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Abstract
Background—Fractional exhaled nitric oxide (eNO) is recognized as a marker of pulmonary
endothelial function. Oxidative stress is associated to systemic endothelial nitric oxide production
but its correlation with eNO in heart failure (HF) patients has not been described. Previous studies
have reported increased eNO levels after exercise in symptomatic HF patients but decreased levels
in pulmonary arterial hypertension. Our objective is to prospectively examine the potential
myocardial and functional determinants of exercise-induced rise of eNO in HF.

Methods and Results—Thirty-four consecutive ambulatory patients with chronic systolic HF
(left ventricular ejection fraction [LVEF] ≤45%) underwent symptom-limited cardiopulmonary
stress testing and echocardiography. eNO was determined immediately after exercise. Systemic
endothelial dysfunction was assessed by asymmetric dimethylarginine (ADMA) and the L-
arginine/ADMA ratio. In our study cohort (mean age 53 ±13 years, 76% male, median LVEF
31%, interquartile range [IQR]: 25 to 40), the mean eNO was 23 ±9 ppb. eNO levels were higher
in patients with diastolic dysfunction stages 2 or 3 than stage 1 or normal diastology (26.1±9 vs.
19.5±7 ppb, p=0.013). eNO had a positive correlation with estimated systolic pulmonary artery
pressure (r= 0.57; p=0.0009) and indexed left atrium volume (r= 0.43; p= 0.014), but did not
correlate with cardiopulmonary exercise test parameters, ADMA, or symptom score.

Conclusions—In contrast to prior reports, the increase in post-exercise eNO observed in stable
chronic systolic HF patients may be attributed to the presence of underlying pulmonary venous
hypertension probably secondary to advanced diastolic dysfunction.
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INTRODUCTION
It has long been recognized that nitric oxide (NO) plays an important role in the
pathogenesis and disease progression in heart failure, although direct measurements of NO
is challenging and the precise role of NO is complex1. In patients with chronic heart failure,
dysregulated systemic NO production via endogenous inhibitors of NO synthases like
asymmetric dimethylarginine (ADMA), has been associated with both systolic and diastolic
dysfunction as well as poor long-term adverse outcomes2. Inability to provide substrate for
NO production due to impaired global arginine bioavailability has also been associated with
increased cardiovascular risks3. This is in part due to the fact that vasodilatation in the
vasculature is mediated by a basal release of endothelium derived NO. In the lungs, NO
plays a crucial role in determining outcomes in airway inflammation, chronic lung diseases,
infections and pulmonary arterial hypertension (PAH)4. Three forms of NO synthases
(endothelial, inducible and neurogenic) are expressed in the lung and respond to a variety of
inflammatory cytokines and hemodynamic changes. They are responsible for the synthesis
of NO measured in exhaled breath, which derives from vascular endothelium and airway
epithelium5. Consequentially, exhaled NO (eNO) has become a promising alternative for
indirect in vivo measurement of pulmonary endothelial function.

Over the past decade, studies have reported variable eNO levels in symptomatic heart failure
patients at rest when compared to normal controls. Higher resting levels of eNO were
observed in decompensated heart failure compared to that observed in compensated, and
resting eNO decreased after lowering of left ventricular filling pressures5. On the other hand,
higher (rather than lower) eNO levels have been observed following exercise in stable
chronic heart failure patients when compared to that of controls6–9. Meanwhile, those who
fail to raise eNO during exercise were associated with a higher long-term mortality rate10,
suggesting the potential for the generation of NO as a compensatory response to increased
flow in the pulmonary venous circulation. The observation of higher eNO levels upon
exercise in the setting of potentially lower NO systemic synthetic capacity is paradoxical.
Hence, the objective of the present study is to investigate the relationships between post-
exercise eNO levels and degree of severity in clinical and echocardiographic variables in
stable, compensated, ambulatory patients with chronic systolic heart failure.

METHODS
Study population

We prospectively enrolled 34 consecutive ambulatory subjects seen at the Cleveland Clinic
outpatient heart failure clinic with a clinical diagnosis of chronic heart failure and left
ventricular ejection fraction of ≤45% by echocardiogram. We excluded subjects with a
major cardiovascular event (myocardial infarction, unstable angina, stroke, transient
ischemic attack, pulmonary embolism) within 30 days, or those with significant lung
diseases including chronic obstructive pulmonary disease, pulmonary fibrosis, pulmonary
arterial hypertension, or asthma. We also excluded those who had undergone major surgery,
hospitalization or emergency room visits for heart failure exacerbation, or use of inotropic
agents within the last month. We also excluded those who were unable or unwilling to
consent to all components of the protocol. Written informed consent was obtained from all
patients before participation in the study, and the protocol was approved by the Cleveland
Clinic Institutional Review Board.

Cardiopulmonary exercise testing and eNO measurement
After informed consent, all subjects underwent symptom-limited cardiopulmonary stress
testing using the modified Naughton protocol, and results were recorded on a Vmax™
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Encore Metabolic Cart (CareFusion, San Diego CA). Total exercise duration, peak oxygen
consumption (Peak VO2), and ventilator efficiency (VE/VCO2) were measured. Post-exercise
eNO was determined immediately (within 2 minutes) after cardiopulmonary exercise stress
test with single-breath technique using a portable eNO analyzer (NIOX MINOH, Aerocrine
AB, Solna, Sweden), in which subjects exhaled against an airflow resistor for 10s at a flow
rate of 50 mL/s. In 50% (17 out of 34) of subjects, resting eNO was measured. The mean
coefficient of variation of the measurement was 2.4 ppb and consistent with published
report11.

Transthoracic echocardiogram
All patients underwent comprehensive transthoracic echocardiography evaluation using a
Vivid 7 system (GE Vingmed Ultrasound, Horten, Norway). Two-dimensional gray-scale
and Doppler imaging was performed in standard parasternal and apical views. Left
ventricular ejection fraction, left ventricular end- systolic volume index (LVESVI) plus left
atrial volume index (LAVI) were measured using the Simpson’s biplane method, and the
volumetric variables were indexed to body surface area. Pulsed wave Doppler of the right
ventricular (RV) inflow and RV outflow were utilized to calculate right-sided myocardial
performance index (or the “Tei index”). Right ventricular systolic pressure (RVSP) was
estimated from the Doppler estimated tricuspid valve regurgitant jet velocity using the
Bernoulli equation. Diastolic parameters, mitral inflow patterns and quantification of mitral
regurgitation were assessed and classified following the American Society of
Echocardiography recommendations12, 13.

Kansas City Cardiomyopathy Questionnaire
The Kansas City Cardiomyopathy Questionnaire (KCCQ) was administered as a
standardized 23-item, self-reporting instrument that quantifies physical function, symptoms
(frequency, severity and recent change), social function, self-efficacy and knowledge, and
quality of life14.

L-arginine and ADMA
To further address the interaction with endothelial dysfunction related to underlying
impaired endothelial NO production, we have added measurements of systemic levels of
asymmetric dimethylarginine (ADMA) and the ratio between arginine and ADMA in plasma
samples collected at the time of study as previously described3.

Statistical Analysis
Normally distributed echocardiographic variables were expressed as mean ± SD and
compared using parametric methods (unpaired t-test, chi-square test), whereas non-normally
distributed, expressed as median with interquartile range, and compared by non-parametric
methods (Wilcoxon rank-sum test). Changes in eNO were compared by paired t-test. Cross-
sectional correlations between echo parameters, stress test parameters and eNO were
calculated using non-parametric Spearman’s correlation coefficient. Multivariate analysis to
identify independent predictors of eNO was performed using Stepwise Logistic Regression.
A p value <0.05 was considered significant. The results were not adjusted for multiple
comparisons. Statistical analyses were performed using JMP 9.0 (SAS Institute, Cary, NC).
All the authors had full access to all of the data in the study, and take responsibility for the
integrity of the data and the accuracy of the data analysis. All authors have read and agree to
the manuscript as written.
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RESULTS
Clinical characteristics

A total of 34 consecutive subjects were prospectively enrolled. Table 1 illustrates the
baseline characteristics of the study population. The mean and median resting eNO were
17.9±7 ppb and 17 ppb, (interquartile range 14 to 22 ppb), respectively. These values were
similar to previously reported values for healthy control subjects using a flow rate of 50 mL/
s15. After exercise, the mean and median eNO were increased to 23±9 ppb and 19.5 ppb
(interquartile range 17 to 32 ppb), respectively. There was a statistically-significant
difference between pre- and post-exercise eNO (p= 0.0149). Baseline eNO predicted peak
exercise NO (r=0.80 p=0.0013, n=17). There was no difference in the eNO levels between
Caucasians and African American patients (mean eNO 24.9±9.3 ppb vs. 24.2±7.7 ppb,
p=0.63). Mean ADMA and L-arginine levels were 0.88±0.22 μM and 69.3±14.6 μM
respectively. The mean L-arginine/ADMA ratio was 82.7±24.2.

Exhaled NO and echocardiographic variables
Resting eNO did not correlate with any of the echocardiographic parameters. In contrast,
post-exercise eNO demonstrated a strong and positive correlation with estimated resting
RVSP (r= 0.57; p= 0.0009) and LAVI (r= 0.43; p= 0.014). Furthermore, the presence of a
pseudonormal pattern (Stage 2) or restrictive filling pattern (Stage 3) was associated with
higher mean eNO compared to those with a normal or Stage 1 filling pattern (26.1±9 vs.
19.5±7 ppb, p=0.013). Despite a trend in the concordant direction, there was no difference in
post-exercise eNO between patients with elevated (≥=15) versus normal resting mitral E/Ea
(23.9±8 vs. 22.3±10 ppb, p=0.29), and between patients with moderate-severe MR versus
mild to absent MR at rest (22.8±7 vs. 23.1±10 ppb, p=0.76). Furthermore, eNO after
exercise did not correlate with LV systolic function (LVEF, r= −0.11; p= 0.29), LV end-
systolic volume index (r= 0.24; p= 0.19), or right ventricular function (Right Tei index,
r=0.09, p=0.62) (Table 2).

Resting and post-exercise eNO did not correlate with ADMA (r= −0.08 p= 0.74 and r=
−0.02; p= 0.88 respectively), L-arginine (r= −0.21 p= 0.41 and r= −0.09; p= 0.61
respectively), or L-arginine/ADMA ratio (r= −0.03 p= 0.89 and r= −0.02; p= 0.89
respectively). The multivariate analysis using stepwise logistic regression identified RVSP
and LAVI as independent predictors for elevated post-exercise eNO after adjusting for age,
LVEF, E/average Ea ratio, ADMA and L-arginine/ADMA ratio (Table 2).

Exhaled NO and functional parameters and self-reported symptoms
Resting and post-exercise eNO did not correlate with peak VO2 (r= −0.44 p= 0.08 and r=
−0.18; p= 0.31 respectively), VE/VCO2 (r= 0.22 p= 0.40 and r= 0.17; p= 0.33), or total
exercise duration (r= −0.46; p= 0.06 and r= −0.15; p= 0.42). Furthermore, there were no
associations between resting or post-exercise eNO and KCCQ scores, both composite or by
components. Resting and post-exercise eNO demonstrated no correlations with KCCQ total
symptom score (r= 0.14; p= 0.65 and r= 0.17; p= 0.36). Furthermore, exercise duration also
did not correlate with KCCQ total symptom score (r= 0.22; p= 0.25) (Table 2).

Discussion
The major findings of this hypothesis-generating, exploratory study are the association
between post-exercise (but not resting) eNO with echocardiographic features of pulmonary
venous hypertension and the lack of correlation between ADMA and eNO production in a
compensated chronic systolic HF population. We hypothesize that NO production in the
pulmonary vasculature may provide dilatation and recruitment of the pulmonary capillary
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bed in response to high-flow states such as exercise or intrinsic impedance in the setting of
pulmonary venous hypertension. By maintaining low impedance across the pulmonary
vascular bed, “forward flow” via effective augmentation in cardiac output can be achieved.

The direct and strongest correlation between post-exercise eNO and estimated RVSP
observed in our study is in stark contrast with observations of diminished eNO in patients
with PAH16. There are several potential explanations which are likely related to the
differences in their disease mechanisms associated to the flow-dependent NO production by
endothelial cells. In patients with PAH, the primary lesion is pre-capillary, which results in
an underfilled pulmonary capillary and pulmonary venous system resulting in low basal NO
production. In contrast, patients with left heart disease usually have elevated left filling
pressures that increase pulmonary venous pressures at rest but more importantly, during
exercise. This unique relation is supported by the lack of correlation between resting eNO
and all echocardiographic estimated parameters of filling pressure observed in our findings.
It is conceivable that as a compensatory mechanism to augmented pulmonary venous
pressure, increased activity of pulmonary endothelial NO synthases occurs in response to
increased laminar shear flow during increased flow in the pulmonary vasculature during
exercise17. Accordingly, higher eNO may represent a functional compensatory mechanism
in response to high-flow states.

It is important to discuss that our findings are seemingly in contrast to observations made
almost a decade ago by Hare and colleagues5 in a group of 30 compensated and 7 acutely
decompensated chronic heart failure patients. They reported an inverse correlation between
resting eNO levels and invasive systolic pulmonary arterial pressures, and no correlation in
the acutely decompensated group. There are several differences between how our study was
conducted compared to the study by Hare et al. First, eNO levels that correlated with
echocardiographic parameters were measured at post-exercise in our study rather than at
rest. Second, our group utilized the standardized eNO measurement with a steady flow
rate18, which may also explain the overall lower range of eNO levels reported in their study.
Third, the ranges of systolic pulmonary artery pressures measured in the Hare et al. study
were quite elevated, indicative of a more advanced heart failure population. Fourth, in their
study patients with decompensated HF and elevated left filling pressures showed higher
eNO levels than chronic stable HF patients, and the eNO levels reduced following HF
treatment. The fact that eNO levels decreased after treatment may be supportive of our
presenting hypothesis that eNO production being a compensatory response driven by
increased pulmonary venous congestion. In fact, failure to increase eNO during exercise in
advanced disease states may also reflect an inability to recruit the capillary bed due
increased arterial remodeling, leading to a lower capillary flow and eNO production. This
would be consistent with the observation that higher mortality associated with failure to
increase eNO during exercise in the setting of congestive HF10.

In contrast to with previous studies that showed an inverse correlation between ADMA and
L-arginine levels and systemic NO production, we did not see this correlation with resting or
post exercise eNO. Exhaled NO reflects in part the pulmonary endothelial NO production,
and its lack of correlation with a known NOS competitive inhibitor like ADMA in a
compensated HF population, suggest that pulmonary NOS is less influenced by systemic
mediators and is more sensitive to local factors like shear flow forces. Furthermore, we
recently reported the presence of higher systolic pulmonary pressures in patients with
acutely decompensated HF who had higher ADMA levels and lower L-arginine
bioavailability19. This finding suggests that decreased L-arginine through higher ADMA
levels contribute to the pulmonary vascular tone in this population subset. The interaction
between ADMA/L-arginine and local production of NO in the pulmonary bed in patients
with acute decompensated HF warrants further investigation.
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Different individuals may be at different disease stages, and the underlying causes of heart
failure symptoms or impaired functional capacity may be multifactorial. Hence, the lack of
association between exercise-induced eNO and self-reported symptom status as well as
cardiopulmonary exercise parameters is not too surprising. In fact, our findings were
consistent with prior reports of eNO analyses that indicated lack of correlation between peak
oxygen consumption, ventilatory efficiency, and lung function in patients with heart
failure6, 8, 9. Unlike in asthma, bronchial hyperresponsiveness is not a predominant feature
in non-smoking patients with compensated heart failure, and thus are unlikely to contribute
to the elevated eNO levels seen in heart failure20. Nevertheless, we found no difference in
the eNO levels between the non-smokers and the patients with prior smoking history.
Whether enhancing cardiopulmonary NO responses to exercise may serve as a therapeutic
strategy to improve clinical outcomes warrants further investigations in this area, as NO-
donating drugs have already shown some promising benefits in ambulatory patients with
heart failure and hemodynamic derangements21, 22. There is also a need to better understand
the potential for serial monitoring of post-exercise eNO in tracking with another dimension
of disease progression.

As previously described, other eNO studies have shown heterogenic results in terms of
exhaled NO levels at rest and its changes post exercise. This can probably be explained by
the disparity of the populations assessed and the previous use of non-standardized
techniques for eNO analysis. Our findings were similar to previous results where eNO levels
increased post exercise in chronic HF patients9.

Study limitations
Despite being one of the largest reported series of post-exercise eNO assessment in heart
failure, our study is limited by its relatively small number of patients, and the use of multiple
comparisons. Also, its cross-sectional design only provides insights in to interrelationships
between different physiologic parameters, hence causality cannot be established. In addition,
we did not have direct hemodynamic measurements to confirm the presence of pulmonary
venous hypertension nor other consistent assessment of endothelial dysfunction, and
evaluation of resting eNO occurred only in half of the patients. Further investigations in the
clinical significance of measuring post-exercise eNO, and direct comparisons with different
measures of endothelial function in patients with heart failure are warranted.

Conclusions
In this hypothesis-generating exploratory study of stable ambulatory patients with chronic
systolic heart failure, the observed increase in post-exercise eNO is associated with
echocardiographic evidence of pulmonary venous hypertension secondary to left heart
disease.
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Table 1

Baseline characteristics of patients with chronic stable heart failure

Variable Value

Demographics:

 Mean Age (years) 53 ±13

 Male gender (%) 76

 African-American (%) 15

Heart failure etiology and functional class:

 Non-ischemic cardiomyopathy (%) 55

 Chemotherapy-induced (%) 10

 Valvular disease (%) 6

 Ischemic etiology (%) 29

 NYHA Functional Class (I/II/III, %) 10/70/20

Exhaled Nitric Oxide (ppb):

 Resting 17 (13.5–21.5)

 Post-exercise 20 (17–31)

Echocardiographic Data:

 LV ejection fraction (%) 31 (25–40)

 LV end-diastolic dimension (cm) 6.0 ±1.1

 LV end-systolic volume index (ml/m2) 60.6 (38.6–97.5)

 RV myocardial performance (Tei) index 0.62 ±0.24

 RV systolic pressure (mmHg) 35 (30–42)

 LA volume index (ml/m2) 31.4 (22.7–50.3)

 Mitral E/Average Ea 9.8 (6.7–20.4)

Comorbidities:

 Diabetes mellitus (%) 30

 Hypertension (%) 53

 Hyperlipidemia (%) 70

 Prior cigarette smoking (%) 48

Medications:

 ACE inhibitor/ARBs (%) 87

 Beta-blockers (%) 91

 Loop diuretics (%) 73

 Aldosterone receptor antagonists (%) 37

 Hydralazine (%) 17

 Isosorbide dinitrate (%) 33
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Table 2

Association of eNO with echo and exercise stress test parameters

Resting eNO Post-exercise eNO

Variables Correlation (r) p value Correlation (r) p value

Echocardiographic Variables

RVSP 0.40 0.13 0.57 0.0009

LAVI 0.16 0.55 0.43 0.014

LVEF −0.016 0.95 −0.11 0.29

Right Tei index 0.0049 0.98 0.09 0.62

LVDD 0.20 0.45 0.27 0.13

LVESVI −0.052 0.84 0.24 0.19

ADMA/L-arginine

ADMA −0.08 0.74 −0.02 0.88

L-Arginine −0.21 0.41 −0.09 0.61

L-Arginine/ADMA ratio −0.03 0.89 −0.02 0.89

Cardiopulmonary Exercise Variables

peak VO2 −0.44 0.08 −0.18 0.31

VE/VCO2 0.22 0.40 0.17 0.33

Exercise duration −0.46 0.06 −0.15 0.42

Clinical Variables

KCCQ Total symptom score 0.14 0.65 0.17 0.36

Abbreviations: eNO = exhaled nitric oxide; RVSP = right ventricular systolic pressure; LAVI = left atrial volume index; LVEF = left ventricular
ejection fraction; LVEDD = left ventricular diastolic dimension; LVESVI = left ventricular end-systolic volume index; ADMA = asymmetric
dimethylarginine; VO2 = ventilatory oxygen uptake; VE/VCO2 = ventilatory equivalent ratio for carbon dioxide; KCCQ = Kansas City
Cardiomyopathy Questionnaire
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