. 112 86 26
Age, years 58 (36-82) 57 (38-82) 62 (36-81)
Sex
Male 61 55 44 51 17 65
Female 51 45 42 49 9 35

Tumor laterality
Right 65 58 48 56 17 65
Left 47 42 38 44 9 35

Stage
IIIA 65 58 48 56 17 65
IIIB 47 42 38 44 9 35

Histology
Adenocarcinoma 56 50 44 51 12 46
Squamous 41 37 29 34 12 46
Other 15 13 13 15 2 8

ECOG performance status
0 73 65 53 62 20 77
1 39 35 33 38 6 23

Baseline WHO/ISH 10-year risk, %
0 to , 10 68 61 57 66 11 42
10 to , 20 34 30 22 26 12 46
$ 20 10 9 7 8 3 12

Baseline coronary artery disease
No 96 86 79 92 17 65
Yes 16 14 7 8 9 35

New post-RT pericardial effusion
No 72 64 62 72 10 38
Yes 40 36 24 28 16 62

Gross tumor volume, mL 46.6 49.6 44.5
Prescribed RT dose, Gy 74.0 74.0 74.0
Esophagus mean dose, Gy 31.1 31.3 31.0
Lung mean dose, Gy 17.5 17.5 17.5
Heart mean dose, Gy 12.3 10.0 20.4
Heart V5Gy, % 36.5 34.0 55.9
Heart V30Gy, % 16.8 12.0 28.8
LV mean dose, Gy 4.0 3.0 9.5
LV V5Gy, % 18.4 14.2 38.2
LV V30Gy, % 2.2 0.5 10.3

NOTE. All percentages shown are column percentages.
Abbreviations: ECOG, Eastern Cooperative Oncology Group; LV, left ventricle; RT, radiotherapy; V5Gy, volume receiving $ 5 Gy; V30Gy, volume receiving $ 30 Gy;
WHO/ISH, WHO/International Society of Hypertension.
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competing risks regression analysis (Fine and Gray method)26 was then used
to model the cumulative incidence function of cardiac events while ac-
counting for the significant competing risk of death. Univariable analysis was
used to test the association of covariates with cardiac events, with sub-
distribution hazard ratios (HRs)27 reported. In addition to analyzing heart
dose as a continuous variable, patients were also divided into three heart dose
strata, and univariable analyses were performed for each two-strata pair
(treating the lower stratum as the referent).Multivariable analysis was used to
test potentially significant covariates (limited to two covariates per analysis,
given the relatively few events). A two-tailed P of , .05 was considered
significant. Analysis was performed using SAS (SAS Institute, Cary, NC).

RESULTS

Patient characteristics are listed in Table 2. Median follow-up for
the 11 surviving patients was 8.8 years (range, 2.3 to 17.3 years).
Median follow-up for the 39 patients without disease progression

was 6.3 years (range, 0.3 to 17.3 years). Most patients (72%) re-
ceived 74 Gy. All patients received induction chemotherapy, 90%
received concurrent chemotherapy, and 25% received consolida-
tion chemotherapy.

Symptomatic Cardiac Events
Twenty-six patients (23%) had one or more symptomatic

cardiac events at a median of 26 months to first event (range, 1 to
84 months); these included symptomatic pericardial effusion
(n = 7), myocardial infarction (n = 5), unstable angina (n = 3),
pericarditis (n = 2), significant arrhythmia (n = 12), and heart
failure (n = 1). Details are provided in Table 3. Figure 1 shows the
overall cumulative incidence of death and symptomatic cardiac
events. The 2- and 4-year rates of symptomatic cardiac events were
14% and 32%. After adjustment for the competing risk of death, 2-
and 4-year rates of symptomatic cardiac events were 10% and 18%.

Table 3. Patients With Symptomatic Cardiac Events

Patient No. Age (years)* Sex Time to First Event Event Details
Heart Mean
Dose (Gy)

WHO/ISH 10-Year
Risk (%) CAD

1 66 M 1 month Afib treated with digoxin (concurrent malignant
pericardial effusion)

37.6 10-20 No

2 69 M 4 months Afib treated with diltiazem 7.5 10-20 Yes
3 68 M 4 months Afib treated with amiodarone (concurrent

severe pneumonitis)
24.6 0-10 No

4 65 M 6 months Periprocedural complete heart block
requiring temporary pacing

20.1 10-20 No

5 72 F 7 months Effusion; underwent pericardiocentesis 22.4 30-40 Yes
6 63 M 9 months Myocardial infarction managed medically 48.6 10-20 No
7 60 M 11 months Effusion managed conservatively. Also had

nearly synchronous Afib treated with diltiazem
18.6 10-20 No

8 56 F 1 year, 2 months Effusion; underwent pericardiocentesis. Also had
sick sinus syndrome requiring pacemaker
12 years after RT

24.5 0-10 No

9 52 F 1 year, 2 months Effusion managed conservatively 4.6 0-10 No
10 62 M 1 year, 8 months Atrial flutter treated with diltiazem 17.2 10-20 Yes
11 44 M 1 year, 9 months Fatal myocardial infarction 43.0 0-10 No
12 58 F 2 years, 1 month Afib; underwent cardioversion 20.4 0-10 Yes
13 62 F 2 years, 2 months Unstable angina confirmed on nuclear stress

test and managed medically
15.1 0-10 No

14 45 M 2 years, 2 months Recurrent unstable angina; underwent stenting
26, 30, and 34 months after RT

20.3 0-10 Yes

15 63 F 2 years, 4 months Effusion that required pericardial window 46.8 0-10 No
16 66 M 2 years, 6 months Afib treated with diltiazem. Also had symptomatic

effusion requiring pericardiocentesis 5 years
after RT

26.3 10-20 No

17 81 F 2 years, 8 months Constrictive pericarditis 43.8 10-20 No
18 49 F 2 years, 9 months Myocardial infarction; underwent bypass surgery 13.0 0-10 No
19 69 M 3 years, 1 month Atrial flutter treated with metoprolol; eventually

underwent ablation 5 years after RT
27.2 10-20 No

20 70 M 3 years, 5 months Constrictive pericarditis 34.6 . 40 Yes
21 54 M 4 years, 4 months Afib treated with metoprolol. Eventually had fatal

supraventricular tachycardia 7 years after RT in
the context of metastatic carcinoid

27.3 20-30 No

22 70 F 4 years, 5 months Effusion that required pericardial window 7.0 10-20 Yes
23 36 M 5 years, 4 months Unstable angina; underwent bypass surgery.

Also had myocardial infarction 16 years
after RT

17.0 0-10 No

24 54 M 5 years, 8 months Myocardial infarction; underwent stenting.
Second myocardial infarction 8 years after RT

9.1 10-20 Yes

25 59 M 5 years, 11 months Afib; underwent ablation 1.6 10-20 No
26 47 M 7 years New echocardiogram-confirmed symptomatic

heart failure with decreased ejection fraction
19.7 0-10 Yes

Abbreviations: Afib, atrial fibrillation; CAD, coronary artery disease; F, female; M, male; RT, radiotherapy; WHO/ISH, WHO/International Society of Hypertension.
*Age at time of consent.
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Characteristics of patients with and without symptomatic
cardiac events are listed in Table 2. Patients with events seemed to
have higher heart doses than patients without events (heart mean
dose, 20 Gy v 10 Gy; V5Gy, 56% v 34%; V30Gy, 29% v 12%).
Patients with events also seemed to have higher rates of baseline
coronary artery disease (CAD; 35% v 8%) and higher WHO/ISH
risk scores. Univariable and multivariable analyses accounting for
time to event and the competing risk of death for these charac-
teristics are listed in Table 4. On univariable analysis, events were
significantly associated with all heart-related dosimetric variables,
including heart mean dose (P = .002), heart V5Gy (P, .001), heart
V30Gy (P = .001), LV mean dose (P = .03), LV V5Gy (P = .001),
and LV V30Gy (P = .03), as well as both CAD (P , .001) and
WHO/ISH risk (P = .04). On multivariable analysis pairing heart
doses with either CAD or WHO/ISH score, heart mean dose, heart
V5Gy, heart V30Gy, and LV V5Gy remained significantly associ-
ated with events. LV mean dose and LV V30Gy remained signif-
icant when paired with WHO/ISH score but were only borderline
significant when paired with CAD.

Figure 2 shows the cumulative incidence of symptomatic
cardiac events adjusted for the competing risk of death for three
heart mean dose strata:, 10 Gy, 10 to 20 Gy, and$ 20 Gy (created
by choosing cut points around the median heart dose). Competing
risk-adjusted event rates for patients with heart mean dose, 10 Gy,
10 to 20 Gy, and $ 20 Gy were 4%, 7%, and 21%, respectively at
2 years and 4%, 13%, and 41%, respectively, at 4 years. Patients
with heart mean dose $ 20 Gy had a significantly higher rate of
cardiac events than patients with heartmean dose, 10Gy (HR, 5.47;
P, .001) or 10 to 20 Gy (HR, 2.76; P = .03). Event rate did not differ
significantly between patients with heart mean dose 10 to 20 Gy v
, 10 Gy (HR, 1.98; P = .25). Crude event rates were 10% (five of 48
patients), 20% (six of 30 patients), and 44% (15 of 34 patients), for
heart mean dose , 10 Gy, 10 to 20 Gy, and $ 20 Gy, respectively.

Pericardial Effusion
After RT, 40 patients (36%) had new pericardial effu-

sions including symptomatic effusions. Most were discovered

incidentally on surveillance computed tomography scans at a me-
dian 11 months (range, 1 to 206 months) after RT. There was
a borderline significant association between pericardial effusion
and V5Gy (P = .09) but no statistically significant association with
other parameters.

Survival
MedianOSwas 18.5months andmedian PFSwas 14.7months.

There was no statistically significant association between OS and
heart doses. Two-year OS for patients with heartmean dose, 10Gy,
10 to 20 Gy, and$ 20 Gy was 50%, 40%, and 44%, respectively (log
rank P = .73).

Table 4. Competing Risk-Adjusted Analyses for Symptomatic Cardiac Events

Characteristic HR P

Univariable analysis
Age, years 1.21/10 y .24
ECOG PS (1 v 0) 0.52 .15
Clinical trial* .79
Left-sided tumor 0.71 .40
Gross tumor volume 0.998/mL .42
WHO/ISH 10-year risk 1.37/stratum .04
Baseline CAD 3.82 , .001
Esophagus mean dose 1.01/Gy .55
Lung mean dose 1.04/Gy .39
Heart mean dose 1.03/Gy .002
Heart V5 1.02/% , .001
Heart V30 1.02/% .001
LV mean dose 1.03/Gy .03
LV V5 1.02/% .001
LV V30 1.03/% .03

Multivariable analysis (two covariates
per analysis)†

Heart mean dose 1.04/Gy .001
WHO/ISH 10-year risk 1.34/stratum .04

Heart mean dose 1.04/Gy .004
Baseline CAD 3.79 .002

Heart V5 1.02/% , .001
WHO/ISH 10-year risk 1.27/stratum .10

Heart V5 1.02/% .002
Baseline CAD 3.47 .004

Heart V30 1.02/% .001
WHO/ISH 10-year risk 1.35/stratum .03

Heart V30 1.02/% .006
Baseline CAD 3.63 .003

LV mean dose 1.03/Gy .01
WHO/ISH 10-year risk 1.44/stratum .01

LV mean dose 1.02/Gy .08
Baseline CAD 3.63 .002

LV V5 1.02/% .001
WHO/ISH 10-year risk 1.38/stratum .02

LV V5 1.02/% .009
Baseline CAD 3.46 .004

LV V30 1.02/% .01
WHO/ISH 10-year risk 1.46/stratum .01

LV V30 1.01/% .09
Baseline CAD 3.56 .003

Abbreviations: CAD, coronary artery disease; ECOG PS, Eastern Cooperative
Oncology Group performance status; HR, subdistribution hazard ratio; LV, left
ventricle; V5, volume receiving $ 5 Gy; V30, volume receiving $ 30 Gy; WHO/
ISH, World Health Organization/International Society of Hypertension.
*Specific clinical trial on which a patient was enrolled entered as a nominal
variable.
†Multivariable analyses for cardiac event, limited to two covariates (dose and
cardiac risk) per analysis.
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DISCUSSION

In 112 patients with stage III NSCLC treated on six prospective dose-
escalation trials with long follow-up, there was an association be-
tween clinically significant cardiac events and both radiation doses to
the heart and baseline cardiac risk. Although cardiac events were
likely multifactorial, the association with heart dose was strong, and
it persisted when controlling for baseline cardiac risk. These data
may inform researchers and clinicians regarding the potential sig-
nificance of cardiac toxicity in this setting and also have implications
for RT technique and estimates of risk based on heart dosimetry.

The major question we addressed is whether cardiac toxicity is
important in the definitive treatment of stage III NSCLC. A common
perception is that significant RT-associated heart toxicity occurs 10 or
more years after treatment on the basis of studies in breast cancer and
Hodgkin lymphoma.1-6 Those patients are comparably younger with
more favorable prognosis, and thus RT practices have evolved toward
cardiac avoidance for these diagnoses. This is not the case for patients
with stage III NSCLC in whom median survival is generally less than
2 years and for whom pneumonitis and esophagitis are considered the
major toxicities. This is reflected by the lack of cardiac constraints for
most of the trials included in our study, as well as by the RTOG 0617
protocol itself, which allowed up to 100% of the heart to receive 40 Gy
(V40Gy, 100%) andwhich states “Normal tissue constraints shall be
prioritized in the following order for treatment planning: 1 = spinal
cord, 2 = lungs, 3 = esophagus, 4 = brachial plexus, and 5 = heart.”15

Like RTOG 0617, our findings challenge the perception that
minimizing heart dose is not important in the treatment of patients
with stage III NSCLC. Although prognosis is poor in these patients,
they generally receive higher heart doses and may also have more
comorbidities and smoking history, thus increasing risk and
perhaps shortening the latency between RT and resultant heart
disease. In this study, 23% of patients had symptomatic cardiac
events, most within 5 years of treatment. Mean heart dose was
20 Gy and V30Gy was 29% in patients with events—well within
the RTOG 0617 limit (V40Gy, 100%), and those of other modern

protocols including V40Gy, 100% in RTOG 1306 (A Randomized
Phase II Study of Individualized Combined Modality Therapy for
Stage III Non–Small-Cell Lung Cancer [NSCLC]), and V30Gy
, 50% in RTOG 1308 (Phase III Randomized Trial Com-
paring Overall Survival After Photon Versus Proton Chemo-
radiotherapy for Inoperable Stage II to IIIB NSCLC).15,28,29 Even
with adjustment for the competing risk of death, patients with
mean heart doses$ 20 Gy had a 21% 2-year event rate. We did not
find an association between heart dose and survival, perhaps
because of the small sample size and the overpowering competing
risk of death from lung cancer. Nevertheless, our data support
minimization of heart radiation exposure whenever possible to doses
lower than commonly recommended9,15,28,29 in patients with stage
III NSCLC to reduce risks of toxicity.

Several studies report increased cardiac toxicity with post-
operative RT for lung cancer.10-12 However, these studies did not
show a dose-toxicity relationship and might not apply to patients
managed nonoperatively with chemoradiation; evidence is limited in
this setting. Allan et al30 recently presented data indicating a possible
association between cardiac events and heart dose in patients treated
to approximately 63 Gy. Hardy et al14 also showed an association
between RT and cardiac toxicity, but patients with stage IV disease
were included and nearly half had surgery. In contrast, Schytte et al13

found no association between heart doses and cardiac events or
survival in patients with stage I to III disease treated with RTwith or
without chemotherapy. Similarly, Tucker et al31 also reported no
association between heart doses and survival in patients with stage
III disease undergoing chemoradiation but did not report toxicity.
Most of the patients in those studies received conventional doses of
60 to 66 Gy and were not enrolled in prospective trials. Patients
included in this analysis all received $ 70 Gy and had protocol-
specified follow-up. Thus, our findings and those from RTOG 0617
support the notion that RT-associated heart injury may be relevant,
particularly in the setting of dose escalation.

It is unclear how radiation may increase the risk of early cardiac
toxicity, but given the diversity of event types, the mechanism is
likely multifactorial. As described by Darby et al,7 RTmay cause both
accelerated late atherosclerosis of major vessels and early micro-
vascular changes. Evidence suggesting early microvascular changes
comes from animal models32,33 and from clinical studies. Marks
et al34 reported a 27% rate of new perfusion defects detected with
nuclear imaging only 6 months after RT. Similar findings have been
reported by others.35-37 Hatakenaka et al38 also reported early LV
dysfunction on cardiac magnetic resonance imaging scanning after
chemoradiation for esophageal cancer. Although early microvascular
changes may increase susceptibility to late coronary artery disease,
they could also contribute to early cardiac toxicity. Another possible
mechanism is the development of pericardial effusions that occurred
in 36% of patients at a median 11months after treatment, consistent
with prior reports.39 Effusions that are initially insignificant may
eventually become symptomatic or contribute to the later devel-
opment of other cardiac toxicities. Finally, there was a high rate of
significant arrhythmia. Although these events are perhaps more
likely to be precipitated by concurrent medical illnesses, the effect of
RT on nervous system structures is well documented in other
settings40; injury to cardiac nerve pathways could conceivably lead to
aberrant conduction and increase the risk of arrhythmia. This is
supported by a recent article on almost 2,000 long-term survivors of
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Hodgkin lymphoma in whom ischemia and arrhythmia were the
two most common initial cardiac events.41

Our study suggests a dose dependence for RT-associated
cardiotoxicity. The growing dose, volume, and outcome data
from our study and similar studies provide additional information
to guide RT treatment planning. Ideally doses are delivered only to
the target, but the physical nature of radiation beams makes this
impossible. Incidental irradiation of surrounding normal tissues is
unavoidable. Thus, the planning process essentially balances where
this incidental dose is delivered. Risk of cardiac toxicity likely
increases continuously with heart dose, but the degree to which
heart dose can be minimized is limited by competing priorities of
tumor control and doses to other organs, especially the lung.
Further studies are needed to determine the ideal balance between
these priorities. In our opinion, tumor coverage should rarely be
compromised to meet a heart dose constraint. However, it would
be reasonable to try to limit heart mean dose to , 20 Gy (lower if
possible) on the basis of the high event rate we observed in patients
exceeding this dose (21% at 2 years and 41% at 4 years). So-
phisticated radiation treatment planning techniques (eg, IMRT)
and charged particle therapy with protons or carbon ions may
provide increased flexibility to generate more conformal treatment
plans and reduce heart dose, which could potentially improve the
clinical outcomes in patients with stage III NSCLC.42-44

Our study has several limitations. First, toxicity end points
were retrospectively assessed. However, patients were followed
prospectively on protocols, which may increase the completeness
of post-treatment evaluations.45 Nevertheless, there may have been
undocumented cardiac events, and our results may therefore ac-
tually underestimate their frequency. Second, the number of events
was low, which limits the examination of multiple covariates, but
this is still one of the largest studies of its type to address this
important clinical question. Third, assessing baseline cardiac risk
via the WHO/ISH risk score and baseline CAD is imperfect, but it
is still a reasonable and practical approach similar to those used by
others.3,8 Fourth, patients were treated over many years on mul-
tiple trials, which introduces treatment heterogeneity. Different
chemotherapy regimens may contribute differentially to cardiac
toxicity, although we did not find associations between specific
trials (and therefore chemotherapy regimens) and events. Fur-
thermore, agents used in these trials are not considered particularly
cardiotoxic,46 although they could potentially enhance radiation-
induced cardiotoxicity. Fifth, patients were treated using high-dose
RT ($ 70 Gy), often without cardiac constraints, and thus our

findings might not be applicable for patients treated to conven-
tional doses or with IMRT in the modern era. Nevertheless, our
findings support the presence of a relationship between dose-
volume and toxicity, and our data can assist in redefining rea-
sonable cardiac constraints (which for lung cancer have not
changed appreciably for many years). Sixth, multiple types of
events were included in the primary end point, and some (such as
arrhythmia) may be more subject to confounding by concurrent
illnesses. However, when excluding arrhythmia from the primary
end point, the results were essentially unchanged. Finally, the high
competing risk of death as a result of cancer is a significant
confounder when analyzing a comparably rare toxicity, but this
issue plagues essentially all similar studies in patients with such
serious illnesses.

In conclusion, clinically significant cardiac events after high-
dose thoracic RT for stage III NSCLC were associated with heart
dose and cardiac risk and occurred fairly early after treatment.
Consistent with the current emphasis on reducing radiation heart
exposure for other malignancies, heart doses should be similarly
minimized in patients with stage III NSCLC.
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