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and Queen’s University, Kingston, ON, Canada

Background: Respiratory muscle unloading through proportional assist ventilation
(PAV) may enhance leg oxygen delivery, thereby speeding off-exercise oxygen uptake
(V̇O2) kinetics in patients with heart failure with reduced left ventricular ejection fraction
(HFrEF).

Methods: Ten male patients (HFrEF = 26 ± 9%, age 50 ± 13 years, and body
mass index 25 ± 3 kg m2) underwent two constant work rate tests at 80%
peak of maximal cardiopulmonary exercise test to tolerance under PAV and sham
ventilation. Post-exercise kinetics of V̇O2, vastus lateralis deoxyhemoglobin ([deoxy-
Hb + Mb]) by near-infrared spectroscopy, and cardiac output (QT ) by impedance
cardiography were assessed.

Results: PAV prolonged exercise tolerance compared with sham (587 ± 390 s vs.
444 ± 296 s, respectively; p = 0.01). PAV significantly accelerated V̇O2 recovery
(τ = 56 ± 22 s vs. 77 ± 42 s; p < 0.05), being associated with a faster decline in
1[deoxy-Hb + Mb] and QT compared with sham (τ = 31 ± 19 s vs. 42 ± 22 s and
39 ± 22 s vs. 78 ± 46 s, p < 0.05). Faster off-exercise decrease in QT with PAV was
related to longer exercise duration (r = −0.76; p < 0.05).

Conclusion: PAV accelerates the recovery of central hemodynamics and muscle
oxygenation in HFrEF. These beneficial effects might prove useful to improve the
tolerance to repeated exercise during cardiac rehabilitation.
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INTRODUCTION

The rate at which oxygen uptake (V̇O2) decreases after dynamic
exercise has been used to assess disease severity and prognosis
and, more recently, the effectiveness of interventions in patients
with heart failure with reduced ejection fraction (HFrEF) (Guazzi
et al., 2004; Dall’Ago et al., 2006; Compostella et al., 2014;
Georgantas et al., 2014; Fortin et al., 2015; Bailey et al., 2018).
Although oxygen (O2) delivery is usually in excess of the
decreasing O2 demands during recovery from exercise in normal
subjects, this might not be the case in HFrEF, a phenomenon that
helps to explain why the evaluation of exercise recovery kinetics
has gained popularity in the clinical arena (Kemps et al., 2009;
Poole et al., 2012).

Exercise recovery kinetics have been shown to be more
reproducible than those at the onset of exercise, and less
influenced by oscillatory breathing or the confounding effects of
a prolonged “cardiodynamic” phase I (Francis et al., 2002; Kemps
et al., 2007). Moreover, activities of daily living are characterized
by their short-term and repetitive nature, thereby suggesting
that fast recovery from effort is important for the successful
completion of any subsequent task (Hirai et al., 2019).

In this context, a previous study has shown that unloading
the respiratory musculature with proportional assist ventilation
(PAV) was associated with improved peripheral muscle
oxygenation during constant-load exercise, as indicated by
blunted changes in 1 deoxyhemoglobin ([deoxi-Hb + Mb])
determined by near-infrared spectroscopy (NIRS) and longer
exercise tolerance in patients with HFrEF (Borghi-Silva et al.,
2008a), chronic obstructive pulmonary disease (COPD)
(Borghi-Silva et al., 2008b), and HFrEF-COPD coexistence
(da Luz Goulart et al., 2020).

Interestingly, inspiratory muscle training associated with
whole-body training also improved the cardiorespiratory
responses to exercise, leading to a faster V̇O2 recovery in
HFrEF (Dall’Ago et al., 2006). Based on the previous evidence
indicating that post-exercise V̇O2 kinetics can be accelerated
by interventions focused on improving O2 delivery (Borghi-
Silva et al., 2008a), this study hypothesized that, compared to
sham ventilation, the rate of increase in muscle reoxygenation
would be accelerated by PAV in HFrEF. Confirmation of this
hypothesis indicates that the beneficial effects of respiratory
muscle unloading on leg O2 delivery are not limited to the onset
of exercise (Borghi-Silva et al., 2008a), lending support to the
notion that V̇O2 recovery kinetics are clinically useful to assess
the efficacy of interventions in this patient population.

MATERIALS AND METHODS

Subjects and Design
The current study cohort included 10 non-smoking male
patients who were recruited from the HFrEF outpatient
clinic of the Institution (Miocardiopathy Ambulatory, Division
of Cardiology). Patients with HFrEF satisfied the following
inclusion criteria: (1) diagnosis of HFrEF documented for at least
4 years; (2) three-dimensional echodopplercardiography showing

left ventricular ejection fraction (LVEF) <35%; (3) New York
association functional class II and III; and (4) no hospitalizations
in the previous 6 months. All patients were optimally treated
according to the American Heart Association/American College
of Cardiology treatment recommendations for stage “C” patients
(i.e., reduced LVEF and current or previous symptoms of
heart failure) (Hunt et al., 2005). All patients were judged to
be clinically stable and compensated on medical therapy at
the time of evaluation. In addition, patients were familiarized
with stationary bicycle cardiopulmonary exercise tests prior to
data collection.

Patients were excluded from study if they (1) demonstrate
evidence of obstructive pulmonary disease [forced expiratory
volume in 1 s (FEV1)/forced vital capacity (FVC) ratio of <70%];
(2) have a history of smoking; (3) have a history of exercise-
induced asthma; (4) have unstable angina or significant cardiac
arrhythmias; (5) have anemia (hemoglobin <13 g%); (6)
had myocardial infarction within the previous 12 months;
(7) have primary valvular heart disease, neuromuscular or
musculoskeletal disease, or other potential causes of dyspnea or
fatigue; or (8) had participated in cardiovascular rehabilitation
in the preceding year. Patients gave a written informed consent,
and the study protocol was approved by the Institutional Medical
Ethics Committee (CEP 0844/06).

Study Protocol
Subjects performed a ramp-incremental cardiopulmonary
exercise test (CPX) on a cycle ergometer (5–10 W/min) to
determine V̇O2 at peak exercise. These loads were individually
adjusted according to the severity of symptoms and the
severity of the disease. On a separate day, subjects performed
a high-intensity constant work rate (CWR) trial test at 80%
peak workrate (WR) to individually select PAV’s flow and
volume assist levels. At a subsequent experimental visit, the
patients undertook, 1 h apart, two CWR at the previously
defined WR to the limit of tolerance (Tlim, s). Data were
also recorded during the 5-min of passive recovery (without
any muscle contraction), which followed exercise. During
these tests, patients were randomly assigned to receive sham
ventilation and the pre-selected levels of PAV. The patients and
the accompanying physician were unaware of the ventilation
strategy (PAV or sham) under use. This was accomplished
by visually isolating the ventilator and its monitor from
both the physician’s and the patient’s view. Vastus lateralis
muscle oxygenation levels were assessed by NIRS. In addition,
systemic O2 delivery was followed by continuous monitoring
of exercise cardiac output (transthoracic impedance) and
metabolic and ventilatory measurements were collected
breath-by-breath.

Non-invasive Positive Pressure
Ventilation
PAV was applied via a tight-fitting facial mask with pressure
levels being delivered by a commercially available mechanical
ventilator (Evita-4; Draeger Medical, Lübeck, Germany). PAV
is a non-invasive modality that provides flow (FA, cmH2O
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L−1 s−1) and volume assistance (VA, cmH2O/L) with the
intent of unloading the resistive and elastic components of
the work of breathing. PAV levels were individually set on a
preliminary visit using the “run-away” method: the protocols
for adaptation at rest and exercise were as previously described
(Younes, 1992; Bianchi et al., 1998; Carrascossa et al., 2010).
Sham ventilation was applied via the same equipment using the
minimal inspiratory pressure support of 5 cmH2O; moreover,
2 cmH2O of positive end-expiratory pressure was used to
overcome the resistance of the breathing circuit (Borghi-Silva
et al., 2008a,b). Both PAV and sham were delivered with an O2
inspired fraction of 0.21.

Maximal and Submaximal
Cardiopulmonary Exercise Testing
Symptom-limited CPX was performed on a cycle ergometer
using a computer-based exercise system (CardiO2 System

TM

Medical Graphics, St. Paul, MN). Breath-by-breath analysis
ventilatory expired gas analysis was obtained throughout the test.
Incremental adjustment of work rate was individually selected
(usually 5–10 W/min). The load increment was individually
selected based on the symptoms of dyspnea reported by the
patient for some physical activities and the experience of the
research team. In patients with more severe symptoms such
as dyspnea to walk on level ground, the load increase was
5 W, while those who did not report fatigue for this activity,
an increase of 10 W was selected, which is considered to test
completion ideally between 8 and 12 min (Neder et al., 1999).
The carbon dioxide (CO2) and O2 analyzers were calibrated
before and immediately after each test using a calibration gas
(CO2 5%, O2 12%, and N2 balance) and a reference gas [room
air after ambient temperature and pressure saturated (ATPS)
to standard temperature and pressure, dry (STPD) correction].
A Pitot tube (Prevent Pneumotach

TM
, MGC) was calibrated with

a 3-L volume syringe by using different flow profiles. As a bi-
directional pneumotachograph based on turbulent flow, the Pitot
tube was adapted at the opening of the mask used for non-
invasive ventilation.

The following data were recorded: V̇O2 (ml/min), V̇CO2
(ml/min), minute ventilation (V̇E, L/min), and the partial
pressure of end-tidal CO2 (PETCO2) (mmHg). Ventilatory
efficiency (V̇E/V̇CO2 slope) was defined as the ventilatory
response relative to CO2 production. The V̇E/V̇CO2 slope
provides the ventilatory requirements to wash out metabolically
produced CO2 (Keller-Ross et al., 2016). Peak V̇O2 was the
highest 15-s averaged value at exercise cessation (Neder et al.,
1999). In addition, 12-lead electrocardiographic monitoring was
carried out throughout testing. Subjects were also asked to
rate their “shortness of breath” at exercise cessation using the
0–10 Borg’s category-ratio scale, and symptom scores were
expressed in absolute values and corrected for exercise duration.
Capillary samples were collected from the ear lobe for blood
lactate measurements (mEq/L) at rest and at exercise cessation
(Yellow Springs 2.700 STAT plusTM, Yellow Springs Instruments,
OH, United States).

Skeletal Muscle Oxygenation
Skeletal muscle oxygenation profiles of the left vastus lateralis
were evaluated using a commercially available NIRS system
(Hamamatsu NIRO 200TM, Hamamatsu Photonics KK, Japan)
during the CWR tests with PAV and sham (Borghi-Silva et al.,
2008b). Previously, the skin under the probe was shaved in the
dominant thigh. The skinfold was < 12.5 mm in all patients
to ensure that the amount of fat between the muscle probe did
not interfere with the signals (van der Zwaard et al., 2016).
The light probe was placed to the belly of the vastus lateralis
muscle, approximately 15 cm from the upper edge of the patella,
and firmly attached to the skin using adhesive tape (Goulart
et al., 2020b) and involved in a black closed mesh with a velcro.
Briefly, one fiberoptic bundle carries the NIR light produced
by the laser diodes to the tissue of interest while a second
fiberoptic bundle returns the transmitted light from the tissue
to a photon detector in the spectrometer. The intensity of
incident and transmitted light is recorded continuously and,
together with the relevant specific extinction coefficients, used
for online estimation and display of the changes from the resting
baseline of the concentrations of [deoxy-Hb + Mb] (Borghi-Silva
et al., 2008b). [Deoxy-Hb + Mb] levels were obtained second-by-
second at rest, during exercise, and 5 min of recovery. [Deoxy-
Hb + Mb] has been used as a proxy of fractional O2 extraction in
the microcirculation, reflecting the balance between O2 delivery
and utilization (Sperandio et al., 2009). In order to reduce
intrasubject variability and improve intersubject comparability,
[deoxy-Hb + Mb] values were expressed as the percentage of the
maximal value determined on a post-exercise maximal voluntary
contraction (MVC) after 5-min recovery. This study used a
single probe consisting of eight laser diodes operating at two
wavelengths (690 and 830 nm). Due to the uncertainty of the
differential pathlength factor (DPF) for the quadriceps, we did
not use a DPF in the present study. The distance between the light
emitters and the receiver was 3.5 cm (Goulart et al., 2020b).

Central Hemodynamics
Cardiac output (QT , L/min) was measured using a calibrated
signal-morphology impedance cardiography device (PhysioFlow
PF-05, Manatec Biomedical, France). The PhysioFlow principle
is based on the assumption that variations in impedance occur
when an alternating current of high frequency (75 kHz) and low
magnitude (1.8 mA) passes through the thorax during cardiac
ejection (Borghi-Silva et al., 2008a). In preliminary experiments,
the system detected small changes in QT (∼0.1 L/min) with
acceptable accuracy (within± 10% for all readings) (Borghi-Silva
et al., 2008a). The values were recorded as delta (1) from baseline
and expressed relative (%) to the amplitude of variation from
baseline to the steady-state with sham ventilation (within ± 2
standard deviations of the local mean).

Kinetics Analysis
Breath-by-breath V̇O2, 1[deoxy-Hb + Mb], HR, and QT data
were time aligned to the cessation of exercise and the first 180 s
of recovery were interpolated second by second (SigmaPlot 10.0
Systat Software Inc., San Jose, CA, United States). Data were
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analyzed from the last 30 s of exercise to obtain a more stable
baseline and over the 180 s of recovery; i.e., it is considered only
the primary component of the response. Using this approach, it
was assured that the same amount of data was included in the
kinetic analysis of V̇O2, 1 [deoxy-Hb + Mb], and QT for each
intervention, minimizing model-dependent effects on results.
The model used for fitting the kinetics response was:

[Y](t) = [Y](ss) −−A ·
(

1− e−(t−TDρ)/τ
)

(1)

where the subscripts “ss” and “ρ” refer to steady-state and
primary component, respectively. “A,” “TD,” and “τ” are the
amplitude, time delay, and time constant of the exponential
response of the interest (i.e., ∼time to reach 63% of the response
following the end of exercise), respectively. The overall kinetics
of 1[deoxy-Hb + Mb] were determined by the mean of response
time (MRT = τ + TD) (Mazzuco et al., 2020).

Statistical Analysis
The required number of patients to be assessed (n = 10, crossover
study) was calculated considering the τ (s) of V̇O2 during PAV
and sham in HF patients as the main outcome (Mazzuco et al.,
2020), assuming a risk of α of 5% and β of 20%. The SPSS version
13.0 statistical software was used for data analysis (SPSS, Chicago,
IL, United States). According to data distribution, results were
reported as mean ± SD or median and ranges for symptom
scores. The primary end point of the study was changes in
MRT-[deoxi-Hb + Mb] with PAV compared to sham. Secondary
end points included Tlim, changes of τ V̇O2, and QT recovery
kinetics. To contrast differences between PAV and sham on
exercise responses and kinetic measurements, non-paired t or
Mann–Whitney tests were used as appropriate. Pearson’s product
moment correlation was used to assess the level of association
between continuous variables. The level of statistical significance
was set at p < 0.05 for all tests.

RESULTS

All patients completed the maximal and submaximal exercise
tests. Baseline characteristics of HFrEF patients are presented in
Table 1. The LVEF ranged from 22 to 26%. Peak WR and V̇O2 of
all patients were below the age- and gender-corrected lower limits
of normality (Neder et al., 1999). Eight patients were Weber class
C and two were class B. As anticipated by long-term β-blocker
therapy, patients presented with a reduced peak HR response.

Physiological Responses at the Tlim
After Sham vs. PAV
The values selected for volume and flow assist during PAV were
5.6 ± 1.4 cmH2O/L and 3.0 ± 1.2 cmH2O L−1 s−1, respectively.
PAV significantly improved exercise tolerance as shown by a
longer Tlim compared to sham ventilation (p < 0.05, Table 2).
There was no significant change in V̇O2 at Tlim; however, a
significantly higher V̇CO2 was observed with PAV (p < 0.05,
Table 2). In addition, ventilatory efficiency improved with PAV

as demonstrated by a significant reduction in V̇E/V̇CO2 slope
compared to sham ventilation (p < 0.05, Table 2).

Off-Exercise Dynamics After Sham and
PAV
All fitted data were included in the kinetics analysis as r2-
values ranged from 0.90 to 0.99. Off-exercise PAV accelerated
V̇O2 kinetics when compared to sham ventilation (representative
subject in Figure 1A and sample values in Table 3). In parallel,
QT recovery kinetics was faster with PAV (Figure 1B and Table 3)
(p < 0.05). The accelerated QT kinetics was largely explained by
a faster HR recovery with PAV (Table 3). Similar speeding effects
of PAV were observed in relation to [deoxy-Hb + Mb] (Figure 1C
and Table 3). Consistent with these results, V̇O2, QT , and [deoxy-
Hb + Mb] MRT values were shorter with PAV compared to sham

TABLE 1 | Patient characteristics at rest, medication used, and cardiopulmonary
exercise testing data (N = 10).

Anthropometric characteristics

Age (years) 50 ± 13

Height (m) 1.67 ± 0.05

Body mass (kg) 74 ± 13

Body mass index (kg/m2) 25 ± 3

Echocardiography

LVEF (%) 26 ± 4

Etiology of heart failure

Ischemic 3

Non-ischemic 7

Medications

Diuretic 9

Digitalis 3

Carvedilol 10

Angiotensin-converting enzyme inhibitor 8

Maximal exercise

Power, W 90 ± 27

Metabolic

Peak V̇O2,% pred 55 ± 14

Peak V̇O2, ml min 1.222 ± 284

Peak V̇O2, ml min−1 kg−1 17 ± 5

Peak V̇CO2, ml min 1.358 ± 436

Peak blood lactate (mmol/L) 4.0 ± 2.1

Ventilatory

V̇E , L min−1 47 ± 8.4

Respiratory rate, breaths min−1 32 ± 8

VT , L 1.60 ± 0.39

Cardiovascular

Heart rate, bpm 116 ± 15

Heart rate,% pred 65 ± 5.8

Oxygen pulse (ml min−1/bpm) 11 ± 1.5

Subjective

Dyspnea scores 6 ± 2.0

Leg effort scores 6 ± 2.1

LVEF, left ventricle ejection fraction of left ventricle; FEV1, forced expiratory volume
in 1 s; V̇O2, oxygen consumption; V̇CO2, carbon dioxide output; V̇E , minute
ventilation; VT , tidal volume, HR, heart rate. *Mean (SD).
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ventilation (Figure 2). The improvement in QT dynamics with
active intervention was related to enhanced exercise tolerance
(p < 0.001, Figure 3).

DISCUSSION

The novel findings of the present study in patients with
stable, but advanced, HFrEF are as follows: (1) PAV improved
exercise tolerance and ventilatory efficiency; (2) PAV accelerated
the recovery of V̇O2, as well as [deoxy-Hb + Mb] (a non-
invasive estimate of fractional O2 extraction) (Barstow, 2019),
and central hemodynamics; and (3) a faster recovery of central
hemodynamics with PAV was associated with better exercise
tolerance. These data indicate that unloading the respiratory
muscles has positive effects on O2 delivery to, and utilization by,
the peripheral muscles during passive recovery from exercise in
HFrEF. These results set the stage for future studies assessing a
role for respiratory muscle unloading in enhancing the tolerance
to repeated (interval) exercise in these patients.

Effects of PAV on Muscle Reoxygenation
Kinetics
It is widely recognized that the skeletal muscle deoxygenation
at the onset of exercise in patients with HFrEF is related to
impairments of local O2 delivery and utilization (Richardson
et al., 2003). In addition, experimental evidence suggests that,
as HFrEF progresses, there is a slower recovery of microvascular
PO2 (PmvO2), reflected by impaired microvascular O2 delivery-
to-utilization matching in the active muscle, i.e., lower PmvO2
(Copp et al., 2010). A lower PmvO2, in turn, may impair
the recovery of intracellular metabolic homeostasis, delaying
phosphocreatine resynthesis after exercise in HFrEF. These
important metabolic changes increase muscle fatigability, likely

TABLE 2 | Main physiological responses at the time of constant work rate
exercise tolerance (Tlim) after sham or proportional assist ventilation (N = 10).

Sham PAV p-value

Tlim (s) 444 ± 296 587 ± 390 0.01

V̇O2 (ml/min) 1, 183 ± 450 1, 280 ± 285 0.40

V̇CO2 (ml/min) 1, 153 ± 287 1, 258 ± 257 0.03

RER 1.02 ± 0.08 1.02 ± 0.36 0.96

V̇E (L/min) 44.6 ± 7.1 45.6 ± 6.4 0.67

V̇E /CO2 slope 40.3 ± 10.7 37.1 ± 7.6 0.04

PET CO2, mmHg 32.1 ± 7.5 33.3 ± 7.1 0.54

HR, bpm 109 ± 11 110 ± 15 0.70

HR,% peak 63 ± 6 64 ± 7 0.72

Oxygen pulse (ml/min/beat) 10.8 ± 4.4 11.7 ± 2.6 0.42

Dyspnea (0–10) 5.7 ± 1.4 5.1 ± 1.7 0.19

Leg effort (0–10) 5.9 ± 3.0 5.4 ± 2.5 0.49

1lactate (peak-rest, mmol/L) 2.10 ± 1.16 1.88 ± 1.14 0.67

V̇O2, oxygen consumption; V̇CO2, carbon dioxide output; RER, respiratory
exchange ratio; V̇E , minute ventilation; PET CO2, end-tidal partial pressure for CO2;
HR, heart rate. p < 0.05 (paired t or Wilcoxon tests for between-group differences
at a given time point). Values are means ± SD.

FIGURE 1 | Pulmonary O2 uptake [V̇O2p, (A)], cardiac output [QT , (B)], and
deoxy-hemoglobin concentration [deoxy-Hb + Mb, (C)] off-kinetics variables
at high-intensity constant workload exercise test of a representative patient
with HFrEF contrasting PAV (#) vs. Sham Ventilation ( ).

impairing the ability to perform subsequent physical tasks
(Krause et al., 2005; Copp et al., 2010). In this sense, ventilatory
strategies that can reduce fatigability and increase muscle
recovery for a new high-intensity task would be relevant for
the cardiopulmonary rehabilitation of these patients. In addition,
HFrEF may be associated with redistribution of an already-
reduced cardiac output toward the respiratory muscles, leading
to lower peripheral muscle perfusion and O2 supply. Collectively,
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TABLE 3 | Off-exercise kinetic parameters for oxygen uptake (V̇O2p),
[deoxy-Hb/Mb], and cardiac output (QT ) after sham or proportional assist
ventilation (PAV) (N = 10).

Variables Sham PAV P-level

V̇O2p

Baseline (ml) 1, 224 ± 272 1, 205 ± 289 0.12

A (ml) 952 ± 242 882 ± 235 0.76

τ (s) 77 ± 42 56 ± 22 0.04

QT

Baseline (ml) 10 ± 2 10 ± 1 0.22

A (ml) 5 ± 1 5 ± 1 0.15

τ (s) 78 ± 46 39 ± 22 0.02

HR

Baseline (ml) 109 ± 10 109 ± 15 0.95

A (ml) 31 ± 11 29 ± 7 0.48

τ (s) 54 ± 23 35 ± 13 0.01

MRT (s) 63 ± 22 41 ± 17 0.003

[deoxy-Hb + Mb]

Baseline (ml) 53 ± 29 54 ± 30 0.86

A (ml) 78 ± 37 67 ± 26 0.55

τ (s) 42 ± 22 31 ± 19 0.04

Values are means ± SD. Definition of symbols and abbreviations: TD, time delay;
τ, time constant. V̇O2p, Pulmonary oxygen uptake, QT , cardiac output, MRT, mean
response time, [deoxy-Hb/Mb], deoxyhemoglobin + myoglobin concentration by
NIRS.

these abnormalities may impair leg muscles’ oxidative capacity
with negative effects on dyspnea, leg discomfort, and exercise
tolerance in these patients (Poole et al., 2012).

In the present study, PAV accelerated the recovery of leg
muscle oxygenation, as indicated by a faster decrease in [deoxy-
Hb + Mb] (Table 3 and Figure 2). The explanation for this finding
might be multifactorial. For instance, PAV may have increased
peripheral vascular conductance via lower sympathetic outflow
(Olson et al., 2010) in response to a lessened respiratory muscle
metaboreflex (Sheel et al., 2018). In fact, this was previously
shown that at a given QT and time, PAV was associated with
increased oxygenation and higher blood flow to the appendicular
musculature in patents with HFrEF, suggesting blood flow
redistribution (Borghi-Silva et al., 2008b). Of note, Miller et al.
found that decreasing the work of breathing with inspiratory
positive pressure ventilation increased hindlimb blood flow
out of proportion to increases in cardiac output in dogs with
experimental HFrEF (Miller et al., 2007). Thus, bulk blood flow to
the legs may have been enhanced by PAV despite a faster decrease
in QT , which would tend to reduce convective O2 delivery
at a given time point. The positive effects of PAV on muscle
blood flow during high-intensity exercise may have persisted
throughout the recovery phase, leading to more pronounced
post-exercise hyperemia (Goulart et al., 2020a).

A preferential distribution of local blood flow toward type
II fibers, which are less efficient on O2 utilization compared
to type I fibers, is also conceivable (Barstow et al., 1996; Poole
et al., 2012). Another possible mechanism demonstrated is that
under hypoxia conditions, [deoxy-Hb + Mb] occurs at a lower
energy output (Rafael de Almeida et al., 2019). It should also

be acknowledged that the positive effects of PAV on on-exercise
V̇O2 kinetics (i.e., low O2 deficit) may have decreased O2 debt,
leading to a faster decrease in off-exercise V̇O2 (Mazzuco et al.,
2020). Consistent with the current findings, this study found
that respiratory muscles unloading reduced leg fatigue during
high-intensity isokinetic exercise, supporting evidence that this
strategy might have an adjunct role to improve patients’ response
to rehabilitative exercise in HFrEF (Borghi-Silva et al., 2009).

The QT off-kinetics were also accelerated with PAV (Table 3
and Figure 1). This might be related to the fact that PAV was
associated with lower O2 demands during recovery, likely due
to improved muscle bioenergetics, i.e., faster PCr resynthesis
(Yoshida et al., 2013). Additionally, a lower sympathetic drive
with non-invasive ventilation may have prompted a faster
increase in parasympathetic tonus (Borghi-Silva et al., 2008c);
in fact, the quicker decrease in QT was largely secondary
to a faster HR recovery (Table 3). Interestingly, a strong
correlation between faster QT decline and increases in Tlim with
PAV was found (Figure 3). Again, this might reflect a larger
decrease in sympathetic efference in patients who derived greater
benefit from PAV. Additional studies quantifying sympathetic
neural outflow at similar exercise duration with PAV and sham
ventilation are warranted to confirm (or negate) this hypothesis
(Borghi-Silva et al., 2008c; Reis et al., 2014).

PAV and Ventilatory Efficiency in HFrEF
The present study found that respiratory muscle unloading with
PAV was associated with improved ventilatory efficiency, i.e.,
lower V̇E–V̇CO2 relationship (Table 2). Of note, however, this
was not a consequence of lower V̇E at a given V̇CO2, but rather
similar V̇E despite a higher V̇CO2. Higher V̇CO2 (and, to a lesser
extent, V̇O2) at exercise cessation with PAV than sham might
reflect the effects of a longer test in the former intervention
during the PAV trial. This may also occur due to the dynamics of
V̇CO2 and its relationship with the kinetics of CO2 storage and
production (Scott Bowen et al., 2012).

It remains unclear, however, why V̇E remained unaltered
despite a higher CO2 “load” since the respiratory neural drive,
lung mechanics, or ventilation/perfusion (mis)matching was
not assessed. Regardless of the mechanism, a reduction in the
V̇E–V̇CO2 through pharmacological and non-pharmacological
interventions may have relevant clinical implications, including
improved survival (Paolillo et al., 2019). It is worth noting that
dyspnea ratings at Tlim were similar between conditions despite
a longer Tlim with PAV (Table 2). This might reflect the effects of
an unaltered V̇E and/or the beneficial consequences of inspiratory
muscle unloading.

Methodological Considerations and
Potential Limitations
The present study focused on the effects of PAV on recovery
kinetics since the presence of oscillatory ventilation in half
of patients precluded the analysis of on-exercise V̇O2 kinetics
(Sperandio et al., 2009). Consistent with these results, previous
studies showed that recovery kinetics were more reproducible,
being determined with a higher degree of reliability and validity
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FIGURE 2 | Mean response time (MRT) of V̇O2p, QT , and deoxy-hemoglobin concentration ([deoxy-Hb + Mb]), on recovery of heavy-intensity exercise during Sham
(open bars) and PAV (solid bars). Note that the dynamics of V̇O2p and QT and [deoxy-Hb + Mb] recovery were faster during PAV (p < 0.05). In addition,
[deoxy-Hb + Mb] kinetic was faster than QT and V̇O2p only when Sham was administered in HFrEF patients. Values are means (SD). ∗p < 0.05 for
between-intervention comparisons; †p < 0.05 for within-variables comparisons between [deoxy-Hb + Mb] vs. V̇O2p; and +p < 0.05 for within-group comparisons of
[deoxy-Hb + Mb] vs. QT .

FIGURE 3 | Significant inverse relationship between the difference of limit of
tolerance with PAV-Sham vs. the difference of mean response time (MRT) of
QT (PAV-Sham). These data suggest that the higher variation of Tlim with PAV,
the faster lower “central” cardiovascular kinetics (Pearson correlation = 0.76,
p < 0.001).

(Kemps et al., 2009, 2010). Nevertheless, the present study
acknowledges that by not repeating the exercise bout, it is limited
in its ability to determine the actual beneficial effects of PAV on
the tolerance of any ensuing exercise. It is reasoned that a second
session could influence [deoxy-Hb + Mb] due to changes in probe

position, thereby decreasing the between-days comparability.
Moreover, this study did not measure the work of breathing; thus,
the magnitude of respiratory muscle unloading brought by PAV
in individual patients remains unclear. As a non-invasive study,
it relied on signal-morphology cardioimpedance to measure QT
(Borghi-Silva et al., 2008a; Paolillo et al., 2019). Although this
method is not free from caveats (Wang and Gottlieb, 2006), it has
provided acceptable estimates of changes in QT in patients with
cardiopulmonary diseases (Vasilopoulou et al., 2012; Louvaris
et al., 2019).

Clinical Implications
The findings of the present study indicate that respiratory muscle
unloading improves muscle oxygenation during recovery from
high-intensity exercise, suggesting that non-invasive ventilation
(PAV) might be used as an adjunct strategy to improve the
tolerance to subsequent exercise during cardiac rehabilitation.
Future studies could investigate the effects of such strategy
in cardiopulmonary rehabilitation programs. It is conceivable
that such an effect would be particularly relevant to more
severe patients exposed to interval training (Spee et al.,
2016) or, as described before, to strength training (Borghi-
Silva et al., 2009). If the beneficial effects of PAV on muscle
oxygenation prove to be associated with improved autonomic
modulation (lower sympathetic drive), long-term respiratory
muscle unloading may have an hitherto unexplored effect
on other relevant outcomes in HFrEF, such as ventricular
tachyarrhythmias, cardiac remodeling, and left ventricle afterload
(Cornelis et al., 2016).
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CONCLUSION

Respiratory muscle unloading promoted by PAV improves leg
muscle oxygenation during the recovery from high-intensity
exercise in patients with HFrEF. These results add novel evidence
that the salutary consequences of PAV on the physiological
responses to dynamic exercise in HFrEF (Borghi-Silva et al.,
2008a,b; Carrascossa et al., 2010) extend to the recovery phase,
an effect that might be of practical relevance to improve tolerance
to repeated (interval) exercise.
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