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Abstract

Background: Exercise oscillatory ventilation (EOV) shows a four-fold greater risk of adverse events. This study aims
to analyze the sensitivity and specificity of three EOV diagnostic definitions to predict adverse outcomes at a 2-year
follow-up and to compare its EOV prevalence and relations with the patient’s profile.

Methods: Cardiopulmonary exercise tests from 233 heart failure patients were analyzed. Two blinded reviewers used a
semiautomated software to identify EQOV cases pattern according to the definitions of Ben-Dov, Corra, and Leite. Data
were grouped in EOV-positive or EOV-negative according to each definition. Baseline characteristics, EOV prevalence,
relative risk, sensitivity, and specificity to predict 2-years of major adverse cardiovascular outcomes were analyzed.
Results: The Corra definition led to the best prediction of 2-year major cardiovascu'r adverse outcomes (HR 2.46
[1.16 to 5.25]; p = 0.019, AUC = 0.618; p = 0.007). EOV prevalence was 17 2 ".7.2%, and 9.4% applying Ben-Dov,
Corra, and Leite definition, respectively. The main clinical differences Letw.z.1 EOV-positive and EOV-negative
patients were: MECKI score and VE/VCO, slope (all definitions), 21d b. IP levels (Ben-Dov and Leite). BNP levels
were correlated with amplitude (rho = 0.255; p = 0.033) and cvrle .ength (rho = 0.388; p = 0.002).

Conclusion: Corra definition was the only one that exhibite d 1.2 Zapacity to predict major adverse cardiovascular
outcomes at a 2-year follow-up. Regardless of its def nitir n, EOV was more often prevalent in patients with a greater
MECKI score and VE/VCO, slope values.
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1. Introduction

Exercise oscillatory ventilation (EOV) is an abnormal ventilatory pattern observed in chronic heart failure (HF)
patients and is associated with disease severity and worse prognosis [1-3]. Cornelis et al. [4] reported a four-fold greater
risk of adverse cardiovascular events in HF EOV-positive patients compared to their counterparts without EOV. Rovai
et al. [5] highlighted that the presence of EOV is associated with a lower 2-year survival in HF patients with reduced or
mid-range left ventricular ejection fraction, regardless of age and gender.

Although current evidence reinforces its predictive value, the EOV prevalence in HF is still controversial.
Cornelis et al. [6] identified nine different EOV definitions based on EQV length and amplitude. It is not surprising that
these different definitions lead to a wide range of EOV reported incidence, from 7 to 58% of HF patients [2, 6].

Although the American Heart Association has proposed the Corra definitiu ~ to screen for EOV cases [7], there
is no consensus on the best EOV definition [4, 8]. Ingle et al. [9] were the first .~ ~valuate the impact of different
definitions on the prevalence and prognosis within EOV-positive patien s. ~. zimilar prevalence between the Corra and
Leite definitions was observed (25 vs. 31%). However, EOV cases i1ent “ied by the Corra definition exhibited a greater
hazard ratio (HR 6.3 [1.6 to 25.2]) to all-cause 12-month death tha.i EOV cases identified by Leite definition (HR 4.9
[2.6 to 18.2]).

The different options to determine the EOV due .0 the lack of standardization, compromises the clinical
applicability of EOV. Albeit likely, it is unclear . *hether and to what extent the different definitions exhibit distinct
sensitivities and specificities to detect EOV, ar 1 r.x *ct adverse outcomes. Among all the definitions available, we
chose to compare Ben-Dov, Corra, and Le't2 der.itions because these definitions have different conceptual criteria in
their development (e.g., high amplitudec vs. ‘anger duration) and have been frequently utilized in studies on EOV. These
features may be linked to the HF a~*iniLzy (e.g., left or right HF) or clinical markers of hemodynamic impairment.

Therefore, this study a:™s . analyse the sensitivity and specificity to predict major adverse cardiovascular
outcomes in a 2-year follow-up i HF patients, using three diagnostic definitions that apply distinct criteria to screen

this phenomenon, and to compare the EOV prevalence and the clinical patient profile.

2. Methods
2.1 Study design

Retrospective anonymized single-centre data from 500 cardiopulmonary exercise tests (CPETSs) performed
between 2011 and 2014, and with a follow-up of at least 2 years, were analyzed. This study was approved by the

Research Ethics Committee from the main author (referee 3.516.801/2019) according to current ethical standards.

2.2 Data sampling



CPETSs of HF patients aged 40 to 90 years were included. Data from patients who performed a short CPET (< 6
minutes [10, 11]), with a too short registration (< 90 seconds) of the minute ventilation (VE) at rest, or tests that did not
allow to apply the EQV definitions (corrupted file) were excluded. Patients with a follow-up < 2 years were also

excluded.

2.3 Exercise test protocol

CPETSs followed the hospital routine [12]. Briefly, a personalized ramp protocol was performed on an
electronically braked cycle ergometer (Erg 800S; Sensor Medics, Yorba Linda, CA) [5, 13]. All subjects were
instructed to perform a maximal effort (exercise peak near to10 min). The tests were stopped when patients reported
fatigue or in the presence of any cardiac abnormalities. The breath-by-breath data v. ~re collected and analysed using the
20-s smoothing average (Vmax® 12-3A Series, CareFusion, Yorba Linda, CA).

The highest 20-s averaged oxygen uptake (VO,) value registercd w.z considered as the VOopeax. The
VE/VCO;, slope, a marker of ventilatory efficiency, was measured hv apy. 'ying the V-slope method, which is defined as
the linear relationship between VE and carbon dioxide productinn ,vVCO,), excluding the first minute of exercise and

the period above the respiratory compensation point [5]. Al mc>-ures were done following the hospital’s expertise.

2.4 Clinical profile and MECKI score

The patient’s clinical variables were o)te.n .~ directly from the hospital’s medical record. Data on body mass
index, New York Heart Association (NYH +\) fui.stional classification, left ventricular eject fraction (LVEF), right
ventricular systolic pressure (RVSP), k'aou hemoglobin, and B-type natriuretic peptide (BNP) levels were recorded. All
variables were collected on the dav' ~f u.~ CPET or within the week before it. The MECKI score was used for
calculating the risk of chronic s, <tu... HF, estimated from six independent predictors (% of VOpeax predict, VE/VCO,
slope, blood hemoglobin, sodiun,, left ventricular ejection fraction, and modification of diet in renal disease [MDRD])

[14].

2.5 EQV definitions

The EOV was determined by the combined characteristics of the ventilatory pattern (amplitude, cycle length,
and/or oscillatory time) according to the definitions of Ben-Dov [15], Corra [16], and Leite [17]. Figure 1 shows the
EOV-positive ventilatory pattern and illustrates the minimum of oscillatory cycles or duration recommended for each

definition.

INSERT FIGURE 1



2.6 EOV identification

Two blinded reviewers used a semiautomated tool to identify EOV cases in a standardized way. The software
EASY-EQV tool 1.0 is an open-access application developed to allow the EOV analysis from CPET raw data of any
system (LabVIEW, National Instruments, US). In a validation study, a high intra-rater (k > 0.82) and inter-rater (k >

0.83) reliability was observed (unpublished data).

2.7 Follow-up data

Follow-up data were recorded by the hospital service from the completion of the CPET until the registration of
death or a cardiovascular procedure — limited to 2-years for all patients. Cardiovascular death, urgent heart
transplantation, or the need for left ventricular assist device implantation were inclu'ad as major adverse cardiovascular
outcomes. Subjects without cardiovascular death or need for cardiac proced're., »«d who had clinical follow-up less

than 1 year after CPET, were excluded.

2.8 Statistical analysis

Data were separated in EOV-positive vs. EOV-necativ > zatients according to each definition. To assess
normality of data distribution, we used the Kolmogo’ ov— mirnov test. Baseline characteristics were compared between
groups by the Mann-Whitney test or Fisher’s exa *t test (EOV-positive vs EOV-negative) and Kruskal-Wallis test
(EOV-positive between Ben-Dov, Corra, and I zit:) “ochran’s Q test and the McNemar post hoc were applied to
compare the prevalence of EOV across differem ‘efinitions. Furthermore, the interaction between EOV characteristics
(amplitude, cycle length, and total osci''atic time) and blood BNP levels was assessed by Spearman's correlations
(rho).

All patients were fc.lo. 2u [or two years. The risk of major adverse cardiovascular outcomes was calculated for
each EQV definition. The sensitivity and specificity to predict major adverse cardiovascular outcomes were estimated
by the Receiver-Operating Characteristic (ROC) curve. All baseline variables were inserted as possible predictors in the
univariate model (removed variable if p > 0.1 or collinearity > 0.3) [9]. Multivariable Cox proportional-hazards
regression analysis was used with the backward method to identify the best predictive model (entered variable if p <

0.05).

3. Results
Among 500 patients who performed a baseline CPET, 443 were HF patients. Of them, sixty-one records had
less than 90 seconds of VVE recording at rest, and 149 patients had too short or no clinical follow-up after CPET: these

cases were excluded, leading to a study population of 233 cases. Table 1 shows the sample characteristics. EOV



prevalence was 17.2% (Ben-Dov), 17.2% (Corra), and 9.4% (Leite). Ben-Dov and Corra definitions identified 40 EOV

cases each. Both definitions exhibited a greater prevalence than EOV cases identified by Leite (p < 0.01).

INSERT TABLE 1

EOV patients had a worse functional class, MECKI score, ventilatory efficiency (VE/VCO, slope), and lower
maximal workload, regardless of EOQV definition. There was no difference in clinical characteristics among EOV -
positive groups when calculated by the definitions of Ben-Dov, Corra and Leite (p > 0.05). EOV-positive cases
identified by the definitions of Ben-Dov and Leite presented higher levels of blood BNP than HF patients without EOV.
Low to moderate correlations between BNP levels and amplitude (rho = 0.255: n = ™ 033) or cycle length (rho = 0.388;
p = 0.002) were found. No association with total oscillation time was obsen’ea [v+y =-0.104; p = 0.229).

Among all EQV cases, 16 patients were exclusively identified .y u.> Jgefinition of Corra and 12 patients by the
definition of Ben-Dov. Both definitions shared 22 EOV cases. Leit? s de. nition shared 15 positive cases with Corra’s
definition and 19 with Ben-Dov’s definition. Only one EOV patier.c was 1dentified just by the definition of Leite. The
overlap of EOV cases is presented in the Figure 1S. Regard ng .~~.ated diagnosis, blood BNP levels were greater when
EOV was identified by the definition of Ben-Dov vs the r.efinition of Corra (720 [411 to 1,067] vs. 260 [80 to 677]
pg/mL; p = 0.019).

The relative risk for 2-year major adve rsr. « >*diovascular outcomes was significant applying Corra’s definition
(2.9]1.6,5.2]; p <0.001), and Ben-Dov’s “=fini..on (1.9 [1.0, 3.7]; p = 0.047). However, Corra’s definition was the

only one that showed a significant prok ~bi:*v to predict 2-year major adverse cardiovascular outcomes (Table 2).

INSERT TABLE 2

Supplemental Table 1S shows the potential predictors for major adverse cardiovascular outcomes (univariate
analysis). Four variables were entered in the predictive model after multivariate Cox analysis (R2-adjusted = 0.184; p <
0.001). Only two variables were significantly predictive: Corra’s definition (HR 2.46 [1.16 to 5.25]; p = 0.019) and age

(HR 1.07 [10.3 t0 1.12]; p = 0.002).

4. Discussion
The number of HF patients identified as EOV-positive ranged from 9.4 to 17.2% according to the applied
definition. There was no difference in EOV prevalence (40 EOV cases) when applying Ben-Dov’s vs. Corra’s

definition. Of these 40 cases identified by the Ben-Dov and Corra criteria, only 22 cases were identified by both criteria,



while the other 18 cases were identified exclusively by the Ben-Dov or by Corra criteria. Moreover, the Corra definition
allowed us to identify EQOV cases with the greatest 2-years major adverse cardiovascular outcome rate. In contrast, the
blood BNP levels were greater in cases identified exclusively by Ben-Dov’s definition. Furthermore, a low-to-moderate
correlation between blood BNP levels and amplitude or cycle length was observed.

To our knowledge, Ingle et al. [9] were the only that investigated the impact of different EOV diagnostic
definitions on prognosis. They evaluated 240 HF patients applying Corra and Leite definitions. There was no difference
in EOV prevalence in both definitions (Corra: 25% and Leite: 31%). However, Ingle et al. [9] observed that EOV-
positive cases identified by Corra’s definition were associated with a higher all-cause mortality at 1-year (HR 5.2 [2.8 to
9.9]; p<0.001) in comparison to the cases identified by Leite’s definition (HR 4.8 [2.8 to 8.8]; p < 0.001).

In the present study, we found a lower EQV prevalence by all definitions, .~ well as a lower sensitivity to
predict adverse outcomes applying the Corra criteria, in comparison with othar :**4ies [9, 17]. Furthermore, Ben-Dov’s
and Leite's definitions did not show a sufficient sensitivity to predict 2-\eai .=ujor adverse cardiovascular outcomes.
The difference between our and previous study outcomes could be *:late.' to: the different baseline characteristics (our
sample was older and with lower VOopeak), the difference in follovs-up thine (24 vs 12 months), and the use of a
semiautomated tool to identify EOV cases rather than mantal s.~7ng and/or visual interpretation (less subjective).

Our findings differ from other studies that ' ed t'.e Leite's definition to identify EOV cases. In the original
study, Leite et al. [17] observed a 30% EQV pre.~lence and a 3-times greater risk for premature death within 2 years in
patients with heart transplantation indications (P - °7 [1.34 to 6.54]; p < 0.01). Similarly, Vainshelboim et al. [18]
found a higher prevalence (54%) and hazar' ratic for major cardiac-related events at 5 years (HR 2.2 [1.2 to 4.1]; p =
0.011) applying Leite’s modified criter .

Regarding Corra’s metho'~log -, the results are contradictory. The original study reported an EQV prevalence
slightly lower than ours (12%0) " 6). " «evertheless, Guazzi et al. [19] found a higher EQOV prevalence in HF patients
with a reduced (35%) and preseived ejection fraction (32%), beyond the greater hazard rate to overall mortality at four
years (HR 2.0 [1.3 t0 3.1]; p <0.001 and 5.9 [2.1 to 16.9], p < 0.001). It should be noted that the exercise tests were
performed both on a treadmill and cycle ergometer, making further inferences unfeasible since the specificity of the
exercise mode can produce different physiological responses. In this sense, Guazzi et al. [19] observed 25% EOV-
positive cases among tests performed on a cycle ergometer and 41% of EOV-positive cases among tests done on a
treadmill.

Another point to be considered is the use of dichotomous EOV detection: EOV -positive or EOV-negative. As
the EOV pathophysiology remains unknown [1, 3, 18], it is plausible to consider that the amplitude and/or length of
each cycle differs from one patient to another, even with a confirmed EOV diagnosis by two or three definitions (by

Corra and Ben-Dov, for example). The clinical impact of this variation is yet unknown. It seems that the cycle



amplitude would be related to hemodynamic impairments such as circulatory delay [20], a lower ventilatory efficiency
[21], and higher blood BNP levels [21]. Thus, higher amplitudes would be related to worse outcomes in EOV patients.
Nonetheless, this hypothesis yet needs to be confirmed.

Our data show the EOV-positive patients diagnosed by Ben-Dov’s and Leite’s definition have higher blood
BNP levels than those identified by Corra’s definition, albeit with a lower mortality. Yamauchi et al. [21] also found a
positive correlation between cycle amplitude and blood BNP levels when applying Leite’s definition (r = 0.615; p =
0.007). However, they did not provide an explanation for this finding. An essential factor that may have influenced
blood BNP levels is the right ventricular impairment, commonly seen in HF superimposed by pulmonary hypertension.
Leuchte et al. [22] found that high blood BNP levels were directly related to high pulmonary capillary wedge pressures,
pulmonary vascular resistance, and right atrial pressure, and were inversely correla.. 1 with cardiac index or VO spgax.
Indeed, Murphy et al. [20] observed an association between right ventricular e, ~* (raction and both amplitude (r = -
0.68; p < 0.001) or cycle length (r = -0.48; p = 0.02), suggesting that the se .2 umeters would be related to a worse
hemodynamic function in EOV-positive patients.

This is the first study that investigated the predictive canacity ot chree definitions for EOV with totally
different conceptual characteristics: Ben-Dov, Corra, and 1. :ite. '~.deed, Ben-Dov proposed the presence of two
consecutive cycles with 30-60s of length and a cycle mnag iitude of near to 25% of the average VE for EOV diagnosis
[15]. Corra proposed that the oscillation would n.~d to be present in at least 60% of total exercise time, with an
amplitude above 15% of the VE at rest [16]. Fi 1a).y '_eite proposed that EOV would be characterized by at least three
regular oscillations with a minimal amplitu<'e abcve 5 L/min [17].

In brief, Ben-Dov’s and Leite' de. nitions imply a shorter oscillation time, but a larger amplitude compared to
the Corra’s definition. It is unknov ho. - cthese definitions are related to the patient hemodynamic impairment, albeit it
is possible to speculate that . h. ~he: .entilation amplitude suggests a greater hemodynamic impairment [20, 21].
Nevertheless, the oscillation time seems to have a greater probability to predict adverse outcomes, which possibly
would justify the better sensitivity of the Corra’s definition. Accordingly, the reasons behind the cessation of EOV
during exercise, albeit at present unknown, are of major importance. The idea that EOV ceased during exercise due to
the capability to improve cardiac output, or to divert more blood to the exercising muscles, both leading to an improved
peripheral oxygen delivery (which in its turn allows reducing the metabo -and chemoreflex sites of activation) are
attractive and maybe the link between the observed difference in EOV prognosis and definition.

At present, the EQOV definition described by Corra [16], i.e., oscillation presence of at least 60% of loaded

exercise with a minimal amplitude above 15% of VE at rest, seems to be the best choice to link EOV to prognosis.



4.1 Limitations

The present study has a few limitations which need to be acknowledged. Firstly, our sample size was small as
limited in the number of major adverse cardiovascular outcomes, which may be related to the optimal treatment offered
in a high-level cardiology centre. In this regard, bigger studies with a larger HF population that includes different
phenotypes are definitively essential. Secondly, we re-analyzed CPET previously done in a single centre with mainly a
low-ejection fraction HF phenotype. Therefore, our data should not be applied to different HF populations such as in

mid-range or preserved ejection fraction patients [5].

5. Conclusion

The Corra definition for EOV was the only one that exhibited the caparity :~ predict major adverse
cardiovascular outcomes at a 2-year follow-up. The choice of EOV definitinn s ~~s to affect the number of identified
cases (ranging from 9.4 to 17.2%). Regardless of the definition, EOV w1s 1..2:¢ often prevalent in patients with a
greater MECKI score and VE/VVCO, slope values. There were no di fere: ces in the clinical characteristics among EOV -
positive groups. The positive correlation of blood BNP levels with ampliwude and cycle length, the main features of the

Ben-Dov and Leite definitions, suggests a link between the. e 1.*.res with a clinical impairment marker.
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Figure legends

Fig. 1. EOV-positive ventilatory pattern. EOV, exercise oscillatory ventilation. VE, minute ventilation. CPET,

cardiorespiratory exercise test. SD, standard deviation.



Table 1. Clinical characteristics stratified by EOV definition

Variable/Definition Ben-Dov [15] Corra [16] Leite [17]
EOV-positive EOV-negative EOV-positive EOV-negative EOV-positive EOV-negative
Sample, n (%) 40 (17.2) 193 (82.9) 40 (17.2) 193 (82.9) 22 (9.4) 211 (90.6)
Male gender, n (%) 35 (87.5) 156 (80.8) 31 (77.5) 160 (82.9) 21 (95.5) 170 (80.6)
Age, years 69 [66 — 72] 68 [67 — 70] 74 [69 — 76]* 68 [64 - 69] 69 [63 —75] 68 [67 — 70]

Body mass index, kg/m?
NYHA class I1-1V, n (%)
LVEF, %

RVSP, mmHg

MECKI score, %
Hemoglobin, mg/dL
BNP, pg/mL

CPET time, s

VOopeak, Mlkg.min™
VE/VCO, slope

Maximal workload, w

Major adverse outcome, n (%)

24.8[23.8 -27.4]
22 (55.0)*
32.9[30.2 - 36.4]
36.0 [33.0 - 46.0]
8.1[6.0 - 11.5]*
13.9[12.7 - 14.7]
550 [372 — 737]*
533 [486 — 572]
127 [11.0 — 140,
36.3[32.9 — 0.5/*
61 [46 — 80]*
10 (25.0)

26.6 [25.4 - 27.2]
67 (34.7)
32.7[32.0-35.2]
35.0[32.0-37.0]
3.7[29-48]
13.9[13.7-1'3]
265 1.0 - 722]
332 517 - 562]
14.0 [13.4 - 14.8]
29.6 [28.8 —30.6]
69 [64 — 75]
25 (13.0)

24.8[24.2 -27.0]
22 (55.0)*
32.8[29.2 3. 3]
30.0 210 -46.0)
7.474.8 - 12.6]*
13.6 [12.8 - 14.2]
330 [272 - 549]
492 [477 - 572]
12.2 [11.1 - 13.5]*
36.0 [32.0 — 40.0]*
48 [37 — 64]*
13 (32.5)**

"R 125, .- 27.3]
67 (34.7)
32.9[32.0 - 35.0]
35.0[33.0-37.0]
3.8[3.1-49]
14.0[13.7 - 14.3]
272 [221 - 398]
539 [521 — 563]
14.3[13.5 - 15.0]
30.0 [28.8 —31.0]
71[68 - 79]

22 (11.4)

24.2 [22.3 - 27.0]*
13 (59.1)*
31.9[24.7 - 36.4]
42.0 [31.0 — 49.0]
11.1[3.1 - 16.1]*
13.9[12.6 - 14.8]
514 [282 — 987]*
538 [470 — 652]
12.6 [9.8 - 14.9]
37.6 [32.0 - 42.7]*
56 [33 — 80]*

6 (27.3)

26.6 [25.4 - 27.3]
76 (36.0)
33.0[32.1-35.2]
35.0 [ 33.0—37.0]
40[33-52]
13.6 [13.7 - 14.2]
275 [224 - 379]
530 [515 — 556]
14.0[13.2 - 14.8]
30.0 [29.0 —31.0]
70 [64 — 74]
29 (13.7)

Continuous data are expressed as median [95% confidence interval (Cl)] and categorical data as absolute (n) and relative (%) frequencies. EOV, exercise oscillatory ventilation.

EOV-positive, patients with a confirmed diagnosis. EOV-negative, patients with a negative diagnosis. NYHA, New York Heart Association. LVEF, left ventricular eject fraction.

RVSP, right ventricular systolic pressure. BNP, B-type natriuretic peptide. CPET, cardiopulmonary exercise test. VO,peax, peak oxygen uptake. VE/VVCO,, minute ventilation-

carbon dioxide production. *p < 0.05 Mann-Whitney Test (EOV-positive vs EOV-negative). **p < 0.01 Fisher's exact test (EOV-positive vs EOV-negative).



Table 2. Sensitivity and specificity to predict 2-year major cardiovascular adverse outcomes.

Definition AUC 95% ClI p-value Sensitivity Specificity
Ben-Dov 0.567 0.487 to 0.647 0.100 28.57 84.85
Corra 0.618 0.533t0 0.702 0.007 37.14 86.36
Leite 0.545 0.479t0 0.611 0.179 17.14 91.92

EOV, exercise oscillatory ventilation. AUC, area under the ROC curve. Cl, confidence interval.
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Highlights

Exercise oscillatory ventilation is a phenomenon associated with a worse prognosis.
There is no consensus on the best EOV definition to be applied.

EQV prevalence is higher when Ben-Dov or Corra definitions are applied.

BNP levels are associated with amplitude and cycle length.

Corra definition has the better capacity to predict 2-year mortality.
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