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Abstract
Objective To investigated the dynamic ventilatory responses and their influence on functional exercise capacity in 
patients with long-COVID-19 syndrome (LCS).

Results Sixteen LCS patients were subjected to resting lung function (spirometry and respiratory oscillometry-RO) 
and cardiopulmonary performance to exercise (Spiropalm®-equipped six-minute walk test-6MWT and 
cardiopulmonary exercise test-CPX). At rest, spirometry showed a normal, restrictive and obstructive pattern in 87.5%, 
6.25% and 6.25% of participants, respectively. At rest, RO showed increased resonance frequency, increased integrated 
low-frequency reactance and increased difference between resistance at 4–20 Hz (R4-R20) in 43.7%, 50%, and 
31.2% of participants, respectively. The median of six-minute walking distance (DTC6) was 434 (386–478) m, which 
corresponds to a value of 83% (78–97%) of predicted. Dynamic hyperinflation (DH) and reduced breathing reserve 
(BR) were detected in 62.5% and 12.5% of participants, respectively. At CPX, the median peak oxygen uptake (VO2peak) 
was 19 (14–37) ml/kg/min. There was a significant correlation of 6MWD with both R4-R20 (rs=-0.499, P = 0.039) and 
VO2peak (rs=0.628, P = 0.009). Our results indicate that DH and low BR are contributors to poor exercise performance, 
which is associated with peripheral airway disease. These are promising results considering that they were achieved 
with simple, portable ventilatory and metabolic systems.
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Introduction
There is much information regarding the acute process 
caused by new coronavirus. The marked inflammatory 
response and the coagulopathy state caused by COVID-
19 may promote lung damage. In addition, acute new 
coronavirus infection is not limited to the lungs and has 
multisystem effects, with evidence of important cardio-
vascular disorders [1]. However, there is scarce informa-
tion concerning the effect of the disease on functional 
exercise capacity in long-COVID syndrome (LCS), espe-
cially regarding the dynamic changes in ventilation, as 
the lungs are the most affected organs [2].

The ventilatory limitation during exercise is usu-
ally assessed by the breathing reserve (BR), which indi-
cates how close the minute ventilation (VE) approaches 
the maximum ventilation during a given activity [3]. 
Another measure used to evaluate ventilatory mechan-
ics is dynamic hyperinflation (DH), which refers to exer-
cise-induced air trapping [4]. As the respiratory rate (RR) 
increases during exercise, expiratory time decreases, lim-
iting the ability to completely empty the alveoli. When 
a new breath is initiated before the alveoli have been 
completely emptied, the end-expiratory lung volume 
increases, consequently restricting the inspiratory capac-
ity (IC) during effort [4].

Besides the deconditioning, persistent low-grade 
inflammation after acute new coronavirus infection may 
contribute to systemic problems, which supports the 
need for further evaluation of cardiopulmonary fitness, 
especially in the most severely affected patients, includ-
ing evaluation of functional exercise capacity [1]. In fact, 
it is considered that traditional measures of pulmonary 
function, such as forced expiratory volume in one second 
(FEV1), may not reflect the seriousness of lung involve-
ment and functional impairment in LCS [2, 5]. Conse-
quently, more specific measures of pulmonary function, 
such as DH or BR, may increase understanding of the 
mechanisms of exercise intolerance. Although patients 
with LCS have evidence of peripheral airway disease 
(PAD) [6], no previous study has investigated DH in this 
population using the six-minute walk test (6MWT). Our 
goal was to investigate the dynamic ventilatory responses 
and their impact on the functional capacity to exercise in 
people with LCS.

Main text
Methods
A cross-sectional analysis was conducted between March 
and October 2022 with 16 COVID-19 survivors (out of 
19 eligible patients) aged ≥ 18 years old attending the Pol-
iclínica Piquet Carneiro, Universidade do Estado do Rio 
de Janeiro, Rio de Janeiro, Brazil. Patients who suffered 
from COVID-19 pneumonia with persistence of respi-
ratory symptoms after 3 months [7] and who had not 

been hospitalized at the time of acute COVID-19 were 
included. Patients with a history of smoking or chronic 
lung disease, and those who could not execute the proto-
col tests were excluded. The Research Ethics Committee 
of the Hospital Universitário Pedro Ernesto approved the 
project under the number CAAE-30135320.0.0000.5259, 
and all participants signed the consent form.

Respiratory oscillometry (RO) was carried out employ-
ing an appropriate device (Quark i2m, Cosmed, Rome, 
Italy). At the time of RO assessment, the subjects were 
asked to remain seated, with manual support on the 
cheeks, and nostrils occluded by a clip, and to breathe 
normally for 40  s. We analyse the following indexes: 
respiratory system resistance (Rrs) at 4 Hz (R4) and 20 Hz 
(R20); mean resistance between 4 and 20 Hz (Rm); differ-
ence between resistance at 4–20 Hz (R4-R20); resonance 
frequency (Fres); and integrated low-frequency reactance 
(AX). The next values were deemed abnormal: R4 and/
or R20 ≥ 150% of predicted; Fres > 12  Hz; AX > 3.60  cm 
H2O/L/s; and R4-R20 > 20%, which has also been utilized 
for the diagnosis of PAD [8, 9]. After five minutes of per-
forming the RO, the Vitatrace VT device (Codax Ltda, 
Rio de Janeiro, Brazil) was used to perform spirometry, 
employing national reference values [10].

The 6MWT was performed according to previous 
guidelines [11], with a silicone face mask of the portable 
device (Spiropalm 6MWT, Cosmed, Rome, Italy) attached 
to the patient. Before and at the end of the test, the inspi-
ratory capacity (IC) was measured. A decrease of ≥ 100 
ml in IC (∆IC) during exercise was defined as DH [4]. 
Besides DH, other dynamic ventilatory responses were 
measured, including minute ventilation (VE) and breath-
ing reserve (BR). BR indicates how close VE approaches 
maximum ventilation during a given activity and was 
calculated as the difference between maximal voluntary 
ventilation (MVV) and VEpeak ([MVV-VEpeak]/MVV) 
[12]; BR < 30% was considered ventilatory limitation on 
exertion [4]. MVV was automatically determined by the 
device as 40 multiplied by the patient’s measured FEV1 
[12]. The device also measured the heart rate (HR) and 
the oxygen saturation (SO2), and a decrease of ≥ 4% in 
SO2 was considered desaturation. The predicted val-
ues for the six-minute walking distance (6MWD) were 
obtained from the reference equation [13].

Lastly, the subjects underwent cardiopulmonary 
exercise test (CPX) limited by symptoms, according to 
previous recommendations [14]. Briefly, the test was 
conducted with the use of a breath-by-breath system 
on a cycle ergometer connected to a FitMate™ (Cosmed, 
Rome, Italy) calibrated according to the manufacturer’s 
specifications. The FitMate™ utilizes new sampling tech-
nology using a small sample representative of the exhaled 
volume in a miniaturized dynamic mixing chamber. The 
FitMate™ does not have a CO2 analyser and has software 
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that increases the respiratory exchange ratio between 0.8 
and 1.2 based on the increase in HR [15]. Exercise was 
stopped when the subjects developed marked dyspnoea 
or muscle fatigue and were exhausted.

A nonparametric method was employed as the vari-
ables did not present a normal (Gaussian) distribution, 
according to the rejection of the hypothesis of normal-
ity using the Shapiro-Wilk test. The inferential analysis 
consisted of the Spearman correlation coefficient for the 
association between lung function at rest and cardio-
pulmonary exercise performance. The significance level 
adopted was the 5% level. Statistical evaluation was pro-
cessed using SPSS statistical software version 26.

Results
Nineteen LCS patients were evaluated to be included 
in the study; three, however, were excluded because 
of walking difficulties. All participants had moderate 
COVID according to World Health Organization defi-
nitions [16]; none of them used corticosteroids and/or 
bronchodilators at the time of acute COVID or subse-
quently underwent pulmonary rehabilitation. At the time 
of acute COVID, 10 and 6 patients had a percentage of 
lung parenchymal involvement ˂25% and between 25 and 
50% on computed tomography scans, respectively. The 
median age and time since COVID-19 diagnosis were 57 

(50–59) years and 98 (93–106) days, respectively. Four-
teen (87.5%) participants were women, with 12 (75%) of 
them having a BMI ≥ 30 kg/m2 [median body mass index 
of 32 (30–36) kg/m2]. Regarding lung function at rest, 
spirometry showed a normal, restrictive and obstruc-
tive pattern in 14 (87.5%), 1 (6.25%) and 1 (6.25%) indi-
vidual, respectively. In RO, there were Fres > 12  Hz and 
AX > 3.60  cm H2O/L/s in 7 (43.7%) and 8 (50%) cases, 
respectively. The R4 and/or R20 values were ≥ 150% in 7 
(43.7%) cases, and an R4-R20 value > 20% was detected 
in 5 (31.2%) cases. Considering the abnormalities in the 
resistive and reactive indexes, 8 (50%) participants had 
abnormal RO. Table  1 presents the clinical data and 
results of pulmonary function at rest.

Regarding cardiopulmonary exercise performance 
(Table 2), the median 6MWD during exercise Spiropalm®-
equipped 6MWT was 83% (78–97%) predicted, with 5 
(31.2%) patients experiencing a 6MWD < 80% predicted. 
DH was noted in 10 (62.5%) subjects. Two (12.5%) par-
ticipants had ventilatory limitation (BR < 30%) and desat-
uration during the 6MWT. In the FitMate™ testing, the 
median of the peak oxygen uptake (VO2peak) was 19 (14–
37) ml/kg/min.

The associations between resting lung function and 
cardiopulmonary exercise performance are demonstrated 

Table 1 Clinical data and Lung function at rest
Variables Values
Clinical data

 Hypertension 6 (37.5%)

 Diabetes 4 (25%)

 Heart disease 2 (12.5%)

Spirometry

 FVC (% predicted) 93 (88–103)

 FEV1 (% predicted) 96 (88–102)

 FEV1/FVC (%) 84 (76–89)

 FEF25 − 75% (% predicted) 114 
(74–126)

Respiratory oscillometry

 Fres (Hz) 11.8 (9–20)

 Rm (cm H2O/L/s) 5.6 (3.2–6.7)

 R4 (cm H2O/L/s) 6.3 (5.3–8)

 R4 (% predicted) 141 
(112–194)

 R20 (cm H2O/L/s) 5.4 (4.6–6.6)

 R20 (% predicted) 136 
(108–186)

 R4-R20 (cm H2O/L/s) 0.7 (0.2–2.2)

 AX (cm H2O/L) 3.6 (1.5–4.8)
FVC forced vital capacity, FEV1 forced expiratory volume in one second, FEF25 − 75% 
forced expiratory flow during the middle half of the FVC, Fres resonance 
frequency, Rm = mean resistance between 4–20  Hz, R4 resistance at 4  Hz, 
R20 resistance at 20  Hz, R4-R20 difference between resistance at 4–20  Hz, AX 
integrated low-frequency reactance

Results are expressed as median (interquartile ranges) or number (%)

Table 2 Cardiopulmonary performance to exercise
Variables Values
Spiropalm®-equipped 6MWT

 6MWD (m) 434 
(386–478)

 6MWD (% predicted) 83 (78–97)

 Basal SO2 (%) 96 (93–98)

 End of test SO2 (%) 94 (92–96)

 Basal HR (pulse/min) 87 (79–92)

 End of test HR (pulse/min) 116 
(108–119)

 Resting VE (L/min) 14 (12–16)

 VEpeak (L/min) 30 (26–36)

 BR (%) 62 (52–69)

 Basal IC (L) 2.3 (2–2.7)

 End of test IC (L) 2.1 
(1.7–2.5)

 ∆IC (L) -0.2 
(-0.5–-0.1)

FitMate™ testing

 VO2peak (ml/kg/min) 19 (14–37)

 VEpeak (L/min) 47 (38–69)

 End of test RR (breaths/min) 37 (34–46)

 End of test HR (pulse/min) 138 
(123–161)

6MWT six-minute walk test, 6MWD six‐minute walking distance, SO2 oxygen 
saturation, HR heart rate, VE minute ventilation, BR breathing reserve, IC 
inspiratory capacity, VO2peak peak oxygen uptake, RR respiratory rate

Results are expressed as median (interquartile ranges)
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in Table 3. The 6MWD was significantly correlated with 
both R4-R20 and VO2peak (Fig. 1).

Discussion
A simple, efficient, low-cost method that allows assess-
ing cardiopulmonary fitness during submaximal exer-
cise is of great interest due to COVID-19’s impact on the 
lungs. Measuring dynamic ventilation during the 6MWT 
in individuals with LCS, the major findings of this study 
were that more than 60% of them showed DH, although 
only a small portion showed ventilatory limitation and 
significant desaturation. Furthermore, there was an asso-
ciation of 6MWD with both oxygen consumption and the 
presence of PAD. According to our knowledge, our study 
is the first to find a relationship between DH and PAD in 
LCS patients who did not require hospitalization at the 
time of acute infection.

In the analysed sample, almost one-third of the subjects 
had a predicted 6MWD < 80%. The median 6MWD was 
434 m, which is close to the values reported by Townsend 
et al. [1] and González et al. [17] in individuals with LCS 
but greater than 350 m; the latter value has been associ-
ated with all-cause mortality in subjects with preexisting 
lung disease [18]. We noted that just over 10% of the par-
ticipants had ventilatory limitation using BR < 30%, which 

is a parameter traditionally used to assess ventilatory lim-
itation since it is a simple technique that does not require 
additional analysis. Although BR is commonly used to 
assess ventilatory limitation, it does not offer data about 
the possible mechanisms of ventilatory restriction or the 
respiratory strategy of patients during exercise [4]. Thus, 
the investigation of DH helps to better explain the patho-
physiology involved in ventilatory limitation and intol-
erance to effort. Using ∆CI to define DH, we found that 
more than 60% of participants had DH. It is worth not-
ing that DH is a strong determinant of exercise tolerance 
because it increases the mechanical load on the inspira-
tory muscles and impairs the ability of tidal volume to 
increase adequately with exercise [4].

Regarding sensitivity, OR has proved to be an effec-
tive test for the accurate assessment of PAD in LCS indi-
viduals, as new coronavirus can lead to airway calibre 
reduction, bronchiolitis, bronchiolocentric interstitial 
pneumonia and peribronchial remodelling [6, 19]. Like 
other studies [6, 20], we noticed that half of our subjects 
had RO changes, including abnormalities compatible 
with PAD. Curiously, we noticed an association between 
6MWD and R4-R20, which is a sensitive index for the 
diagnosis of PAD. Thus, one can speculate that the inho-
mogeneity in the distribution of ventilation as measured 

Table 3 Spearman correlation coefficient between lung function at rest and cardiopulmonary performance to exercise
Variables R4-R20 6MWD BR ∆IC VO2peak

FVC rs -0.055 0.075 -0.150 -0.047 0.191

P 0.84 0.78 0.58 0.85 0.48

R4-R20 rs - -0.499 -0.075 0.134 -0.185

P - 0.039 0.78 0.62 0.49

6MWD rs - - 0.046 -0.110 0.628
P - - 0.87 0.68 0.009

BR rs - - - 0.080 0.003

P - - - 0.77 0.99

∆IC rs - - - - 0.289

P - - - - 0.28
FVC forced vital capacity, R4-R20 difference between resistance at 4–20 Hz, AX integrated low-frequency reactance, 6MWD six-minute walking distance, BR breathing 
reserve, IC inspiratory capacity, VO2peak peak oxygen uptake

Bold type indicates significant correlations

Fig. 1 Relationship of six-minute walking distance (6MWD) with the difference between resistance at 4–20 Hz (R4-R20, rs=-0.499, P = 0.039) (A) and the 
peak oxygen uptake (VO2peak, rs=0.628, P = 0.009) (B)
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by Rrs may be an important contributor to the lower 
tolerance to exercise in LCS patients. It is worth noting 
that these individuals may have other important limita-
tions that prevent their level of exercise from increasing, 
such as general fatigue, muscle weakness, psychological 
changes, or damage to the pulmonary circulation, which 
may even explain the desaturation observed during exer-
cise in part of these patients [21].

In our sample, 75% of patients were obese, which is not 
surprising given that obesity is a risk factor for COVID-
19 [22]. Since obesity itself has a negative impact on the 
RO indexes (respiratory compliance and resistance), 
many of the abnormalities observed in our study can 
be explained by the excess of adipose tissue around the 
upper airways. Conjointly, the impairment of peripheral 
resistance may modify the performance in the 6MWT. 
In fact, Perossi et al. [23] found associations between the 
RO indexes and 6MWD, suggesting that PAD may be 
related to worsening functional capacity in women with 
severe obesity. Since both obesity and LPS are conditions 
that express several pro-inflammatory markers, we think 
that inflammation is a possible link that should be better 
studied in obese individuals with LPS.

Technological advances led to the development of 
portable indirect calorimeters, which are lightweight, 
battery-operated, and capable of measuring VO2peak. 
Consequently, there has been a trend towards the use 
of portable breath-by-breath analysers in an attempt 
to link respiratory variables to metabolic events in the 
muscle [24]. Using a portable breath-by-breath analyser, 
we demonstrated a strong correlation between VO2peak 
and 6MWD. VO2peak is a reliable measure of cardiorespi-
ratory fitness and, therefore, a marker of the maximum 
capacity of the oxidative system to provide energy during 
exercise [25]. Using the same device to assess dynamic 
ventilation during the 6MWT in individuals with fibrosis 
of the lungs (which is the final route of pulmonary repair 
in a significant number of LCS patients), De Martino et 
al. [26] observed that ventilation increased significantly 
because of the contribution of tidal volume and RR; this 
finding was associated with a decrease in BR at the end of 
the test. In comparison with CPX, these authors showed 
that BR at the end of the 6MWT was also inversely 
related to peak BR derived from CPX, suggesting BR as 
fundamental in the assessment of exercise limitation.

In summary, our initial results propose that DH and, 
to a lesser extent, low BR are contributors to the poor 
performance of LCS patients during the 6MWT. Fur-
thermore, the worse the PAD and the lower the oxygen 
consumption, the lower the 6MWD in this patient popu-
lation. These are promising results, considering that they 
were attained using simple, inexpensive and portable 
ventilatory and metabolic measurement systems that are 
easily applicable in real-world environments.

Limitations
Our study has some limitations. First, the sample size 
is small and, therefore, the results obtained should be 
evaluated with caution. Second, this study was cross-
sectional; therefore, we suggest an ongoing evaluation 
of LCS patients who have persistent health problems. In 
addition, the participants did not undergo the 6MWT 
and CPX before COVID-19, and thus, changes from 
baseline are difficult to assess. Large samples are still 
needed to determine whether these tools are sensitive 
enough to identify changes over time.
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