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Abstract

We measured peak oxygen consumption (VO2) in previous recipients of thoracic radiotherapy and 

assessed the determinants of cardiorespiratory fitness with an emphasis on cardiac and pulmonary 

function. Cancer survivors who have received thoracic radiotherapy with incidental cardiac 
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involvement often experience impaired cardiorespiratory fitness, as measured by reduced peak 

VO2, a marker of impaired cardiovascular reserve. We enrolled 25 subjects 1.8 (0.1 to 8.2) years 

following completion of thoracic radiotherapy with significant heart exposure (at least 10% of 

heart volume receiving at least 5 Gray). All subjects underwent cardiopulmonary exercise testing, 

Doppler echocardiography, and circulating biomarkers assessment. The cohort included 16 

Caucasians (64%), 15 women (60%) with a median age of 63 (59 to 66) years. The peak VO2 was 

16.8 (13.5 to 21.9) ml·kg−1·min−1 or moderately reduced at 62% (50% to 93%) of predicted. The 

mean cardiac radiation dose was 5.4 (3.7 to 14.7) Gray, and it significantly correlated inversely 

with peak VO2 (R = −0.445, p = 0.02). Multivariate regression analysis revealed the diastolic 

functional reserve index and the N-terminal pro-brain natriuretic peptide (NTproBNP) serum 

levels were independent predictors of peak VO2 ( = +0.813, p <0.01 and = −0.414, p = 0.04, 

respectively). In conclusion, patients who had received thoracic radiation display a dose-dependent 

relation between the cardiac radiation dose received and the impairment in peak VO2, the 

reduction in diastolic functional reserve index, and elevation of NTproBNP.

Radiotherapy is commonly used for the treatment of cancer of the thorax and leads to an 

improvement in cancer free survival.1 However, patients receiving thoracic radiotherapy 

experience a dose-dependent increased risk of cardiovascular disease events, including 

incident heart failure, such that the cancer-related benefits of radiotherapy are, at least in 

part, offset by an increased risk of cardiovascular disease events, including an increased risk 

of heart failure.2,3 Many patients with cancer show impairment in cardiorespiratory fitness 

(CRF) early after radiotherapy, while patients who go on to develop heart failure are 

generally diagnosed only many years after treatment.4 This may be, at least in part, because 

commonly-used tools to assess cardiac function (e.g., left-ventricular ejection fraction) are 

indeed insensitive to minor injury, and hence subtle changes may go unnoticed for many 

years.5 Patients, including those with cancer, who have impaired CRF defined as reduced 

peak oxygen consumption (VO2), however, are at increased risk of cardiovascular disease-

related mortality and heart failure-related morbidity and mortality6–9 even when left-

ventricular ejection fraction is preserved. In the present study, we measured CRF in a cohort 

of patients who received thoracic radiotherapy for the treatment of cancer with significant 

cardiac involvement with the goal of assessing the determinants of impaired CRF.

Methods

We conducted a single-center prospective study enrolling breast and lung cancer subjects 

who had previously underwent irradiation to the chest with a significant incidental cardiac 

dose. Patients were eligible if they were at least 18 years-old and had previous thoracic 

radiotherapy with a minimum radiation dose to the heart of at least 5 Gray involving at least 

10% of the heart volume. Patients were ineligible if they were unable to provide informed 

consent, had a contraindication to magnetic resonance imaging or gadolinium contrast (part 

of a concurrent costudy), had moderate-severe renal impairment (glomerular filtration rate 

<60 ml/min/1.73 m2), were pregnant or breastfeeding, unable to perform exercise testing, or 

had a previous history of significant cardiovascular disease such as previous acute 

myocardial infarction, angina, revascularization, or heart failure.
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This study was approved by the Virginia Commonwealth University Institutional Review 

Board, and all subjects provided informed consent before enrollment. Clinical data were 

extracted from the patient medical record. Radiation dose calculation was performed based 

on a volumetric computed tomography data set obtained during a treatment planning 

session. A single expert radiation oncologist (Elisabeth Weiss) performed quantification of 

total radiation dose and volumes of heart and lung exposed. The heart and lungs were 

manually contoured on each computed tomography slice generating 3-dimensional 

structures using dedicated treatment planning software (Pinnacle, Koninklijke Philips N.V.). 

After radiation beam definition and target dose calculation, mean cardiac radiation dose 

(MCRD) and mean lung radiation dose were determined for the whole organ volume as well 

as using dose-volume histograms to generate %volumes of the heart and lungs receiving at 

least 5, 10, 20, 30, 40, and 50 Gray, respectively (Figure 1).

All patients underwent cardiopulmonary exercise testing, pulmonary function testing, 

Doppler echocardiography at rest and exercise, and measurement of circulating biomarkers. 

Patient characterization also included detailed assessments of body composition and 

physical activity participation.

A physician supervised, symptom-limited cardiopulmonary exercise test was administered to 

all subjects using a low-level ramping treadmill protocol and according to established 

guidelines for exercise testing.10 The average value for VO2 during the last 30 seconds of 

exercise was used to define peak VO2 relative to body weight (ml·kg−1·min−1). Percent of 

predicted peak VO2 was calculated according to Wasserman et al.11 A peak respiratory 

exchange ratio <1.0 was used to reflect submaximal effort and/or a noncardiac reason for 

stopping in the absence of any hemodynamic or electrocardiographic abnormalities. A peak 

VO2 <83% of predicted values was used to identify exercise intolerance.11 The peak oxygen 

pulse was defined as the ratio between peak VO2 and peak heart rate in units of ml/beat, and 

a value ≤85% of predicted was considered abnormal.12 The ventilatory anaerobic threshold 

was calculated using the dual-methods criteria with a value <95% confidence limits 

indicating an abnormal response.11 The oxygen uptake efficiency slope was determined 

from the linear relation of V̇O2 versus the logarithmic transformation of minute ventilation 

during exercise. The %-predicted oxygen uptake efficiency slope was calculated by 

comparing the observed with the reference values put forth by Sun13 with a value <89% of 

predicted considered indicative of an abnormal cardiovascular limitation as proposed by 

Barron.14

A normal cardiovascular limitation to exercise was defined as a peak VO2 ≥83% of predicted 

in the setting of a respiratory exchange ratio ≥1.0.15 A priori, an abnormal cardiovascular 

response to exercise was defined as impaired CRF (i.e., peak VO2 <83%) in the presence of 

any one of the following observances in the absence of a pulmonary limitation to exercise 

and a peak respiratory exchange ratio ≥1.0 (1) ventilatory anaerobic threshold <95% 

confidence limits; (2) oxygen uptake efficiency slope <89% of predicted; (3) peak oxygen 

pulse <85% of predicted. An indeterminate limitation to exercise was defined as a peak VO2 

<83% with a respiratory exchange ratio <1.0 in the absence of any overt cardiopulmonary 

abnormalities.
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All subjects underwent spirometry before exercise according to published standards.16 Peak 

exercise minute ventilation was compared with the direct maximal voluntary ventilation to 

assess ventilatory reserve, with a peak ratio of >0.80 indicating a pulmonary limitation to 

exercise.17 Forehead pulse oximetry was employed to estimate arterial oxygen saturation 

with values <95% at rest or >5% decrease with exercise also indicative of a pulmonary 

limitation to exercise.17

Standard 2-dimensional transthoracic echocardiography was performed to measure cardiac 

structure and function, left-ventricular ejection fraction, transmitral flow velocities (early, 

late, early to late transmitral flow ratio, and early transmitral flow deceleration time), and 

tissue Doppler derived early diastolic mitral annular velocity averaged between the lateral 

and septal annulus according to standard recommendations.18,19 Doppler-derived cardiac 

output was estimated by measuring the velocity time integral across the left-ventricular 

outflow tract multiplied by the heart rate. Since estimation of the cross-sectional area of the 

left-ventricular outflow tract represents a potential source of error, the velocity time integral 

alone was used as a surrogate for cardiac output measurement.20 The early transmitral flow 

to early diastolic mitral annular velocity ratio was calculated as an estimate of left-

ventricular filling pressures.21 Stress echocardiography was performed to assess the velocity 

time integral-derived cardiac output, early transmitral flow, lateral early diastolic mitral 

annular velocity, and early transmitral flow to early diastolic mitral annular velocity ratio at 

exercise by having the patient seated immediately postexercise and obtaining an apical view 

in <1-minute. The interval exercise changes in velocity time integral-derived cardiac output, 

early diastolic mitral annular velocity, and early transmitral flow to early diastolic mitral 

annular velocity ratio were calculated. The diastolic functional reserve index (DFRI) was 

defined as the product of resting early diastolic mitral annular velocity multiplied by the 

delta early diastolic mitral annular velocity during exercise.22 For left-ventricular ejection 

fraction the normal reference range was considered to be 53% to 73% (mean ± 2-standard 

deviations).19

A blood sample was obtained before exercise to measure the following circulating 

biomarkers: (1) high-sensitivity cardiac troponin I (Abbott ARCHITECT); (2) high-

sensitivity cardiac troponin T (Roche Elecsys Troponin T Gen 5 STAT); (3) N-terminal pro-

brain natriuretic peptide (NTproBNP, [Roche Elecsys proBNP]); (4) Galectin-3 (Abbott 

ARCHITECT); (5) high-sensitivity C-reactive protein (Siemens Healthcare); (6) soluble 

suppression of tumorigenicity 2 (Presage, Critical Diagnostics).

Body composition was assessed pre-exercise through body mass index, waist-hip 

circumference, and single-frequency bioelectrical impedance analysis (RJL Systems, Inc., 

Clinton Township, Michigan). Physical activity participation was quantified using the 

International Physical Activity Questionnaire.23

A sample size of at least 19 subjects was estimated to provide 80% power to detect a 

correlation coefficient >0.60 between CRF and potential determinants (α = 0.05). 

Continuous data are reported as median and interquartile range or absolute range for 

potential non-Gaussian distributions. Discrete variables are reported as number and %. The 

nonparametric Kruskal-Wallis test was used for comparisons between subgroups for 
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exploratory analyses. The Chi-square test was used to compare nominal variables. Univariate 

analysis between cardiopulmonary exercise test, cardiac-biomarker, and echocardiography 

variables was performed using Spearman’s rank correlation test. Multivariate analysis using 

a linear regression model was performed using a stepwise approach including those 

variables associated with p <0.05 at univariate analysis from prespecified cardiac, 

pulmonary, and body composition parameters to explore determinants of peak VO2. Signifi-

cant univariate predictors were assessed for multicollinearity before placement in the 

multivariate model. An additional correction for cancer type was performed using a General 

Linear Model. Statistical analysis was performed using SPSS version 24.0 (IBM Corp, 

Armonk, New York).

Results

Between August 2016 and November 2017, we screened 106 subjects and enrolled 25 

(24%). Reasons for exclusions are reported in the Supplemental Table 1. Of the 25 subjects 

enrolled, 15 (60%) underwent thoracic radiotherapy for lung cancer, and 10 (40%) for breast 

cancer. Table 1 describes the clinical characteristics of the subjects enrolled − 13 (52%) had 

undergone surgery before radiotherapy, and 21 (84%) had received antineoplastic 

chemotherapy. Six (24%) of the breast cancer patients underwent regimens including 

anthracycline chemotherapy. The antineoplastic regimens and specific types of 

chemotherapy, frequency of use, and average doses of the cohort are available in 

Supplemental Table 2. Seven of the 10 (70%) subjects with breast cancer were on 

concomitant hormonal modulating therapy at the time of evaluation.

Thirteen (52%) patients underwent radiotherapy as primary therapy for cancer, and 12 (48%) 

underwent adjuvant radiotherapy following surgery. The number of radiotherapy fractions 

was 30 (24 to 33) with 2.0 Gray per fraction (1.8 to 2.0 Gray) for a prescribed radiotherapy 

dose of 60.0 Gray (48.0 to 61.7 Gray). Six subjects also underwent additional previous 

radiotherapy treatments (median of 4 treatments [4 to 22], 10 Gray per fraction [1.8 to 12.0 

Gray], total prescribed dose 48.0 Gray [36.0 to 50.4 Gray]). Table 2 lists the total prescribed 

dose, MCRD, mean lung radiation dose, and mean %heart and %lung volumes that received 

at least 5, 10, 20, 30, 40, and 50 Gray, respectively reflecting the dose contributions from all 

radiotherapy treatments for each patient. When separating cancer types (breast vs lung), 

there was a significant difference in MCRD, and %heart volume receiving at least 5 to 50 

Gray (all p’s ≤0.02) with the lung cancer subjects receiving higher cardiac doses than breast 

cancer subjects.

Hypertension was the primary established cardiovascular disease risk factor (n = 14 [56%]) 

followed by sedentary lifestyle (n = 11 [44%]). Supplemental Table 3 lists the prevalence of 

cardiovascular disease risk factors and cardiovascular medications in the group. Lung 

disease was the most common noncardiovascular disease related co-morbidity present in 15 

(60%) individuals (all lung cancer patients). All subjects were Eastern Cooperative 

Oncology Group status 0 to 1 with a mean Karnofsky score of 89 ± 7. Fourteen (56%) 

subjects met body mass index criteria§for overweight (7 [28%]) or obesity (7 [28%]). 

Anthropometrics of the entire cohort are detailed in Supplemental Table 4.
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The median peak respiratory exchange during maximal exercise was 0.98 (0.94 to 1.07), 

with 11 of 25 (44%) achieving ≥1.0, and 9 of 25 (36%) reaching ≥1.10. The primary reason 

for test termination was dyspnea (43%), followed by fatigue (30%) or other reasons (27%).

Table 3 provides a comprehensive summary of the analyzed exercise test variables. In 

univariate analysis, peak VO2 inversely correlated with age (R = 0.40, p = 0.03). Peak VO2 

was not significantly different with regards to sex (p = 0.12), race (p = 0.56), or reported 

physical activity participation (p = 0.28). Peak VO2 was significantly higher in subjects with 

breast cancer compared with lung cancer (21.0 [17.8 to 23.6] ml·kg−1·min−1 versus 14.6 

[12.0 to 17.5] ml·kg−1·min−1, p <0.01) or 93% (77% to 98%) predicted versus 53% (44% to 

61%) predicted (p <0.0001). Peak VO2 was not significantly different when comparing those 

who underwent chemotherapy of any type versus those who did not undergo chemotherapy 

(p = 0.14). Likewise, peak VO2 was not significantly different in those who underwent 

anthracycline-based chemotherapy regimens (22.2 [15.5 to 23.6] versus 16.6 [13.7 to 19.9] 

ml·kg−1·min−1, p = 0.18), and did not correlate with anthracycline dose when treated as a 

continuous variable (p = 0.16).

Of the 25 subjects, 13 (52%) showed no evidence of significant airflow limitation on 

spirometry, while the remaining subjects showed mild-to-severe grade limitations according 

to Global Initiative for Chronic Obstructive Lung Disease staging criteria as follows: Stage-1 

(Mild) = 1 (4%); Stage-2 (Moderate) = 6 (24%); Stage-3 (Severe) = 4 (16%); Stage-4 (Very 

Severe) = 1 (4%). Supplemental Table 5 provides a detailed assessment of spirometry 

values.

Using Doppler echocardiography half of the subjects (n = 14 [56%]) had a left-ventricular 

ejection fraction ≤52% which is below the lower limit of the normal reference range. Table 4 

provides a detailed summary of the Doppler echocardiographic variables of the entire 

cohort.

Table 5 indicates the proportion of the cohort with abnormal responses for each blood-based 

biomarker and the median values for each. Elevated C-reactive protein (≥2 mg/L, n = 16 

[64%]) and NTproBNP (≥ 125 pg/ml, n = 14 [56%]) was noted in over half of all subjects.

Cardiorespiratory fitness was preserved, defined by peak VO2 ≥83% of predicted values, in 

only 8 (32%) subjects. In the remaining 17 (68%) subjects with a reduced peak VO2, 6 

(24%) demonstrated a predominant abnormal cardiovascular limitation, 7 (28%) a 

pulmonary limitation, and 4 (16%) an indeterminate limitation to exercise. Table 6 details 

the comparison of groups based upon exercise tolerance and the predominant limitation to 

exercise.

Assessment of prespecified physiologic predictors of peak VO2 listed in Table 7 at univariate 

analysis revealed significant associations with radiotherapy dose, cardiac, body composition, 

and ventilatory parameters and includes the variables retained in a multivariate model. The 

strongest correlation was seen between the DFRI and peak VO2 reflecting impaired 

myocardial relaxation with exercise (Figure 2). The radiotherapy, cardiac, pulmonary, and 

body composition parameters demonstrating a significant relation to peak VO2 (p <0.05) 

were entered into a stepwise multivariate regression model revealing that the DFRI and 
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NTproBNP remained the only 2 independent predictors of peak VO2 in the entire cohort 

(model-adjusted R2 = 0.73, p <0.01; DFRI, = +0.813, p <0.01; NTproBNP, = −0.414, p = 

0.04).

The DFRI and NTproBNP were then entered into a general linear model with the addition of 

cancer-type (breast vs lung) as a categorical predictor identified in the clinical characteristics 

associated with differences in peak VO2. This resulted in the loss of NTproBNP as an 

independent significant predictor, whereas the DFRI remained strongly associated with peak 

VO2 (R2 = 0.734, p = 0.02).

Dividing the cohort by primary exercise limitation (cardiac vs pulmonary vs indeterminate) 

and examining the predictors of peak VO2 in those with a cardiac limitation to exercise 

revealed the resting early transmitral flow to early diastolic mitral annular velocity ratio and 

the exercise early diastolic mitral annular velocity were retained as independent predictors of 

peak VO2 at multivariate analysis (model-adjusted R2 = 0.79, p <0.01).

Discussion

In this cohort of patients without known pre-existing cardiovascular disease who had 

received a cardiotoxic dose of thoracic radiotherapy, most patients had impaired CRF as 

indicated by a reduction in peak VO2 (median reduction of 38% below normative values). 

Moreover, 24% demonstrated an abnormal cardiovascular limitation to exercise, and the 

Doppler-stress echo-derived DFRI and the cardiac-biomarker NTproBNP were indeed 

strong, independent predictors of peak VO2.

These results have multiple implications. First, they confirm that impairment in CRF is 

common in cancer survivors. Second, it indicates that assessment of CRF is sensitive to 

detect latent cardiovascular abnormalities in this cohort without a history of cardiovascular 

disease. Third, it confirms a dose-dependent relation between impaired CRF and 

radiotherapy heart dose.

The finding of reduced CRF in cancer survivors following anticancer therapies has been 

previously reported24 although relations between radiotherapy regimen and peak VO2 have 

not been reported. A review by Peel et al involving a total of 1,856 female breast cancer 

subjects (chemotherapy: n = 78%, radiotherapy: n = 56%) found peak VO2 in the 

postadjuvant setting was 25% lower compared with healthy, sedentary values.24 The novelty 

of the present study lies in its characterization of the exercise response in cancer survivors 

with significant radiotherapy heart dose and the implicated mechanisms of impaired CRF.

The DFRI (the Doppler-echo product of resting early diastolic mitral annular velocity 

multiplied by the delta early diastolic mitral annular velocity during exercise) has previously 

been shown to predict exercise capacity in individuals with exertional diastolic dysfunction.
25,26 The utility of the DFRI is its ability to identify diastolic abnormalities not apparent at 

rest. The early mitral annulus diastolic velocity, a surrogate of myocardial relaxation, 

demonstrates a strong inverse correlation with the isovolumetric time constant (tau) a 

reference marker of left-ventricular relaxation.27 The finding of reduced CRF and its strong 
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association with DFRI in the present study indicates impaired relaxation is driving the 

exercise intolerance.

In a population-based case-control study of incident heart failure in female breast cancer 

patients (MCRD = 2.5 Gray, mean time postradiotherapy = 5.8 years), a dose-response 

relation between MCRD and the incidence of heart failure was present.3 The odds ratio 

(95% confidence interval) for heart failure per log MCRD was 9.1 (3.4 to 24.4) for any heart 

failure and 16.9 (3.9 to 73.7) for heart failure with preserved ejection fraction. In an elegant 

animal model, Saiki et al demonstrated reduced exercise capacity, increased left-ventricular 

diastolic stiffness, impaired myocardial relaxation, elevated filling-pressures, but similar 

left-ventricular ejection fraction compared with controls in rats following cardiac irradiation.
28 Post hoc analysis showed evidence of a significant inverse linear trend between exercise 

capacity and radiation dose suggesting a dose-response relation. In another animal study by 

Mezzaroma et al, contractile reserve measured by isoproterenol challenge decreased in a 

dose-dependent manner in mice exposed to different radiotherapy doses.29 These studies 

provide mechanistic insight into the pathological link between heart failure, diastolic 

dysfunction, radiotherapy exposure, and resultant impairment of cardiac reserve.

The primary limitations of this study are the small number of cases and its cross-sectional 

nature rather than longitudinal assessment of the disease. Therefore, despite the multiple 

correlations between cardiac variables, CRF, and radiotherapy dose a cause-effect link 

cannot be proven, and these associations may reflect biases between primary diagnosis, 

treatment modalities, and concomitant cardiovascular risk factors. Moreover, there was 

significant heterogeneity in cancer-type and use of chemotherapy systemic agents 

investigated with this study. Nevertheless, the comprehensive characterization of the patients 

using cardiac and pulmonary-targeted diagnostic tests, and the results of a unifying 

significant cardiac radiation dose threshold, but varying dose amounts based upon cancer 

type and guideline-directed treatments (i.e., lower in breast cancer vs higher in lung cancer) 

may have allowed detection of the observed dose-response relation. From a technical 

standpoint, an additional limitation when ascertaining organ-system limitation to exercise is 

that no specific procedures were performed that directly measured peripheral vascular 

function or skeletal muscle characteristics both of which are known to contribute to exercise 

capacity.30

In conclusion, impairment in CRF shows a dose-dependent relation with the radiation dose 

to the heart, and is primarily related to impaired diastolic reserve. This study warrants 

further investigation into radiation-induced exercise intolerance and the efficacy of 

interventions to improve CRF in this population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Dose volume histogram used to calculate heart radiotherapy dose. The upper panel shows an 

axial slice from the pretreatment planning computed tomography scan with tumor bed and 

heart contoured. Isodose lines for 45 Gray, 25 Gray, and 10 Gray are shown as well. The 

lower panel shows the associated dose volume histogram. Absolute doses for fractions of the 

total structure volume are displayed. For example (see heart arrow), 10 Gray are delivered to 

7% of the total heart volume.
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Figure 2. 
Cardiovascular, pulmonary, and body composition predictors of peak oxygen consumption. 

Peak oxygen consumption (VO2) was inversely associated with the mean cardiac radiation 

dose (Panel A). Peak VO2 was independently associated with Doppler stress echo-derived 

diastolic functional reserve index and NTproBNP levels (Panels D, E). The anthropometric 

waist-hip ratio (Panel B) and pulmonary forced expiratory volume-1 second (Panel C) were 

inversely associated with peak VO2. Abbreviations: Gy = Gray units; mL·kg−1·min−1 = 

milliliters per kilogram per minute; NTproBNP = N-terminal pro-brain natriuretic peptide; 

pg/mL = picograms per milliliter.
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Table 1

Clinical characteristics of the cohort

Variable Entire cohort (n = 25)

Age (years) 63 (59–66)

Women 15 (60%)

Caucasian 16 (64%)

African-American 9 (36%)

Cancer type

 Lung 15 (60%)

 Breast 10 (40%)

Time since cancer diagnosis (years) 2.4 (0.3–8.6)

Time since completion of chemotherapy (years) 1.5 (0.1–7.4)

Prior chemotherapy 21 (84%)

 Anthracycline-based chemotherapy 6 (24%)

Time since completion of radiotherapy (years) 1.8 (0.1–8.2)

Cancer stage Breast cancer n = 10 Lung cancer n = 15

IA 1 (4%) 1 (4%)

IB 1 (4%)

II 1 (4%)

IIA 1 (4%)

IIB 1 (4%)

IIIA 3 (12%) 10 (40%)

IIIB 2 (8%) 3 (12%)

IIIC 1 (4%)

Data are listed as median and (absolute range) or n (%).
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Table 3

Cardiopulmonary exercise test variables

CPET variables Entire cohort

Relative peak VO2 (mL·kg−1·min−1) 16.8 (13.5–21.9)

Percent-predicted relative peak VO2 (%) 62 (50–93)

 Relative peak VO2 <83% predicted 17 (68%)

Oxygen Pulse (ml/beat) 9.0 (7.5–10.5)

Percent-predicted oxygen pulse (%) 82 (63–97)

 Oxygen pulse <85% predicted 13 (52%)

Ventilatory anaerobic threshold (mL·kg−1·min−1) 13.3 (11.4–16.2)

Percent-predicted VAT (%) 55 (43–62)

VE/VCO2 slope 32.5 (28.4–36.5)

Oxygen uptake efficiency slope 1.58 (1.28–2.03)

Percent-predicted OUES (%) 110 (86–141)

Peak respiratory exchange ratio 0.98 (0.94–1.07)

Exercise time (minutes) 9.9 (6.6–12.0)

Resting heart rate (bpm) 73 (68–86)

Maximal heart rate (bpm) 150 (115–165)

Percent-predicted APMHR (%) 93 (78–101)

Resting systolic BP (mm Hg) 124 (112–141)

Resting diastolic BP (mm Hg) 70 (63–82)

Max systolic BP (mm Hg) 174 (157–185)

Max diastolic BP (mm Hg) 70 (70–80)

Resting SpO2 (%) 99 (97–100)

Exercise SpO2 (%) 97 (94–99)

Δ SpO2 exercise (%) 2 (0–4)

VE/MVV ratio 0.74 (0.58–0.80)

Data are listed as median and (interquartile range) or n (%). CPET = cardiopulmonary exercise test; VO2 = oxygen consumption; VAT = ventilatory 

anaerobic threshold; VE/VCO2 = minute ventilation to carbon dioxide production; OUES = oxygen uptake efficiency slope; APMHR = age-

predicted maximal heart rate; SpO2 = oxygen saturation; VE/MVV = peak minute ventilation/maximal voluntary ventilation ratio.
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Table 4

Echocardio-Doppler parameters

Variables Entire cohort (n = 25)

Left-ventricular ejection fraction (%) 52 (47–61)

 <40% 2 (8%)

 40%−49% 5 (20%)

 ≥50% 16 (64%)

 ≥53% 11 (44%)

European Society of Cardiology criteria for diastolic dysfunction* 11 (44%)

European Society of Cardiology criteria for HFpEF† 5 (20%)

Left-ventricular end-diastolic volume Index (ml/m2) 44 (39–56)

Left-ventricular end-systolic volume Index (ml/m2) 22 (16–26)

Stroke volume index (ml/m2) 23 (19–29)

Early transmitral E velocity (cm/sec) 75.5 (66.0–85.0)

Late transmitral A velocity (cm/sec) 87.0 (80.5–94.3)

E/A ratio 0.85 (0.71–1.00)

Left-atrial volume index (ml/m2) 20.1 (16.6–24.9)

Early diastolic mitral annular velocity e’ (cm/sec) 7.6 (7.0–9.6)

Longitudinal systolic strain (cm/sec) 7.9 (7.1–8.6)

Late diastolic myocardial velocity (cm/sec) 10.3 (8.7–11.9)

E velocity deceleration time (ms) 220 (178–249)

Ratio of E to e’ 9.4 (7.5–13.3)

Exercise E velocity (cm/sec) 87 (75–123)

Exercise e’ (cm/sec) 10.5 (6.8–14.4)

Δ Exercise E (cm/sec) 3.4 (1.0–6.5)

Ratio of exercise E to e’ 7.9 (7.0–13.5)

Δ Ratio of exercise E to e’ −0.6 (−1.8 to 3.0)

Diastolic Functional Reserve Index 27.3 (8.2–68.1)

Left-ventricular outflow tract velocity time integral –Rest (cm) 15.2 (14.4–20.5)

Left-ventricular outflow tract velocity time integral –Exercise (cm) 19.6 (17.8–25.0)

Δ Exercise left-ventricular outflow tract velocity time integral 3.2 (2.3–5.9)

Data are listed median and (interquartile range). ml/m2 = milliliters per meter squared; cm/sec = centimeters per second; ms = milliseconds.

*
European Society of Cardiology criteria for diastolic dysfunction = ratio of early transmitral velocity to early diastolic mitral annular velocity >13; 

mean early diastolic mitral annular velocity <9 cm/sec; or left-atrial volume index >34 ml/m2; or presence of left-ventricular hypertrophy.

†
European Society of Cardiology Diagnostic algorithm for a diagnosis of heart failure with preserved ejection fraction (HFpEF) of nonacute onset: 

Exercise intolerance= typical symptom of heart failure; Cardiotoxic radiation = assessment of heart failure probability; heart failure with preserved 
ejection fraction = left-ventricular ejection fraction ≥50% with N terminal pro-brain natriuretic peptide ≥125 pg/ml and European Society of 
Cardiology criteria for diastolic dysfunction.
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Table 5

Cardiac-specific blood-based biomarkers

Biomarker Abnormal response Values

N-terminal pro-brain natriuretic peptide (pg/ml) 14 (56%) 180 (47–344)

High-sensitivity C-reactive protein (mg/L) 16 (64%) 3.0 (1.7–6.9)

Galectin-3 (ng/ml) 8 (32 %) 15.4 (12.8–19.8)

High-sensitivity cardiac troponin T (ng/L) 5 (20%) 9.5 (5.1–13.8)

High-sensitivity cardiac troponin I (ng/L) 3 (12%) 4.0 (2.0–8.0)

Soluble suppression of tumorigenicity-2 (ST2; [ng/ml]) 8 (32%) 28.2 (21.9–37.3)

Data are listed as n (%) or median and (interquartile range). Abnormal response was defined as: N-terminal pro-brain natriuretic peptide ≥125 
pg/ml, high-sensitivity C-reactive protein ≥2 mg/L, Galectin-3 >17.8 ng/ml, high-sensitivity cardiac troponin T (Male >22 ng/L, Female >14 ng/L), 
high-sensitivity cardiac troponin I (Male >14 ng/L, Female >11.1 ng/L), soluble suppression of tumorigenicity-2 ≥35 ng/ml. pg/ml = picograms per 
milliliter; mg/L = milligrams per liter; ng/L = nanograms per liter; ng/ml = nanograms per milliliter.
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Table 7

Multivariate analysis of predictors of peak oxygen consumption for the entire cohort

Variable R-value Univariate p value Multivariate p value

Radiotherapy parameters

Total prescribed dose (Gy) +0.029 0.89

MCRD (Gy) −0.445 0.02 0.31

MLRD (Gy) +0.529 0.13

Cardiac parameters LVEF (%) +0.026 0.90

Rest e’ +0.514 0.01 0.24

Rest E/e’ −0.613 <0.01 0.80

Exercise e’ +0.613 0.03 0.86

Exercise E/e’ −0.406 0.19

Δ E/e’exercise −0.245 0.44

e’/DT ratio +0.422 0.04 0.05

DFRI +0.629 0.02 <0.01

Exercise VTICO +0.210 0.51

Δ VTICO exercise +0.773 <0.01 0.21

NTproBNP −0.588 <0.01 0.04

hs-cTnI −0.552 <0.01 0.76

hs-cTnT −0.541 <0.01 0.26

Galectin-3 −0.299 0.15

hsCRP −0.333 0.11

sST2 −0.200 0.35

Body composition parameters

Weight (kg) −0.197 0.35

BMI −0.097 0.65

Waist circumference −0.371 0.08

Waist-hip ratio −0.444 0.03 0.57

Fat mass% −0.062 0.77

Fat-free mass% +0.062 0.77

Ventilatory parameters

FVC +0.538 <0.01 0.83

FEV1 +0.760 <0.01 0.37

FEV1/FVC +0.594 <0.01 0.36

Direct MVV +0.723 <0.01 0.23

Δ SpO2 exercise −0.490 0.02 0.65

Bold values indicate significance at a p-value <0.05.

Gy = Gray; MCRD = mean cardiac radiation dose; MLRD = mean lung radiation dose; LVEF = left-ventricular ejection fraction; e’ = early 
diastolic mitral annular velocity; E/e’ = ratio of early transmitral velocity to early diastolic mitral annular velocity; D = delta; e’/DT = ratio of early 
diastolic mitral annular velocity to deceleration time; DFRI = diastolic functional reserve index; VTICO = left-ventricular outflow tract velocity 

time integral cardiac output; NTproBNP = N-terminal pro-brain natriuretic peptide; hs-cTnI = high-sensitivity cardiac troponin I; hs-cTnT = high-
sensitivity cardiac troponin T; hsCRP = high-sensitivity C-reactive protein; sST2 = soluble suppression of tumorigenicity-2; kg = kilograms; BMI = 
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body mass index; FVC = forced vital capacity; FEV1 = forced expiratory volume in 1-second; MVV = maximal voluntary ventilation; SpO2 = 

oxygen saturation.
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