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Abstract

Rationale Post-coronavirus disease 2019 (COVID-19) survivors frequently have dyspnoea that can lead to
exercise intolerance and lower quality of life. Despite recent advances, the pathophysiological mechanisms
of exercise intolerance in the post-COVID-19 patients remain incompletely characterised. The objectives of
the present study were to clarify the mechanisms of exercise intolerance in post-COVID-19 survivors after
hospitalisation.

Methods This prospective study evaluated consecutive patients previously hospitalised due to moderate-to-
severe/critical COVID-19. Within mean+sp 90+10 days of onset of acute COVID-19 symptoms, patients
underwent a comprehensive cardiopulmonary assessment, including cardiopulmonary exercise testing with
earlobe arterialised capillary blood gas analysis.

Measurements and main results 87 patients were evaluated; meantsp peak oxygen consumption was
19.5+5.0 mL-kg™"min™', and the tertiles were <17.0, 17.1-22.2 and >22.3mL-kg™'-min”".
Hospitalisation severity was similar among the three groups; however, at the follow-up visit, patients with
peak oxygen consumption <17.0 mL-kg™'‘min™" reported a greater sensation of dyspnoea, along with
indices of impaired pulmonary function, and abnormal ventilatory, gas-exchange and metabolic responses
during exercise compared to patients with peak oxygen consumption >17 mL-kg™"-min~". By multivariate
logistic regression analysis (receiver operating characteristic curve analysis) adjusted for age, sex and
prior pulmonary embolism, a peak dead space fraction of tidal volume >29 and a resting forced vital
capacity <80% predicted were independent predictors of reduced peak oxygen consumption.

Conclusions Exercise intolerance in the post-COVID-19 survivors was related to a high dead space
fraction of tidal volume at peak exercise and a decreased resting forced vital capacity, suggesting that both
pulmonary microcirculation injury and ventilatory impairment could influence aerobic capacity in this
patient population.

Introduction

In March 2020, coronavirus disease 2019 (COVID-19) was characterised by the World Health
Organization as a pandemic infection and has been considered an international public health emergency for
the past 2 years. A few months after the pandemic’s start, Brazil had the second highest number of
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confirmed COVID-19 cases worldwide. In April 2021, Brazil had become the epicentre of the COVID-19
pandemic, with >4000 deaths per day [1].

COVID-19 infection may be asymptomatic in the acute phase, but clinical presentation might also range
from mild respiratory symptoms to severe respiratory failure with associated acute respiratory distress
syndrome (ARDS). Additionally, clinical presentation might include extrapulmonary symptoms [2]. After
hospitalisation, patients may remain symptomatic and this could be related to cardiac/lung sequalae and/or
post-COVID-19 syndrome [3].

The post-COVID-19 syndrome is defined by the presence of persistent symptoms 12 weeks after the onset
of COVID-19, and is not attributable to other known causes [3]. Among the most frequent signs and
symptoms reported in post-COVID-19 syndrome are fatigue, muscle weakness, dyspnoea, hypoxaemia,
depression, anxiety and sleep and cognitive disorders, along with exercise intolerance [3-5], the last of
which might lead to a significant decrease in functional capacity and quality of life. Different hypotheses
for mechanisms of exercise intolerance after COVID-19 infection have been explored so far, and physical
deconditioning has been described as one of the most likely driving forces of symptoms [6, 7], despite the
complexity of COVID-19 and the potential for multiorgan involvement.

In this context, recent findings suggest that exercise limitation in post-COVID-19 survivors in more severe
patients may be related to 1) central cardiocirculatory disorder due to chronic myocardial inflammation
and/or pulmonary microvascular injury [8]; 2) ventilatory inefficiency [9, 10] due to increased dead space
(Vp) as a fraction of tidal volume (Vr), possibly related to endothelial and/or microvascular dysfunction [11];
3) reduced peripheral muscle oxygen extraction [11, 12]. In patients with mild post-COVID-19 syndrome,
dysfunctional breathing was a relevant mechanism of exercise intolerance [12]. Nevertheless, despite these
recent advances, the pathophysiological mechanisms of exercise intolerance in post-COVID-19 survivors remain
incompletely characterised. In the current study, we aimed to clarify the mechanisms of exercise intolerance
associated with reduced aerobic capacity after moderate-to-severe/critical COVID-19 hospitalisation.

Materials and methods

Study design and participants

The current study is part of an observational prospective Brazilian initiative to evaluate clinical symptoms
and respiratory, radiological and metabolomic function in patients who were hospitalised due to COVID-19
(FENIX Study; Brazilian Clinical Trials Registry ReBEC identifier RBR-8j9kqy).

The current report presents data from consecutive adult patients from the post-COVID-19 outpatient clinic
of the Federal University of Sdo Paulo. All included patients had the first medical visit after hospital
discharge between August 2020 and May 2021 and had the following characteristics at the time of
COVID-19 hospitalisation (inclusion criteria): 1) confirmed diagnosis of COVID-19 by reverse
transcription PCR; 2) received supplemental oxygen (O,) support; and 3) had acute lung parenchymal
involvement confirmed by chest computed tomography (CT) scan.

Patients were invited to participate in the study in their first clinical outpatient evaluation after hospital
discharge. Those patients who fulfilled the study inclusion criteria and signed an informed consent form had
their clinical information recorded, and within 90+10 days after the onset of COVID-19 acute symptoms,
performed a comprehensive cardiopulmonary assessment, including a cardiopulmonary exercise testing
(CPET) with earlobe arterialised capillary blood gas analysis. All other tests, pulmonary lung function,
echocardiogram and high-resolution chest CT (HRCT), were performed within 10 days of CPET (figure 1).

Patients in palliative cancer care, with psychiatric disturbances, musculoskeletal impairment to perform the
exercise and uncontrolled known cardiovascular, endocrine—-metabolic or renal diseases were excluded
from the study. Patients who could not complete the study follow-up visit were also excluded
(supplementary figure E1).

The methodological description of pulmonary function tests and modified Medical Council Research
(mMRC) dyspnoea scale are described in the supplementary material [13—15].

CPET

Patients performed symptom-limited, ramp-incremental cycle ergometer CPET using a computer-based
exercise system with breath-by-breath analysis of metabolic, ventilatory and cardiovascular variables
(ULTIMA CardioO,; Med Graphics, Saint Paul, MN, USA). The work rate was individually selected to
provide an incremental phase of 7-12 min (5-20 W-min™') and started after a 2-min unloading warm-up
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l Hospitalised patients

« Confirmed COVID-19 by RT-PCR
+ Need of supplementary O, support
First clinical outpatient

« Acute lung parenchymal involvement
confirmed by lung CT scan evaluation after hospital

discharge
Follow-up visit
l 90+10 days after onset of symptoms l
« Pulmonary function tests « CPET with earlobe arterialised capillary « Clinical evaluation
« Chest HRCT blood gas analysis

« Echodopplercardiogram (Echo)

FIGURE 1 Study protocol and patient inclusion. COVID-19: coronavirus disease 2019; RT: reverse transcription;
CT: computed tomography; HRCT: high-resolution CT; CPET: cardiopulmonary exercise testing.

period. The measures obtained was described elsewhere [16] and are included in the supplementary
material. Earlobe arterialised capillary blood gas samples (Heparinated 200-I microtubes; Radiometer,
Copenhagen, Denmark), were drawn at rest and at peak exercise after applying vasodilator capsaicin cream
(Moment 0.075%; Apsen Pharmaceutical, Sdo Paulo, Brazil). The blood analyses were performed
immediately (ABL800; Radiometer, Brgnshgj, Denmark) to obtain lactate and gas exchange variables
(arterial oxygen partial pressure, arterial carbon dioxide partial pressure (P,co,) and arterial oxygen
saturation). Measures of alveolar—arterial O, gradient, arterial end-expiratory carbon dioxide gradient
(Paktco,) and Vp/Vr (Enghoff modification of the Bohr equation) were then calculated [16].

Data analysis

In the study design, there were not enough studies for sample calculation; for this sample, the confidence
interval was used for a population proportion (95% CI) considering a third of the patients with reduced
peak oxygen uptake (V'o,peak)- Descriptive statistics are present as mean+sp, median and interquartile range
of frequencies. Patients were categorised according to Vo peak tertiles: <17.0 mL-kg_lmin_l, 17.1-
22.2mLkg 'min™" or >22.3mL-kg ''min~'. Comparisons between more than two groups were
performed with one-way ANOVA with Bonferroni or Kruskal-Wallis post hoc analysis, according to the
data distribution. Correlation analyses were performed using Pearson’s or Spearman’s coefficients to
identify variables significantly associated with V'o peak mL-kg™!-min~'. Receiver operating characteristic
(ROC) curves were drawn for variables that had a high correlation with V'g jeac while accounting for the
presence or absence of a V'o peak <17.0 mL-kg™'-min~". The thresholds for each ROC curve were obtained
from the points with the greatest sum of sensitivity and specificity. After dichotomising the variables of
interest according to ROC thresholds, univariate logistic regression was performed to explore potential
V'o,peak $17.0 mL-kg™!-min~" predictors. Noncollinear variables (1>>0.6) from the univariate analysis from
different pathophysiological domains (i.e. symptoms, lung function, ventilatory, gas-exchange or metabolic
responses to exercise) were included in multivariate logistic regression models adjusted for age, sex and
prior pulmonary embolism to estimate the probability of having a V' peax <17.0 mL-kg™"'min~", a second
model was analysed with adjustment for age, sex and the presence of any comorbidity (supplementary
table E4). The accepted statistical significance value was <0.050. Graphs were created with GraphPad
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Prism (version 9.3.0 for Windows; GraphPad Software), and statistical analyses were performed using
SPSS for Windows (version 21.0; IBM, Armonk, NY, USA).

Results

96 patients were eligible to participate in this study. Nine patients were excluded. Patient exclusion
occurred due to acute arthritis (n=1), severe thrombocytopenia (n=1), acute deep vein thrombosis (n=1),
uncontrolled systemic arterial hypertension (n=1), acute metabolic acidosis (n=1) and inability to perform
the study follow-up visit (n=4). Therefore, the study sample was composed of 87 patients.

Of the 87 included patients, 54% were admitted to the intensive care unit (ICU) and 49% had >50%
ground-glass opacities on chest CT scan. The mean age was 53+13 years; 62% were male; and 63% had
two or more comorbidities (table 1). Systemic hypertension, previous smoking history and obesity were the
most common comorbidities among the patients studied (supplementary table E1). Detailed information
regarding patients’ comorbidities, medications of continuous use and COVID-19-related acute symptoms
are provided in the supplementary table E1).

The mean V', peq for the entire study sample was 19.5+5.0 mL-kg™"-min~", corresponding to 93+21% of
predicted Vo, (30% had V'opeax <80% pred). V'opea tertiles were <17.0, 17.1-22.2 and
>22.3 mL-kg™"'min~". Patients with V'o,peak <17.0 mL-kg™ ‘min~" had similar hospitalisation severity as
patients with Vg peaxc 17.1-22.2 and >22.3 mL-kg_l-min_l, including days in ICU, need for mechanical
ventilation and radiological severity on chest CT at admission. However, at the study follow-up visit

TABLE 1 Baseline characteristics of coronavirus disease 2019 patients

Patients 87
Male 54 (62)
Age, years 5313
BMI, kg:m~2 30+4
Comorbidities

No comorbidity 6 (7)

1 comorbidity 25 (29)

>2 comorbidities 55 (63)
Hospitalisation

Hospital days 15+10

Patients in ICU 52 (54)

Days in ICU 12+10
Oxygen supplementation device

Nasal cannula or mask 42 (48)

NIV or HFNC 25 (29)

Mechanical ventilation 21 (24)
Chest HRCT at admission

Ground glass opacities >50% 43 (49.5)
Laboratory results at hospital admission

Spo,, % 87£7

Lymphocytes, cells-uL™ 10714638

CRP, mg-L™* 128+74

D-dimer, ug-mL™* 2.5%3.5

Pao,, mmHg 57+11

Paco,, mmHg 325

Sa0, % 8945
Drug therapy during hospitalisation

Corticosteroids 78 (90)

Prophylactic anticoagulation 83 (95)

Therapeutic anticoagulation 21 (24)
Cardiovascular complications

Pulmonary embolism 12 (14)

Myocarditis/cardiomyopathy 8(9)

Data are presented as n, n (%) or meantso. BMI: body mass index; ICU: intensive care unit; NIV: noninvasive
ventilation; HFNC: high-flow nasal cannula; HRCT: high-resolution computed tomography; Syo: pulse oxygen
saturation; CRP: C-reactive protein; P,o,: arterial oxygen partial pressure; Paco,: arterial carbon dioxide partial
pressure; S,o,: arterial oxygen saturation.
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(90+10 days after the onset of COVID-19), patients with V'o peac <17.0 mL-kg™"-min~" reported a greater
sensation of dyspnoea (NMRC >1) compared to the other two groups (table 2). Additionally, patients with
V'0,peak <17.0 rnL‘kg_l-min_1 had lower forced vital capacity (FVC), total lung capacity (TLC), diffusing
capacity of the lung for carbon monoxide (Dpco) and residual volume compared to the other groups
(table 2). The persistence of lung parenchymal involvement on HRCT and cardiac function by
echocardiogram at the follow-up visit was similar between groups (table 2).

CPET findings are presented in table 3. Patients with V' peax <17.0 mL-kg™'*min~" achieved lower peak
work rate (WR), peak heart rate and lower AV’ /AWR. At the anaerobic threshold, patients with V' peax
<17.0 mL-kg™"*min~" had higher minute ventilation (V’g)/carbon dioxide production (V'co,) and lower
Pgrco, and no difference on Vo, (table 3). Additionally, patients with V'o peax <17.0 mL-kg™'min~" had
higher AV'g/AV'co, at respiratory compensation point (RCP), peak respiratory rate/Vy, peak Vp/Vr, peak
Perco, and associated with a lower peak arterial oxygen content (C,0,) and higher level of lactate/WR
and a greater sensation of dyspnoea and fatigue in proportion to WR compared to patients with V'o peak
17.1-22.2 and »22.3 mL-kg™'-min™" (figure 2).

TABLE 2 Coronavirus disease 2019 patients’ characteristics during hospitalisation and lung function tests, chest computed tomography and

echocardiogram according to peak oxygen uptake (Vo peai) tertiles

Total 7 @ st p-value®

<17.0 mLkg™* min™!  17.1-22.2 mL-kg™' min™'  >22.3 mL-kg™* min~!

Patients 87 29 29 29
Male 55 (63) 11 (37) 17 (59)° 27 (93) <0.001
Age, years 53+13 60+11"" 52+13 4610 <0.001
BMI, kg-m_2 29.8+4 29.6+4 30.3#5 29.6%3 0.786
Severity during hospitalisation
Days in ICU 12+10 15+14 13+13 11+8 0.583
Mechanical ventilation 21 (24) 6 (21) 7 (24) 8 (28) 0.660
Chest HRCT: GGO >50% 43 (49.5) 17 (59) 14 (48) 12 (41) 0.400
Pulmonary embolism 12 (14) 5(17) 3(10) 4 (15) 0.755
Follow-up visit"
Symptoms*
mMRC >1 60 (69) 27 (93)* 21 (72)° 12 (41) <0.001
Fatigue/myalgia 45 (52) 17 (59) 16 (55) 12 (41) 0.389
Memory loss 26 (30) 12 (41) 10 (34) 4 (14) 0.058
No symptoms 17 (20) 13" 4 (14)° 12 (41) 0.001
Lung function®
FVC, % pred 88+13 81+12f 91+14 90£13 0.024
FEV;, % pred 90+13 85+12 92+13 92+14 0.127
FEV,/FVC 0.82+0.50 0.83+0.60 0.81+0.40 0.83+0.40 0.241
D\ co, % pred 80423 66+25" 86121 84+19 0.021
Dyco/Va, % pred 101422 91427 102421 108+18 0.077
TLC, % pred 84+14 81+17 88+12 83+12 0.247
RV, % pred 97426 102437 105+22° 87+19 0.045
MIP, % pred 105423 96+29 110+21 109+21 0.174
MEP, % pred 97425 87+23 99+28 108+22 0.059
Echocardiogram”
Left ventricular ejection fraction, % 657 638 65+7 6615 0.508
TRV, m-s™* 2.3+0.2 2.3+0.3 2.5+0.1 2.1+0.3 0.417
SPAP, mmHg 27+8 2946 3143 20+8 0.083
Chest HRCT!
Near-normal <10% 68 (76) 19 (66) 28 (96) 21 (72) 0.833
Abnormalities >25% 14 (16) 4 (14) 7 (24) 3 (10) 0.565

Data are presented as n, n (%) or meantsp. BMI: body mass index; ICU: intensive care unit; HRCT: high-resolution computed tomography; GGO:
ground-glass opacities; mMRC: modified Medical Research Council dyspnoea scale; FVC: forced vital capacity; FEV;: forced expiratory volume in 1s;
D co: diffusing capacity of the lung for carbon monoxide; Vj: alveolar volume; TLC: total lung capacity; RV: residual volume; MIP: maximal
inspiratory pressure; MEP: maximal expiratory pressure; TRV: tricuspid valve regurgitation; sPAP: systolic pulmonary artery pressure. *: from ANOVA
or Kruskal-Wallis and difference between groups by V'o peak (mL-kg™"min™Y); 9. 90+10 days after hospitalisation, total of patients who underwent
spirometry (n=78), lung volumes (n=64), D co and muscle strength (n=54), echocardiogram (n=74), chest HRCT (n=87). Other symptoms: cough
(16%), headache (14%), depressed mood (13%), insomnia (13%), chest pain (10%); *: <17.0 versus >22.3 mL-kg “min~%; S 17.1-22.2 versus
>22.3 mL-kg min~; *: <17.0 versus 17.1-22.2 mL-kg min .
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TABLE 3 Cardiopulmonary exercise testing (CPET) responses and blood gas analysis of coronavirus disease 2019 patients at rest and at peak

exercise according to peak oxygen uptake (Vo peak; mL-kg~-min~?) tertiles

Total 7 @t p-value®
<17.0 mL-kg™* min~! 17.1-22.2 mL-kg™* min~! >22.3 mL-kg™ min~!

Patients 87 29 29 29

CPET responses
V'o,peaks % pred 93421 80+18"" 96+18 103+19 <0.001
Peak WR, W 108+46 68+22%" 104+34° 152433 <0.001
Peak RER 1.10+0.12 1.10+0.11 1.08+0.14 1.1240.11 0.374
Peak HR, % pred 87+12 79+12%* 90410 9349 <0.001
V'o a1, % pred 56415 52+16 60+16 55+14 0.196
AV'o JAWR, mL-min~ W™ 112 11+1" 1242 1242 0.014
V'o,peak/HR, % pred 108+24 105 +26 107+26 111421 0.620
Peak V'¢/MWV 0.53+0.14 0.48+0.15" 0.5440.14 0.58+0.10 0.028
Peak Vi, L 1.54+0.49 1.18+0.35"* 1.55+0.42° 1.89+0.44 <0.001
Peak RR/V; 26+14 33+20" 2449 2349 0.017
V'e/Veonr 336 366" 33+6° 29+4 <0.001
Peak V'e/V'co, 3848 419" 38+8 3545 0.012
PercoAT, mmHg 3845 364" 38+6° 4134 <0.001
Peak Perco,mmHg 3345 315" 3316 3444 0.039
Rest Syo,, % 97+1 9642 97+1 97+1 0.205
Peak Syo,, % 9543 95+4 9543 9543 0.900

Blood gas analysis
Rest Vp/Vr 0.40+0.09 0.45+0.09" 0.38+0.09 0.38+0.07 0.035
Peak Vp/Vr 0.26+0.12 0.34+0.12%* 0.25%0.12 0.210.10 <0.001
Rest Pa_a0,, MMHg 12 (10-14) 14 (11-18)" 13 (10-16) 9 (6-12) 0.025
Peak Pa_a0,, MmHg 26 (19-34) 31 (22-36) 24 (16-31) 24 (18-31) 0.498
Rest Cao,, mL-dL™" 19.5+2 18.6+3" 19.7+2 20.2+2 0.042
Peak Cyo,, mL-dL™" 21.7+3 20.5¢3" 21.7+2 22,613 0.034
Rest P,o,, mmHg 7948 7949 7849 8047 0.849
Peak Po, mmHg 80+12 77+14 82+10 81+13 0.569
Rest Paco,, mmHg 35+4 3543 34+4° 37+4 0.035
Peak Paco,, mmHg 334 334 3244 3443 0.188
Hb, mg-dL™* 14.9+2.0 14.242.0 15.2+1.0 15.342.0 0.053

Data are presented as n, meantsp or median (interquartile range). WR: work rate; RER: respiratory exchange ratio; HR: heart rate; AT: anaerobic
threshold; V'e: minute ventilation; MVV: maximal voluntary ventilation; Vr: tidal volume; RR: respiratory rate; V'co: carbon dioxide production; Perco,:
end-tidal carbon dioxide pressure; Syo: pulse oxygen saturation; Vp: dead space volume; Py_.0,: alveolar-arterial oxygen tension difference; C.o:
arterial oxygen content; P,o,: arterial oxygen partial pressure; P.co,: arterial carbon dioxide partial pressure; Hb: haemoglobin. # p-values
from ANOVA or Kruskal-Wallis and difference between groups by V'o peak; "= <17.0 and >22.3 mL-kg " min™"; *: <17 and 17.1-22.2 mL-kg “min~%;
$:17.1-22.2 and>22.3 mL-kg min~%.

There was a positive correlation between V' peax and FVC, Dyco, V'g/maximal voluntary ventilation
(MVV) and peak C,o,. There was a negative correlation between V' ek, Several comorbidities, dyspnoea
(mMRC), AV'g/AV'co,rep, Peak respiratory rate/Vr, peak Vp/Vr, peak P.prco, and peak lactate/WR. No
correlation was found between V'q peax and days of hospitalisation or days in ICU (supplementary table E2).

The ROC curve analyses to identify the presence of a V' peax <17.0 mL-kg~"-min~" showed a statistically
significant area under the curve for symptoms (mMRC), FVC, D, o, peak respiratory rate/Vy, peak V'g/
MVYV, peak Vp/Vi, AV'g/AV'corep Parrco, peak WR, peak C,o, peak lactate and peak lactate/ WR
(supplementary table E3).

The univariate logistic regression analysis to predict a V' peak <17.0 mL-kg™"*min™", including relevant
variables from different pathophysiological domains (i.e. symptoms, lung function, ventilatory, gas-exchange
or metabolic responses to exercise) is presented in table 4. Among noncollinear variables, the multivariate
logistic regression model adjusted for age, sex and presence of pulmonary embolism identified that a FVC
<80% pred and a peak Vip/Vy >29 were independent predictors of a V' peax <17.0 mL-kg™'-min™" (table 4).
A second multivariate logistic regression model was performed, with adjustment for age, sex and the
presence of any comorbidity and FVC % pred and Vp/V remained as predictors of Vg peax (Supplementary
table E4). Of note, Vp/Vr had a negative correlation with Do % pred (1=0.64, p<0.01); a positive
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FIGURE 2 Comparison of peak oxygen uptake (V'o,peak) (ML-kg™"min™?) in cardiopulmonary exercise testing responses after 3 months of symptoms
in survivors of coronavirus disease 2019. a) Ventilatory equivalents for carbon dioxide at respiratory compensation point (RCP); b) respiratory rate
(RR) of tidal volume (Vy) at peak exercise; c¢) dead space volume (Vp) fraction of V; at peak exercise; d) arterial to end-tidal carbon dioxide
difference at peak exercise (Paerco,peak); ) relationship of Vo, and arterial oxygen content at peak exercise (Co,peai); ) lactate by work rate (WR) at
peak exercise; g) dyspnoea Borg scale by WR at peak exercise; h) fatigue Borg scale by WR at peak exercise. V'g: minute ventilation; V'co : carbon
dioxide production. p-values calculated by ANOVA or Kruskal-Wallis.

correlation with peak Vp (r=0.62, p<0.001); and a positive correlation with P,grco, (=0.88, p<0.001).
Interestingly, FVC and Vp/Vr were not significantly correlated (r=0.14, p=0.292).

Discussion

The present observational study showed that exercise intolerance in post-COVID-19 survivors with a
relatively short hospital stay (15+10 days) was related to high V,/Vy at peak exercise and low FVC % pred
after 90+10 days of acute infection. This finding suggests that both pulmonary microcirculation injury
and pulmonary ventilatory impairment might play a role in influencing aerobic capacity in the
post-COVID-19 survivors.

Vp/Vr is related to the physiological dead space ratio, divided into anatomical dead space (i.e. airways that
do not participate in gas exchange), and alveolar dead space. A high Vp/Vy results from areas of normal
ventilation and low perfusion that contribute to ventilation—perfusion (V’/Q’) mismatch. A low Vp/Vy
results from areas of low ventilation and normal perfusion. Both high and low Vp/Vy can be present in the
same disease [17]. It is important to note that Vp/Vr is expected to reach a level <0.20 after the anaerobic
threshold in physiological conditions due to the increased perfusion of areas of the lungs with high V'/Q’
ratios at rest and a relatively greater increase in Vr tidal volume than anatomical dead space, the abnormal
response is dependent on severity of pulmonary lesions [16]. In our sample, Vp/Vy decreased during
exercise in all three groups, but peak Vp/Vp progressively increased from the subgroup Vo peak
>22.2 mL-kg™"'min~"' to the subgroup V'o,peak <17.0 mL-kg™'-min~". Additionally, despite reducing
during exercise, Vp/Vr did not reach physiological values in all three groups. A high Vp/Vt might be
related to ventilatory inefficiency (high V'e/V'co,), and dyspnoea sensation, being associated or not with
enhanced chemosensitivity and a decreased carbon dioxide set point [17].

TABLE 4 Univariate and multivariate logistic analysis adjusted for sex, age and prior pulmonary embolism for

peak oxygen uptake (Vo peak) <17.0 mL-kg~-min~ according to persistence of symptoms, lung function and
cardiopulmonary exercise testing (CPET) variables

Univariate Multivariate
p-values OR (95% Cl) p-values OR (95% Cl)
Symptoms
mMRC >1 0.015 3.90 (1.30-11.64)
Lung function
FVC <80% pred <0.001 9.49 (2.96-30.39) 0.004 17.32 (2.53-118.32)
Dy co <65% pred 0.002 9.60 (2.37-38.86)
CPET
Ventilatory responses
Peak V'g/MW >49 0.005 0.25 (0.10-0.66)
Peak RR/V; =40 <0.001 5.83 (2.10-16.14)
Gas-exchange responses
AV’E/AV’COZRCP >32 0.001 4.87 (1.83-12.95)
Peak Vp/Vr >29 <0.001 20.30 (4.08 —100.98) 0.004 26.57 (2.84-248.61)
Peak Pyerco, 22.65 0.001 7.50 (2.20-25.57)
Metabolic responses
AV'o /AWR <11.5 mL:min~ W™ 0.012 4,10 (1.36-12.32)
Lactate/WR >0.075 mmol-L™ W™ <0.001 10.28 (3.01-35.13)

Multivariate logistic analysis, with R?=0.46. Cut-off point of the variables defined by receiver operating
characteristic curve. mMRC: modified Medical Research Council; FVC: forced vital capacity; D co: diffusing
capacity of the lung for carbon monoxide; V'g: minute ventilation; MVV: maximal voluntary ventilation; RR:
respiratory rate; Vy: tidal volume; V'co,: carbon dioxide production; RCP: respiratory compensation point; Vp:
dead space volume; P,erco,: arterial end-expiratory carbon dioxide gradient; WR: work rate.

https://doi.org/10.1183/23120541.00538-2022 8



ERJ OPEN RESEARCH

ORIGINAL RESEARCH ARTICLE | M.L. LAFETA ET AL.

Our results show that a high Vp/Vy at peak exercise (>0.29) is an independent predictor of a V'g peax
<17.0 mL-min-kg_1 (table 4). In addition to the high Vp/V7, a high peak exercise P,prco, (figure 2) might
corroborate the presence of V'/Q’ inequality in the studied population. Some studies in post-COVID-19
patients showed an increase in Vp/Vy; however, they did not link its association to patients’ exercise
intolerance [11, 18]. Bararto et al. [11] showed that exercise hyperventilation after COVID-19 acute
infection was related to enhanced chemoreflex sensitivity rather than increased Vp/Vy. Conversely, others
have demonstrated that a reduced V'g peax Was associated with a mild increase of V'g/V'co, and have
suggested that the observed hyperventilation could be related to increased chemoreflex sensitivity secondary
to deconditioning, dysfunctional breathing or even dysautonomia [6, 9, 19, 20]. Acute COVID-19 lung
lesions have been related to diffuse alveolar damage, interstitial fibrosis and endothelial vascular injuries,
which result in areas of shunt (low V'/Q’) and/or dead space (high V'/Q’). Along the lines, studies
comparing ARDS in COVID-19 versus non-COVID-19 patients showed that COVID-19 ARDS patients
have a higher dead space ventilation compared to non-COVID-19-ARDS, despite a similar pulmonary
compliance [21]. The aforementioned lung insults can potentially cause transitory or persistent lung
sequelae [22—-24]. In our study, Vp/Vy had a negative correlation with low Dy o, a positive correlation with
Vb and a positive correlation with P,grco,. Similar findings have been shown for cardiocirculatory diseases
such as left heart failure and pulmonary arterial hypertension [25-28]. It is important to note that a low
Dy o was found in the long term after severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1) and
SARS-CoV-2 patients, even in those with normal lung parenchyma on HRCT [2, 29-33]. Furthermore,
during acute COVID-19 infection, dual-energy thoracic CT studies showed the presence of pulmonary
perfusion heterogeneity along with pulmonary ischaemic areas in the absence of visible pulmonary arterial
thrombosis and in areas not related to ground-glass opacities or any parenchymal lesions, which may reflect
the presence of microvascular injury [34]. Based on this and our study findings, we speculate that chronic
lung microvascular injury might be a pathophysiological mechanism leading to high Vp/V+ during exercise
in post-COVID-19 patients. This hypothesis is supported by the multivariate regression (table 4),
where history of pulmonary embolism was not a determining factor for the increased Vp/Vy. The same
occurs when the regression is adjusted for the presence of any comorbidity (supplementary table E4),
suggesting that Vp/Vr might be elevated due to microcirculation injury. Of note, this microvascular
involvement had no repercussions on the findings of resting echocardiogram in our patients.

FVC % pred was also identified as an independent predictor of a V'o peak <17.0 mL-kg~"-min~"; however,
FVC and Vp/Vy were not significantly correlated. A low FVC has been reported in post-COVID-19
patients as far as 1year after the acute infection, and similar results have been demonstrated in
SARS-CoV-1 survivors [29, 33]. Considering that a low FVC might be related to the ARDS severity, it
might indicate the development of restrictive ventilatory impairment secondary to lung interstitial
sequelae [35]. This is in line with a tachypnoea pattern, proven by high respiratory rate/Vry. Nonetheless,
we did not identify significant differences in TLC and acute parenchymal lung involvement on HRCT
according to Vg peak Severity (table 2).

In addition to a potential interstitial lung disease development impacting FVC, we should also consider
pulmonary neuromuscular dysfunction as a possible cause of reduced FVC. Inspiratory muscle weakness
and decreases in peripheral muscle strength have been described in post-COVID-19 patients, and were
associated with reduced aerobic capacity [35-37]. However, our results did not identify a significant
difference in maximal inspiratory pressure according to V'q peax Severity (table 2).

Interestingly, lactate/WR was higher according to V'q, tertiles (figure 2), despite the similar anaerobic
threshold (table 3). This finding has been demonstrated previously in patients with oxidative myopathy [38].
It suggests that the mechanisms of lactate clearance fail to keep pace with lactate production in
post-COVID-19 patients, and/or there is an impairment in O, utilisation at higher levels of exercise [39]. In
our study, the elevated lactate/WR observed in patients with Vg peac <17.0 mL-kg™''min~" might be a
consequence of a mildly reduced O, delivery (low C,0,) and/or an imbalance in O, muscle utilisation due
to a decrease in oxidative fibres secondary to prolonged hospitalisation, neuromuscular drug toxicity, direct
viral mitochondrial injury by immediate viral effect and/or systemic inflammation [3, 40]. As a result, the
aforementioned mechanisms will stimulate a rapid respiratory rate and increase the neural perception of
dyspnoea, but further studies are required to investigate this hypothesis in post-COVID-19 patients.

Our study has some limitations that should be considered. We did not include a healthy-control group;
nonetheless, patients with Vg peax >22.2 mL-kg™"min~' had a more preserved aerobic capacity and
therefore could be considered from an exercise physiology perspective as a control for the subgroup with
V'o,peak <17.0 mL-kg™ " min~". Despite not having a healthy-control group, our exercise findings are similar
to SkJgRTEN et al. [6]. Along these lines, it is important to note that all patients included in the subgroup
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V' o,peak 22.2 rnL~l<§__J,_1'min_1 had a V' peax >80% pred, and that most patients with a V'o, <80% pred
were included in the subgroup V'g peak <17.0 mL-kg™!'min~’. In physiological terms, the V'o, in absolute
value decreases with ageing, and more so in females than males. In our study, age was different across
V'0,peak subgroups. It is known that age and sex might influence some ventilatory responses due to lower
Vipeak and less efficient ventilation during exercise (without abnormally high V5/Vy), probably related to
increased airway resistance and mechanical constraint with a reduced compliance of the lungs. This
phenomenon is more pronounced in older females but, in general, with little impact on exercise capacity.
Of note, sex per se does not affect gas exchange, but ageing could indeed change the P,c(, equilibrium
[41, 42]. Considering this and aiming to minimise the possible effects of age and sex on exercise
physiological responses and in the study findings, the multivariate model was adjusted for age and sex. We
did not perform exercise haemodynamics, single-photon emission lung CT or dual-energy CT thoracic
angiography, and therefore we can only speculate on the association between high Vp/Vr during exercise
and the hypothesis of pulmonary microvascular dysfunction. Additionally, we did not perform
comprehensive muscle-related studies, and therefore we are not able to undoubtedly confirm muscle
weakness as a potential cause for a reduced V'o peak. Finally, the control of breathing during exercise is
complex, multifactorial and not completely understood. The current study could not explain or phenotype
the pathophysiological mechanisms of exercise intolerance in post-COVID-19 patients.

In summary, the current study demonstrates that a high Vp/Vr at peak exercise and a low resting FVC are
associated with a reduced V'q,peak in moderate-to-severe/critical post-COVID-19 patients. The high peak
exercise Vp/Vr might suggest the role of pulmonary microvascular dysfunction on dyspnoea and exercise
intolerance in the post-COVID-19 survivors. The low FVC suggests that pulmonary ventilatory dysfunction
might be an additional factor influencing aerobic capacity in this patient population. Further studies are
needed to confirm whether post-COVID-19 survivors will develop pulmonary vascular disease and/or
clinically relevant interstitial pulmonary disease in the long term.

Provenance: Submitted article, peer reviewed.

Acknowledgements: The authors thank all participating investigators of the SEFICE (Pulmonary Function and
Clinical Exercise Physiology Sector) from the Hospital Sao Paulo - UNIFESP/EPM for their contribution to the
collected data and review of the article.

Support statement: This study was supported by the Sao Paulo Research Foundation (Fapesp) (protocol number
2020/08996-1) and M.L. Lafetd receives a PhD bursary from CAPES (Coordination for Improvement of Higher
Education Personnel) (process number 88887.508806/2020-00). Funding information for this article has been
deposited with the Crossref Funder Registry.

Author contributions: M.L. Lafeta, S.E. Tanni, R.K.F. Oliveira and E.V.M. Ferreira were responsible for the data
analysis and content of the article. M.L. Lafeta, A.L.P. Albuquerque, S.E. Tanni and E.V.M. Ferreira were responsible
for drafting the manuscript. M.L. Lafeta, V.C. Souza, T.C.F. Menezes, P.A. Sperandio, J.P. Carlstron and E.V.M. Ferreira
were responsible for data collection. C.G.Y. Verrastro, M. Izbicki, F.J. Mancuso and E.V.M. Ferreira were responsible
for image analysis. L.E. Nery, A.L.P. Albuquerque, P.A. Sperandio, R.F.K. Oliveira and E.V.M. Ferreira revised the draft
for important intellectual content. M.L. Lafeta, A.L.P. Albuquerque, L.E. Nery, P.A. Sperandio, R.K.F. Oliveira and
E.V.M. Ferreira gave final approval of the content of the manuscript.

Conflict of interest: M.L. Lafetd has nothing to disclose. V.C. Souza has nothing to disclose. T.C.F. Menezes has
nothing to disclose. C.G.Y. Verrastro has nothing to disclose. F.J. Mancuso has nothing to disclose.
A.L.P. Albugquerque has nothing to disclose. S.E. Tanni is President of the Sao Paulo Thoracic Society outside the
submitted work. M. Izbicki has nothing to disclose. J.P. Carlstron has nothing to disclose. L.E. Nery has nothing to
disclose. R.K.F. Oliveira report grants from the National Council for Scientific and Technological Development
(CNPq), Brazil (grant 313284/2021-0), and personal fees from Janssen Brazil, outside the submitted work.
P.A. Sperandio has nothing to disclose. E.V.M. Ferreira reports speaker fees from Janssen, and personal fees
from Aché, AstraZeneca, Bayer, Boeringer, GSK, Novo Nordisk, Jassen-Cilag, J&J and Zambon, outside the
submitted work.

References

1 Ministry of Health, Brazil. Special Epidemiological Bulletin: COVID-19. 2021. www.gov.br/saude/pt-br/
centrais-de-conteudo/publicacoes/boletins/boletins-epidemiologicos/covid-19/2021/boletim_epidemiologico_
covid_90_30nov21_eapv5.pdf Date last accessed: 5 May 2022. Date last updated: June 2022.

https://doi.org/10.1183/23120541.00538-2022 10


https://www.crossref.org/services/funder-registry/
http://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/boletins-epidemiologicos/covid-19/2021/boletim_epidemiologico_covid_90_30nov21_eapv5.pdf
http://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/boletins-epidemiologicos/covid-19/2021/boletim_epidemiologico_covid_90_30nov21_eapv5.pdf
http://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/boletins-epidemiologicos/covid-19/2021/boletim_epidemiologico_covid_90_30nov21_eapv5.pdf
http://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/boletins-epidemiologicos/covid-19/2021/boletim_epidemiologico_covid_90_30nov21_eapv5.pdf
http://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/boletins-epidemiologicos/covid-19/2021/boletim_epidemiologico_covid_90_30nov21_eapv5.pdf
http://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/boletins-epidemiologicos/covid-19/2021/boletim_epidemiologico_covid_90_30nov21_eapv5.pdf
http://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/boletins-epidemiologicos/covid-19/2021/boletim_epidemiologico_covid_90_30nov21_eapv5.pdf
http://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/boletins-epidemiologicos/covid-19/2021/boletim_epidemiologico_covid_90_30nov21_eapv5.pdf

ERJ OPEN RESEARCH

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

ORIGINAL RESEARCH ARTICLE | M.L. LAFETA ET AL.

Huang L, Yao Q, Gu X, et al. 1-year outcomes in hospital survivors with COVID-19: a longitudinal cohort study.
Lancet 2021; 398: 747-758.

Nalbandian A, Sehgal K, Gupta A, et al. Post-acute COVID-19 syndrome. Nat Med 2021; 27: 601-615.

Rinaldo RF, Mondoni M, Parazzini EM, et al. Severity does not impact on exercise capacity in COVID-19
survivors. Respir Med 2021; 187: 106577.

Garrigues E, Janvier P, Kherabi Y, et al. Post-discharge persistent symptoms and health-related quality of life
after hospitalization for COVID-19. J Infect 2020; 81: e4-e6.

Skjgrten I, Ankerstjerne OAW, Trebinjac D, et al. Cardiopulmonary exercise capacity and limitations 3 months
after COVID-19 hospitalisation. Eur Respir J 2021; 58: 2100996.

Rinaldo RF, Mondoni M, Parazzini EM, et al. Deconditioning as main mechanism of impaired exercise
response in COVID-19 survivors. Eur Respir J 2021; 58: 2100870.

Daniels CJ, Rajpal S, Greenshields JT, et al. Prevalence of clinical and subclinical myocarditis in competitive
athletes with recent SARS-CoV-2 infection: results from the big ten COVID-19 cardiac registry. JAMA Cardiol
2021; 6: 1078-1087.

Dorelli G, Braggio M, Gabbiani D, et al. Importance of cardiopulmonary exercise testing amongst subjects
recovering from COVID-19. Diagnostics 2021; 11: 507.

Liu M, Lv F, Huang Y, et al. Follow-up study of the chest CT characteristics of COVID-19 survivors seven
months after recovery. Front Med. 2021; 8: 636298.

Baratto C, Caravita S, Faini A, et al. Impact of COVID-19 on exercise pathophysiology: a combined
cardiopulmonary and echocardiographic exercise study. J Appl Physiol 2021; 130: 1470-1478.

Singh |, Joseph P, Heerdt PM, et al. Persistent exertional intolerance after COVID-19: insights from invasive
cardiopulmonary exercise testing. Chest 2022; 161: 54-63.

Neder JA, Andreoni S, Castelo-Filho A, et al. Reference values for lung function tests. I. Static volumes. Braz J
Med Biol Res 1999; 32: 703-717.

Neder JA, Andreoni S, Peres C, et al. Reference values for lung function tests. Ill. Carbon monoxide diffusing
capacity (transfer factor). Braz J Med Biol Res 1999; 32: 729-737.

Rajala K, Lehto JT, Sutinen E, et al. mMRC dyspnoea scale indicates impaired quality of life and increased
pain in patients with idiopathic pulmonary fibrosis. ERJ Open Res 2017; 3: 00084-2017.

Neder JA, Berton DC, Rocha A, et al. Abnormal patterns of response to incremental CPET. /n: Palange P,
Laveneziana P, Neder JA, et al., eds. Clinical Exercise Testing (ERS Monograph). Sheffield, European
Respiratory Society, 2018; pp. 34-58.

Weatherald J, Sattler C, Garcia G, et al. Ventilatory response to exercise in cardiopulmonary disease: the role
of chemosensitivity and dead space. Eur Respir J 2018; 51: 1700860.

Frésard 1, Genecand L, Altarelli M, et al. Dysfunctional breathing diagnosed by cardiopulmonary exercise
testing in ‘long COVID’ patients with persistent dyspnoea. BMJ Open Respir Res 2022; 9: e001126.

Motiejunaite J, Balagny P, Arnoult F, et al. Hyperventilation as one of the mechanisms of persistent dyspnoea
in SARS-CoV-2 survivors. Eur Respir J 2021; 58: 2101578.

Mancini DM, Brunjes DL, Lala A, et al. Use of cardiopulmonary stress testing for patients with unexplained
dyspnea post-coronavirus disease. JACC Heart Fail 2021; 9: 927-937.

Bertelli M, Fusina F, Prezioso C, et al. COVID-19 ARDS is characterized by increased dead space ventilation
compared with non-COVID ARDS. Respir Care 2021; 66: 1406-1415.

Polak SB, Van Gool IC, Cohen D, et al. A systematic review of pathological findings in COVID-19: a
pathophysiological timeline and possible mechanisms of disease progression. Mod Pathol 2020; 33:
2128-2138.

Guo L, Jin Z, Gan TJ, et al. Silent hypoxemia in patients with COVID-19 pneumonia: a review. Med Sci Monit
2021; 27: e930776.

Baldi BG, Fabro AT, Franco AC, et al. Clinical, radiological, and transbronchial biopsy findings in patients with
long COVID-19: a case series. J Bras Pneumol 2022; 48: €20210438.

Wasserman K, Zhang YY, Gitt A, et al. Lung function and exercise gas exchange in chronic heart failure.
Circulation 1997; 96: 2221-22217.

Kee K, Stuart-Andrews C, Ellis MJ, et al. Increased dead space ventilation mediates reduced exercise capacity
in systolic heart failure. Am J Respir Crit Care Med 2016; 193: 1292-1300.

Dantzker DR, Bower JS. Mechanisms of gas exchange abnormality in patients with chronic obliterative
pulmonary vascular disease. Clin Invest 1979; 64: 1050-1055.

Laveneziana P, Montani D, Dorfmiiller P, et al. Mechanisms of exertional dyspnoea in pulmonary
veno-occlusive disease with EIF2AK4 mutations. Eur Respir J 2014; 44: 1069-1072.

Ong KC, Ng AW, Lee LS, et al. Pulmonary function and exercise capacity in survivors of severe acute
respiratory syndrome. Eur Respir J 2004; 24: 436-442.

Guler SA, Ebner L, Aubry-Beigelman C, et al. Pulmonary function and radiological features 4 months after
COVID-19: first results from the national prospective observational Swiss COVID-19 lung study. Eur Respir J
2021; 57: 2003690.

https://doi.org/10.1183/23120541.00538-2022 11



ERJ OPEN RESEARCH

31

32

33

34

35

36

37

38

39

40

41

42

ORIGINAL RESEARCH ARTICLE | M.L. LAFETA ET AL.

Wu X, Liu X, Zhou Y, et al. 3-month, 6-month, 9-month, and 12-month respiratory outcomes in patients
following COVID-19-related hospitalisation: a prospective study. Lancet Respir Med 2021; 9: T4T-754.
Sonnweber T, Sahanic S, Pizzini A, et al. Cardiopulmonary recovery after COVID-19: an observational
prospective multicentre trial. Eur Respir J 2021; 57: 2003481.

Hui DS, Wong KT, Ko FW, et al. The l-year impact of severe acute respiratory syndrome on pulmonary
function, exercise capacity, and quality of life in a cohort of survivors. Chest 2005; 128: 2247-2261.

Grillet F, Busse-Coté A, Calame P, et al. COVID-19 pneumonia: microvascular disease revealed on pulmonary
dual-energy computed tomography angiography. Quant Imaging Med Surg 2020; 10: 1852-1862.

Mancuzo EV, Marinho CC, Machado-Coelho GLL, et al. Lung function of patients hospitalized with COVID-19 at
45 days after hospital discharge: first report of a prospective multicenter study in Brazil. J Bras Pneumol
2021; 47: e20210162.

Acar RD, Saribas E, Giiney PA, et al. COVID-19: the new cause of dyspnoea as a result of reduced lung and
peripheral muscle performance. J Breath Res 2021; 15: 047103.

Clavario P, De Marzo V, Lotti R, et al. Cardiopulmonary exercise testing in COVID-19 patients at 3 months
follow-up. Int J Cardiol 2021; 340: 113-118.

Vanuxem P, Vanuxem D, Raharison L, et al. Maximal exercise and muscle energy metabolism after recovery
from exercise hyperthermia syndrome. Muscle Nerve 2001; 24: 1071-1077.

Brooks GA. Anaerobic threshold: review of the concept and directions for future research. Med Sci Sports
Exerc 1985; 17: 22-34.

Rodriguez B, Nansoz S, Cameron DR, et al. Is myopathy part of long-Covid? Clin Neurophysiol 2021; 132:
1241-1242.

Schaeffer MR, Guenette JA, Jensen D. Impact of ageing and pregnancy on the minute ventilation/carbon
dioxide production response to exercise. Eur Respir Rev 2021; 30: 200225.

Dominelli PB, Molgat-Seon Y. Sex, gender and the pulmonary physiology of exercise. Eur Respir Rev 2022; 31:
210074.

https://doi.org/10.1183/23120541.00538-2022 12



	Exercise intolerance in post-coronavirus disease 2019 survivors after hospitalisation
	Abstract
	Introduction
	Materials and methods
	Study design and participants
	CPET
	Data analysis

	Results
	Discussion
	References


