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ABSTRACT

PURPOSE: Exercise oscillatory ventilation (EOV) is an abnormal breathing pattern that occurs

in ~20% of patients with heart failure (HF) and is associated with poor prognosis and exercise

intolerance. β-blockers (βb) are prescribed for most HF patients; however, their effect on EOV

remains unclear. We evaluated the effect of βb on EOV in HF patients with reduced ejection

fraction (HFrEF).

METHODS: Fifteen patients diagnosed with HF, ejection fraction <45%, aged from 18 to 65

years, were included before starting βb therapy. Patients underwent clinical evaluation,

cardiopulmonary exercise testing, echocardiography, laboratory exams (norepinephrine levels, B

type natriuretic peptide) at baseline and after βb therapy optimized for six months. Presence of

exercise oscillatory breathing was determined by two experienced observers who were blinded to

the moment of the test (pre or post).

RESULTS: Fifteen patients (1 female), aged 49.5±2.5 years, with HFrEF, NYHA I-III enrolled in

the study. The etiologies of the HFrEF were idiopathic (n=8) and hypertensive (n=7). LVEF

increased after βb therapy from 25.9±2.5% to 33±2.6%, P=0.02; peak VO2 did not significantly

change (21.8±1.7 vs 24.7±1.9, P=0.4); VE/VCO2 slope changed from 32.1±10.6 to 27.5±9.1,

P=0.03. Before βb initiation, nine patients (60%) had EOV, but only two (13%) did after

optimized therapy. McNemar test was used to evaluate the significance of the association between

the two moments (P=0.02).

CONCLUSION: In patients with HF, medical therapy with βb can reverse EOV. This may

explain why these patients experience symptom improvement after βb therapy.

Key Words: exercise test; periodic breathing; heart failure; β-blocker

Abbreviations and Acronyms: βb, β-blockers; CI, cardiac index; CPET, cardiopulmonary exercise
testing; EOV, exercise oscillatory ventilation; HF, heart failure; HFrEF, heart failure with reduced
ejection fraction; LVEF, left ventricular ejection fraction.
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BACKGROUND

Heart failure (HF) leads to multiple organ systems dysfunction, with dyspnea and exercise

intolerance being the most common.1,2,3 The phenomenon of periodic breathing is characterized

by cyclic variation of ventilation with or without interposed apnea. It has been detected at rest,

during sleep, and during exercise.4,5,6,7,8 In assessing periodic breathing, it is important to note in

Cheyne-Stokes breathing and central sleep apnea that the gradual increase and decrease in minute

ventilation are not separated by periods of apnea.5,6 In contrast, periodic breathing during exercise

or exercise oscillatory ventilation (EOV) in heart failure consists of cyclical fluctuations of

increase and decrease in minute ventilation and is distinct during cardiopulmonary exercise

testing (CPET).4,6,7 The presence of EOV during exercise in patients with HF indicates significant

impairment in hemodynamic parameters at rest and during exercise.7,8

The incidence of EOV among patients with HF is approximately 19-51%, which is related

to adverse cardiac events, worse prognosis, and higher mortality.8,9 The pathophysiology is

complex, and the main known mechanisms of EOV include prolonged circulation time,

fluctuations in pulmonary blood flow, increased pulmonary capillary pressure, and instability in

ventilatory control with demodulation of the central and peripheral chemoreflex.10,11,12,13,14

However, it is not known whether guideline-directed medical therapy for HF can affect this

abnormal ventilatory pattern. Although recognition and targeting of EOV appear to be important

clinical outcomes,4,8,15,16 few reports have been related to drug treatment and normalization of this

pattern. As demonstrated in a long-term study, the effects of phosphodiesterase 5 inhibition on

pulmonary hemodynamics is an important accepted mechanism for EOV reversal.13 However, it is

not known whether guideline-directed medical therapy for HF can affect this abnormal ventilatory

pattern.

Beta-blocker therapy (βb) is an effective treatment for chronic HF that significantly

changes morbidity and mortality.17,18,19 It is well known that enhancement of sympathetic tone is

among the milestone characteristics of HF. Part of the enhanced sympathetic tone is a
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reflex-mediated increase in ventilation, the so-called hyperpnea. βb decreases the progression of

left ventricular dysfunction, decreases sympathetic activity, and thus improves the prognosis of

patients with HF.20 The drug is well tolerated and possesses some attractive pharmacological

properties that, at least in theory, might favor modulatory activity on exercise oscillatory

ventilation, such as improving left ventricular function, modulating the sympathetic response in

chemoreceptors, and reducing ventilation throughout the entire exercise.20,21

According to these premises, we hypothesized that this ventilatory pattern might reflect a

marked alteration of the normal physiologic control systems important in cardiopulmonary

responses and could, therefore, be normalized after medical treatment with βb. Thus, we

evaluated whether βb therapy can revert EOV in patients with HF with reduce ejection fraction.

METHODS

Study Design and Population

This single-center prospective study was conducted at the Heart Institute, which is a

hospital designated to treat patients with heart disease. Patients with a clinical diagnosis of HF up

to three months, LVEF <45% and without a history of βb use were screened at the Heart Failure

outpatient clinic between June 2017 and August 2019. These patients could already be using

angiotensin-converting enzyme inhibitors (ACE-I), angiotensin receptor blockers (ARB), and

aldosterone receptor antagonists. None of the included patients had pulmonary hypertension

diagnosed by echocardiogram. Patients with neuromuscular diseases, chronic obstructive

pulmonary disease, history of βb intolerance, Chagas’s disease, anemia, and orthopedic

impairments were excluded.

All eligible patients underwent, before introduction and after βb optimization, blood

collection for brain natriuretic peptide (BNP) and plasma catecholamine measurements,

echocardiography, and cardiopulmonary exercise testing (CPET). The patients received medical

treatment and drug therapy according to the most recent guidelines in HF treatment and were

4



followed for six months through fortnightly medical consults in the outpatient clinic.22 The βb

chosen was carvedilol, which is a nonselective β-receptor antagonist that also blocks ⍺1-receptors

and, unlike other beta blockers, exerts antioxidant effects, which may contribute to its actions in

heart failure.17 The initial dose for all patients was carvedilol 3.125 mg twice a day. The optimal

dose was determined according to the highest tolerated dose.22

Cardiopulmonary Exercise Testing

All patients were asked to refrain from both strenuous physical activity and the

consumption of any stimulants (ie, coffee, tobacco, and alcohol) that could influence heart rate for

24 h before the CPET. The patients’ last meal was ingested no less than 2 h before the start of the

test. All subjects underwent the test on a programmable treadmill (Series 2000, Marquette

Electronics, Milwaukee, WI, USA) in a temperature-controlled room (21–23◦C) between 9 and 11

A.M. with a standard 12-lead continuous ECG monitor (Max 1, Marquette Electronics). Blood

pressure monitoring was obtained with the patient at rest, during effort, and during recovery.

Minute ventilation, oxygen uptake, carbon dioxide output, and other cardiopulmonary variables

were acquired breath-by-breath by a computerized system (Vmax 229 model, SensorMedics,

Yorba Linda, CA, USA). The respiratory exchange ratios were recorded as the one-minute

averaged samples obtained during each stage of a modified Naughton protocol. A satisfactory test

was characterized by a peak of respiratory exchange ratio ≥1.05 and symptoms of maximum

effort. The highest VO2 uptake level was considered the peak value.1,2

Exercise Oscillatory Ventilation Assessment

Exercise oscillatory ventilation during exercise was established according to the criteria

previously described4: 1) three or more regular oscillations (ie, clearly discernible from inherent

data noise); 2) regularity was defined if the standard deviation of three consecutive cycle lengths

was within 20% of the average; 3) minimal average amplitude of ventilatory oscillation of 5 L
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(peak value minus the average of two in-between consecutive nadirs). Presence of EOV was

determined by two experienced observers independently and in a blinded fashion. Graphs of VE

(L/min, fixed scale) plotted against time were printed out and sent to each observer without any

patient identification or test date information. Any disagreement was resolved by consensus

between the observers.

Echocardiography

The patients underwent a 1-dimensional (M-mode), 2-dimensional (mode B) transthoracic

echocardiographic study with pulsed, continuous, and color Doppler. Sequoia 512 equipment

(Acuson, Mountain View, CA) was used, with the coupled multifrequency transducer, model

3V2c, of 2.5-4.0 MHz, according to the recommendations of the American Society of

Echocardiography and the European Association of Cardiovascular Imaging. Lang cardiac

morphological parameters, systolic function indexes, and diastolic function indexes were

analyzed.

Serum Biomarkers

Peripheral blood samples were collected at rest, the BNP level was measured using a direct

chemiluminescence test (Siemens Healthcare Diagnostics, Tarrytown, New York), and

catecholamines were measured by high performance liquid chromatography.

Statistical Analysis

Initially, for the continuous variables, Shapiro-Wilk was used to verify the sample

normality. Thus, the results that showed Gaussian distributions were presented using mean ±

standard error, and those that did not were described using the median and its interquartile range.

The paired Student t test was used to analyze differences between pre-introduction versus

post-optimization of ßb in the variables of normal distribution, and the Wilcoxon signed rank test
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was used for analysis of nonparametric variables. To evaluate the normalization of the exercise

oscillatory ventilation pattern between the two moments, the McNemar test was used.

A log-rank test was performed to evaluate the effect of the medication (ACE-I, ARB, and

aldosterone receptor antagonist) previously used and their adjustments during the study.

RESULTS

A total of 647 cases of HF of ischemic and nonischemic etiology were evaluated.

Twenty-five patients matched the criteria for inclusion, but three patients refused to enroll in the

study and one patient died before the study began. Therefore, twenty-one patients were enrolled in

the study. In four patients, the exercise test was interrupted due to sustained ventricular

tachycardia, one patient was lost to follow-up, and the other was hospitalized for worsening HF.

Fifteen patients (14 male) with HFrEF, NYHA I-III were enrolled in the study. The baseline

characteristics, determined by presence (EOV+) or absence (EOV-) of exercise oscillatory

ventilation before βb introduction are shown in Table 1.

Carvedilol was well tolerated by all patients at a mean dose of 42 ± 11 mg/day. After a

mean follow-up of 196 ± 30 days, 11 patients were in functional class I, 3 in functional class II,

and 1 in functional class III. No adverse events occurred during the study.

After βb optimization, LVEF had a significant increase (from 25.9 ± 2.5 to 33.2 ± 2.6%,

P=0.02), and LVEDD decreased (from 73 ± 13 to 66 ± 12 mm, P=0.001). Resting and maximal

heart rate, VE/VCO2 slope, and exercise tolerance significantly improved post βb optimization

(Figure 1). However, βb therapy caused no significant change in peak VO2 (from 21.8 ± 1.7 to

24.7 ± 1.9 mL/kg/min, P=0.46). BNP and catecholamines significantly decreased after βb therapy

optimization (Figure 2).

EOV Analysis

After the initial evaluation (n=15), nine patients (60%) had EOV. After introduction and
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optimization, only two patients had EOV, with a normal pattern in 13 patients. Figure 3 shows a

representative example of one patient before introduction and after βb optimization, showing

exercise oscillatory ventilation only during the first evaluation.

Medications

No patient had previously taken βb, although they could already be in use of ACE-I, ARB,

and aldosterone receptor antagonist. When doses were compared pre-introduction and post-

optimization, no statistical differences were observed. The results are presented in Table 2.

DISCUSSION

To the best of our knowledge, this is a pioneering case series study in the evaluation of the

prevalence of EOV in patients with HFrEF who had never taken βb. The main findings of our

study are two-fold: 1) The prevalence of EOV among HF patients with no βb therapy was

elevated; and 2) Guideline-directed βb therapy was associated with a remarkable decrease in the

presence of EOV in these patients.

Exercise Oscillatory Ventilation Pathophysiology

The physiologic adjustments during dynamic exercise can produce additional sources of

excessive ventilatory response and, therefore, promote further instabilities. Despite the clear

association between EOV and severity of HF, few studies have examined its physiological basis.

The theoretical models for oscillatory breathing at rest suggest instability in feedback systems

that control the ventilation.16,23,24,25

Ventilation is regulated through the feedback loop between the pulmonary gas exchange

capillaries and chemoreceptors in the carotid bodies (peripheral) and spinal cord (central) that

respond to O2 and CO2 levels in the blood.26 Also, overstimulation of the ventilatory control center

by pulmonary congestion has also been postulated to contribute to oscillatory breathing at rest in
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HF.26 Possible mechanisms involved in the etiology of EOV have been largely extrapolated from

studies of oscillatory breathing at rest and during sleep. Studies have reported that

hyperventilation and low arterial CO2 at rest and during sleep are associated with cyclic waxing

and waning of tidal volume in HF patients, a condition known as periodic breathing.4,27

Mechanisms stimulating EOV occurrence remain unclear, but three major pathogenetic

hypotheses have been suggested. First, the hemodynamic hypothesis as suggested by several

authors recognizes an increase in left atrial and pulmonary capillary pressures, pulmonary

vasoconstriction, as well as a reduction in cardiac output causing fluctuations in pulmonary blood

flow, as major substrates for EOV.28,29,30

Second, the circulatory delay hypothesis suggests that the prolonged circulation time from

lungs to chemoreceptors and respiratory centers leads to disturbance of feedback systems.31

Reduced cardiac index (CI) leads to increased circulation time, causing delay in the transfer of

information to chemoreceptors, which in turn generates delayed feedback signals that result in

imprecise control of respiration.31,32

A direct correlation was observed between lung-to-ear circulation time with cycle length

and hyperpnea length, and an inverse correlation with CI in HF patients with Cheyne-Stokes

respiration.33 It was hypothesized that exercise oscillatory breathing was primarily related to the

inability to augment CI during exercise.31,34

Lastly, the ventilatory hypothesis highlights a most important pathogenetic role for

instability of central and peripheral neural control of ventilation.12,35 HF patients with altered

breathing may have increased chemosensitivity in association with an activated sympathetic

nervous system.36,37 Increased chemosensitivity enhances hyperventilation and hypocapnia along

with an increase in central respiratory drive that may trigger altered breathing patterns. Thus, the

pathophysiology of the abnormal ventilatory pattern during exercise seems to originate from

multiple pathways.

The normalization of exercise oscillatory breathing after treatment with βb in HFrEF
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appears to be associated with the improvement of other prognostic determinants assessed in our

study, besides the decrease in cardiac frequency, such as improvement in LVEF and decrease in

BNP and VE/VCO2 slope.

Possible Mechanisms of Action of βb in EOV

Because the pathophysiology of the abnormal ventilatory pattern during exercise seems to

originate from multiple pathways, we hypothesized why βb might affect this pattern. There were

no statistical differences between other medications in use, so we did not attribute the pattern

change to other conditions that might be affected by any other drugs. Regarding the hemodynamic

hypothesis of EOV, cardiac output oscillations can be achieved through heart rate, stroke volume

oscillations, or both. Although βb works mainly by decreasing the heart rate, the reserve heart rate

remains the same. In this study, as in several previous reports, treatment of HF with carvedilol

improves clinical status and reduces left ventricle dimensions without affecting exercise

performance.17,38,39 Indeed, peak VO2 was unaffected by carvedilol. Our results, in agreement with

those observed, sought to refine the prediction of cardiac events by performing a combined

analysis of NT-proBNP with markers of exercise ventilatory efficiency in HF patients.13,21 The

results revealed that NT-proBNP levels together with exercise oscillatory ventilation led to the

most powerful definition. Our results showed a great decrease in BNP levels and agree with those

findings because NT-proBNP and BNP are directly related.13,21,38

Moreover, the study seems to show some influence of βb on the ventilatory hypothesis.

Regarding catecholamines, the reduction shows a decrease in sympathetic activity. At this point,

we attribute the improvement in the pattern observed due to decreased arousal of the central and

peripheral chemoreflexes, which are also mediated by the sympathetic nervous system observed

in chronic HF at sea level, carvedilol reduced exercise-induced hyperventilation without affecting

exercise performance.13,40 Lowering of hyperventilation is a positive event because

hyperventilation is related to an increase in the work of breathing, HF symptoms like dyspnea,
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and poor prognosis.41,42

Also, after the optimized therapy with βb, we observed improvement in exercise time, during

the cardiopulmonary test without changes in VO2.43,44 βb reduces maximal heart rate to exercise

and would perhaps be expected to even reduce maximal exercise capacity.43,44,45,46 On the other

hand, finding a positive effect on exercise time shows that this variable was sensitive in detecting

changes in effort tolerance. The increase in exercise tolerance agrees with the improvement in

functional class (NYHA), less hyperventilation, and can be translated into less dyspnea.47

Clinical Implications

The present case series study guided us to new thoughts about the genesis of EOV.

Because βb seems to play a role in its normalization, it sheds light on some pathophysiologic

determinants of EOV, such as the sympathetic nervous system and central hemodynamic

improvements.

By indicating an inadequate hemodynamic response to exercise and the ability of a

pharmacological intervention, our study also makes EOV a potential endpoint of interest for

interventions expected to decrease dyspnea and improve effort tolerance shown by the functional

capacity’s improvement in HFrEF. Further work is needed to determine if interventions like

cardiac resynchronization, intensification of neurohormonal blockade, or emerging HFrEF

therapies will successfully attenuate EOV.

Study Limitations

Important limitations for this case series must be considered. We did not assess sleep

apnea. However, periodic breathing has been characterized in different physiological states,

including during sleep and during exercise. We only used the βb carvedilol, as it is the only βb

available at our institution for patients with heart failure. This study appears to be the first to

elucidate the influence of βb on one or more mechanisms in the genesis of EOV.14,16,48 It is already
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known that βb improves the prognosis in patients with HF, being widely used for the treatment of

this disease since the 1990s; however, in the absence of a control group, our results may be

influenced by secular effects. Furthermore, a placebo-controlled study would be unethical in this

setting, as βb therapy is a class I recommendation, level A of evidence in patients with HFrEF. We

also approached the presence of EOV blindly and with two independent reviewers to mitigate any

misclassification bias.

CONCLUSION

We report a case series of likely evidence that βb therapy can reverse EOV in patients with

HFrEF. Although the true incidence of this adverse event remains incompletely understood at this

time, the pattern of presentation and the clinical course suggest distinct pathophysiologic

mechanisms during sleep, and during exertion. Our results indicate that this respiratory

abnormality, which occurs in patients with chronic HFrEF, can be reversed with guideline-based

treatment and provides mechanistic insights into the development of EOV.
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Figure 1.  Resting heart rate, resting left ventricular ejection fraction, VE/VCO2 slope and peak

VO2 pre- and post-β-blocker introduction.

Figure 2. Brain natriuretic peptide and catecholamine pre- and post-β-blocker introduction.

Figure 3. Representative example of a patient's oscillatory exercise breathing before and after

β-blocker introduction.
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Figures

Figure 1

Resting heart rate, resting left ventricular ejection fraction, VE/VCO2 slope and peak VO2 pre- and post-β-
blocker introduction. 

Figure 2

Brain natriuretic peptide and catecholamine pre- and post-β-blocker introduction.



Figure 3

Representative example of a patient's oscillatory exercise breathing before and after β-blocker
introduction.
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