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ABSTRACT

Rationale: Post-COVID19 survivors frequently have dyspnea that can lead to exercise intolerance
and lower quality of life. Despite recent advances, the pathophysiological mechanisms of
exercise intolerance in the post-COVID19 patients remain incompletely characterized.
Objectives: To clarify the mechanisms of exercise intolerance in post-COVID19 survivors after
hospitalization. Methods: Prospective study evaluated consecutive patients previously
hospitalized due to moderate-to-severe/critical COVID19. Within 90+10 days (meanzSD) of
COVID19 acute symptoms onset, patients underwent a comprehensive cardiopulmonary
assessment, including a cardiopulmonary exercise testing with earlobe arterialized capillary
blood gas analysis. Measurements and Main Results: Eighty-seven patients were evaluated,
their meantSD peak oxygen consumption were 19.5+5.0ml/kg/min, and the tertiles were: <17.0,
17.1-22.2 and >22.3ml/kg/min. Hospitalization severity was similar among the three groups;
however, at the follow-up visit, they reported a greater sensation of dyspnea, along with indices
of impaired pulmonary function, and abnormal ventilatory, gas-exchange and metabolic
responses during exercise compared to patients with peak oxygen consumption >17ml/kg/min.
By multivariate logistic regression analysis (ROC curve analysis) adjusted for age, sex and
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-COVID19 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. Keywords: cardiopulmonary exercise testing, exercise
capacity, dead space, post-COVID19 syndrome, dyspnea.

Word count: 236.



INTRODUCTION

In March 2020, COVID19 was characterized by the World Health Organization as a
pandemic infection and has been considered an international public health emergency for the
past two years. A few months after the pandemic’s start, Brazil had the second highest number
of confirmed COVID19 cases worldwide. In April 2021, Brazil had become the epicenter of the
COVID19 pandemic, with over 4.000 deaths per day [1].

COVID19 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 hospitalization, patients may remain symptomatic and this
could be related to cardiac/lung sequalae’s and/or post-COVID19 syndrome [3].

The post-COVID19 syndrome is defined by the presence of persistent symptoms 12 weeks
after the onset of COVID19 and is not attributable to other known causes [3]. Among the most
frequent signs and symptoms reported in post-COVID19 syndrome are fatigue, muscle weakness,
dyspnea, hypoxemia, depression, anxiety, sleep and cognitive disorders, along with exercise
intolerance [3-5], the latter of which might lead to a significant decrease in functional capacity
and quality of life. Different hypotheses for mechanisms of exercise intolerance after COVID19
infection have been explored so far, and physical deconditioning has been described as one of
the most likely driving forces of patient’s symptoms [6, 7], despite COVID19 complexity and
potential for multiorgan involvement.

In this context, recent findings suggest that exercise limitation in post-COVID19 survivors in
more severe patients may be related to: i) central cardiocirculatory disorder due to chronic
myocardial inflammation and/or pulmonary microvascular injury [8] for example; ii) ventilatory

inefficiency [9, 10] due to increased dead space as a fraction of tidal volume (VD/VT), possibly



related to endothelial and/or microvascular dysfunction [11]; iii) reduced peripheral muscle
oxygen extraction [11, 12]. In mild patients post-COVID19 syndrome, dysfunctional breathing
was a relevant mechanism of exercise intolerance [12]. Nevertheless, despite these recent
advances, the pathophysiological mechanisms of exercise intolerance in the post-COVID19
survivors remain incompletely characterized. In the current study, we aimed to clarify the
mechanisms of exercise intolerance associated with reduced aerobic capacity after moderate-to-

severe/critical COVID19 hospitalization.

MATERIALS AND METHODS

Study design and participants

The current study is part of an observational prospective Brazilian initiative to evaluate
clinical symptoms, respiratory, radiological and metabolomic function in patients who were
hospitalized due to COVID19 (The FENIX Study, Brazilian Clinical Trials Registry ReBEC: RBR-
8j9kaqy).

The current report presents data from consecutive adult patients from the post-COVID19
Outpatient Clinic of the Federal University of Sdo Paulo (Unifesp). 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 COVID19 hospitalization (inclusion criteria): i) confirmed
diagnosis of COVID19 by reverse transcription polymerase chain reaction (RT-PCR); ii) received
supplemental oxygen (O2) support and iii) 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 COVID19 acute symptoms, performed a comprehensive cardiopulmonary assessment,
including a cardiopulmonary exercise testing (CPET) with earlobe arterialized capillary blood gas
analysis. All other tests, pulmonary lung function, echocardiogram and high-resolution chest CT
(HRCT), were performed within ten days from 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 (Figure E1 — online data supplement).

The methodological description of pulmonary function test and modified Medical Council
Research (mMRC) are described and included in the online supplement [13-15].
Cardiopulmonary Exercise Testing (CPET)

Patients performed a 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 CardioO2, Med Graphics, Saint Paul, MN, USA). The work rate
was individually selected to provide an incremental phase of 7-12 min (5 to 20 W/min) and
started after a 2 min unloading warm-up period. The measures obtained was described
elsewhere [16] and included on online supplement. Earlobe arterialized capillary blood gas
samples (Heparinated 200-1 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 immediately performed (ABL8QO,
Radiometer®, Brgnshgj, Denmark) to obtain lactate and gas exchange variables (PaO;, PaCO; and
Sa0;). Measures of alveolar-arterial O, gradient (P(A-a)0.), arterial end-expiratory CO; gradient

(P(a-ET)CO2) and VD/VT (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% Cl) considering a third of the
patients with reduced peakV’O;. Descriptive statistics are present as mean and standard deviation
median and interquartile range of frequencies. Patients were categorized according to peakV’'O2
tertiles: <17.0ml/kg/min, 17.1-22.2ml/kg/min or 222.3ml/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
peakV‘O2ml/kg/min. Receiver operating characteristic (ROC) curves were drawn for variables that
had a high correlation with peakV’O2 while accounting for the presence or absence of a
peakV’02£17.0ml/kg/min. The thresholds for each ROC curve were obtained from the points with
the greatest sum of sensitivity and specificity. After dichotomizing the variables of interest
according to ROC thresholds, univariate logistic regression was performed to explore potential
peakV’02£17.0ml/kg/min predictors. Non-collinear variables, (r 20.6) 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 pulmonary embolism to estimate the probability of having a
peakV’02£17.0ml/kg/min, a second model was analyzed with adjustment for age, sex and the
presence of any comorbidity (Table E4 — online data supplement). The accepted statistical
significance value was <0.050. Graphs were performed with GraphPad Prism (version 9.3.0 for
Windows, GraphPad Software), and statistical analyses were performed using SPSS™ for

Windows, version 21.0 (Armonk, NY: IBM™ Corp).



RESULTS

Ninety-six patients were eligible to participate in this study. Nine patients were excluded.
Patient exclusion occurred due to acute arthritis (n=01), severe thrombocytopenia (n=01), acute
deep vein thrombosis (n=01), uncontrolled systemic arterial hypertension (n=01), acute
metabolic acidosis (n=01) and inability to perform the study follow-up visit (n=04). Therefore, the
study sample was composed of eighty-seven patients.

Of the 87 included patients, 54% were admitted to the ICU and 49% had 250% of ground-
glass opacities on chest CT scan. The mean age was 5313 years-old, 62% were male, and 63%
had 22 comorbidities (Table 1). Systemic hypertension, previous smoking history, and obesity
were the most common comorbidities among studied patients (Table El-online data
supplement). Detailed information regarding the patient’s comorbidities, medications of
continuous use, and COVID19 related acute symptoms are provided in the online supplementary
material (Table E1-online data supplement).

The mean peakV’O2 for the entire study sample was 19.5+5.0ml/kg/min corresponding to
93+21% of V'O, predicted (30% had peakV’' 02 <80%predicted). peakV’'O; tertiles were: <17.0, 17.1-
22.2 and 222.3ml/kg/min. Patients with peakV’'02<17.0ml/kg/min had similar hospitalization
severity compared to patients with peakV’'0217.1-22.2 and 222.3ml/kg/min, including days in ICU,
need for mechanical ventilation and radiological severity on chest CT at admission. However, at
the study follow-up visit (9010 days after the onset of COVID19), patients with
peakV’02£17.0ml/kg/min reported a greater sensation of dyspnea (mMMRC >1) compared to the
other two groups (Table 2). Additionally, patients with peakV’02<17.0ml/kg/min had lower forced
vital capacity (FVC), total lung capacity (TLC), carbon monoxide diffusion capacity (DLCO), and

residual volume (RV) 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 among groups (Table 2).

CPET findings are presented in Table 3. Patients with peakV’02<17.0ml/kg/min achieved
lower peak work rate (WR), peak heart rate (HR) and lower AV’'O,/AWR. At the anaerobic
threshold (AT), patients with peakV’'O2 £17.0ml/kg/min had higher V'E/V’CO; ar and lower PETCO;
and no difference on V'O, (Table 3). Additionally, patients with peakV’02<17.0ml/kg/min had
higher AV'E/AV’CO2rcp, peak RR/VT, peak VD/VT, peak P(a-ET)CO: and associated with a lower
peak arterial oxygen content (CaOz) and higher level of lactate/WR and a greater sensation of
dyspnea and fatigue in proportion to WR compared to patients with peakV’'0217.1-22.2 and
>22.3ml/kg/min (Figure 2).

There was a positive correlation between peakV’O2 and FVC, DLCO, V'E/MVV, and peak
Ca0,. There was a negative correlation between peakV’'0O2, several comorbidities, dyspnea
(mMRC), AV'E/AV’COzrcp, peak RR/VT, peak VD/VT, peak P(a-ET)CO,, and peak lactate/WR. No
correlation was found between peakV’'O2 and days of hospitalization or in ICU (Table E2-online
data supplement).

The ROC curve analyses to identify the presence of a peakV'02£17.0ml/kg/min, showed a
statistically significant AUC for symptoms (mMRC), FVC, DLCO, peak RR/VT, peak V'E/MVV, peak
VD/VT, AV’E/AV’'COzrcp, P(a-ET)CO,, peak WR, peak CaO,, peak lactate and peak lactate/WR.
(Table E3-online data supplement).

The univariate logistic regression analysis to predict a peakV’'02<17.0ml/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
non-collinear variables, the multivariate logistic regression model adjusted for age, sex and

presence of pulmonary embolism identified that a FVC<80%predicted and a peak VD/VT>29 were



independent predictors of a peakV’'02£17.0ml/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%predicted and VD/VT remained as predictors of peakV’O2 (Table E4 — online
data supplement). Of note, VD/VT had a negative correlation with DLCO%predicted (r=0.64, p
<0.01), a positive correlation with peak VD (r=0.62, p <0.001) and a positive correlation with P(a-
ET)CO: (r=0.88, p <0.001). Interestingly, FVC and VD/VT were not significantly correlated (r=0.14,

p=0.292).

DISCUSSION:

The present observational study showed that exercise intolerance in post-COVID19
survivors with a relatively short hospital stay (15+10 days) was related to high VD/VT at peak
exercise and low FVC%predicted 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-COVID19 survivors.

VD/VT 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 VD/VT
results from areas of normal ventilation and low perfusion that contribute to ventilation-
perfusion mismatch. A low VD/VT results from areas of low ventilation and normal perfusion.
Both high and low VD/VT can be present in the same disease [17]. It is important to note that
VD/VT is expected to reach a level below 0.20 after the anaerobic threshold in physiological
conditions due to the increased perfusion of areas of the lungs with high ventilation perfusion
ratios at rest and a relatively greater increase in tidal volume than anatomical dead space, the
abnormal response is dependent on severity of pulmonary lesions [16]. In our sample, VD/VT

decreased during exercise in all three groups. But peak VD/VT progressively increased from the



subgroup peakV'02>22.2ml/kg/min to the subgroup peakV’02<17.0ml/kg/min. Additionally,
despite reducing during exercise, VD/VT did not reach physiological values in all three groups. A
high VD/VT might be related to ventilatory inefficiency (high V'E/V’'COz), and dyspnea sensation,
being associated or not with enhanced chemosensitivity and a decreased CO; set point [17].

Our results show that a high VD/VT at peak exercise (20.29) is an independent predictor of
a peakV'02£17.0ml/min/kg (Table 4). In addition to the high VD/VT, a high peak exercise P(a-
ET)CO: (Figure 2) might corroborate the presence of V/Q inequality in the studied population.
Some studies in post-COVID19 patients showed an increase in VD/VT; however, they did not link
its association to patients’ exercise intolerance [11, 18]. Baratto et al. showed that exercise
hyperventilation after COVID19 acute infection was related to enhanced chemoreflex sensitivity
rather than increased VD/VT [11]. Conversely, others have demonstrated that a reduced peakV’O2
was associated with a mild increase of V'E/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 COVID19
lung lesions have been related to diffuse alveolar damage (DAD), 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 COVID19 vs. non-COVID19 patients showed that
COVID19 ARDS patients have a higher dead space ventilation compared to non-COVID19-ARDS,
despite a similar pulmonary compliance [21]. The aforementioned lung insults can potentially
cause transitory or persistent lung sequelae [22-24]. In our study, VD/VT had a negative
correlation with low DLCO, a positive correlation with VD, and a positive correlation with P(a-
ET)CO,. 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 DLCO was found

in the long term after SARS-COV1 and SARS-COV2 patients, even in those with normal lung



parenchyma on HRCT [2, 29-33]. Furthermore, during acute COVID19 infection, dual-energy
thoracic CT studies showed the presence of pulmonary perfusion heterogeneity along with
pulmonary ischemic 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 the above and our study findings, we speculate that
chronic lung microvascular injury might be a pathophysiological mechanism leading to high
VD/VT during exercise in post-COVID19 patients. This hypothesis is supported by the multivariate
regression (Table 4), where pulmonary embolism was not a determining factor for the increased
VD/VT. The same occurs when the regression is adjusted for the presence of any comorbidity
(Tabe E4-online data supplement), suggesting that VD/VT 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%predicted was also identified as an independent predictor of a
peakV’02£17.0ml/kg/min; however, FVC and VD/VT were not significantly correlated. A low FVC
has been reported in post-COVID19 patients as far as one year after the acute infection, and
similar results have been demonstrated in SARS-COV1 survivors [29, 33]. Considering that a low
FVC might be related to the acute respiratory distress syndrome severity, it might indicate the
development of restrictive ventilatory impairment secondary to lung interstitial sequelae [35].
This is in line with a tachypnea pattern, proven by high RR/VT. Nonetheless, we did not identify
significant differences in TLC and acute parenchymal lung involvement on HRCT according to
peakV’O2 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-COVID19 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
peakV’O2 severity (Table 2).

Interestingly, lactate/WR was higher according to V'O; tertiles (Figure 2), despite the
similar anaerobic threshold (Table 3). This finding has been previously demonstrated in patients
with oxidative myopathy [38]. It suggests that the mechanisms of lactate clearance fail to keep
pace with lactate production in post-COVID19 patients, and/or there is an impairment in O3
utilization at higher levels of exercise [39]. In our study, the elevated lactate/WR observed in
patients with peakV’02<17.0ml/kg/min might be a consequence of a mildly reduced O, delivery
(low Ca0;) and/or an imbalance in O muscle utilization due to a decrease in oxidative fibers
secondary to prolonged hospitalization, 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 dyspnea, but further studies are required to investigate this hypothesis in post-
COVID19 patients.

Our study has some limitations that should be considered. We did not include a healthy-
control group; nonetheless patients with peakV’'02>22.2ml/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 peakV’02<17.0ml/kg/min. Despite not having a health 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 peakV’0222.2ml/kg/min had a peakV’'02>80%pred, and that most
patients with a V'0,<80%predicted were included in the subgroup peakV’02<17.0 ml/kg/min. In
physiological terms, the V'O2 in absolute value decreases with aging and more in females than

males. In our study, age was different across peakV’'O2 subgroups. It is known that age and sex



might influence some ventilatory responses due to lower VTpeak and less efficient ventilation
during exercise (without abnormally high VD/VT), likely 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 indeed ageing could change the PaCO; equilibrium [41,
42]. Considering this and aiming to minimize 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 hemodynamics, single-photon emission lung CT or dual-
energy CT thoracic angiography and therefore, we can only speculate on the association between
high VD/VT 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 muscle weakness as a potential cause for a reduced peakV’O;. 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-COVID19 patients.

In summary, the current study demonstrates that a high VD/VT at peak exercise and a low

resting FVC are associated with a reduced peacV’O, in moderate-to-severe/critical post-COVID19

patients. The high peak exercise VD/VT might suggest the role of pulmonary microvascular
dysfunction on dyspnea and exercise intolerance in the post-COVID19 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 if patients with
the post-COVID19 survivors will develop pulmonary vascular disease and/or clinically relevant

interstitial pulmonary disease in the long term.
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TABLES:

Table 1. COVID19 patient’s baseline characteristics.

Total (n=87)

Male gender 54 (62)
Age, yrs 53113
BMI, kg/m? 30+4
Comorbidities

No comorbidity 6(7)

One comorbidity 25 (29)

> 2 comorbidities 55 (63)
Hospitalization

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

Groud glass = 50% 43 (49.5)
Laboratory results at hospital
admission

Sp02,% 877

Lymphocytes, uL 1071 + 638

C-RP, mg/L 128+ 74

D-Dimer, mcg/mL 25%35

PaO; , mmHg 57+11

PaCO; , mmHg 325

Sa02 ,% 8915

Drug therapy during
hospitalization

Corticosteroids 78 (90)




Prophylactic anticoagulation 83 (95)

Therapeutic anticoagulation 21 (24)
Cardiovascular complications

Pulmonary embolism (PE) 12 (14)

Myocarditis/Cardiomyopathy 8(9)

Data are presented as an absolute value and percentage (n %) or mean + standard deviation.
Definition of abbreviation: BMI: body mass index; ICU: intensive care unit; NIV: non-invasive
ventilation; HFNC: high flow nasal cannula; Chest HRCT: chest high resolution computed
tomography; SpOa.: pulse oxygen saturation; C-RP: C-reactive protein; PaO;: arterial partial
pressure of oxygen; PaCO;: arterial partial pressure of carbon dioxide; SaO;: arterial oxygen
saturation.



Table 2. COVID19 patients’ characteristics during hospitalization and lung function tests, chest

tomography and echocardiogram according to peak V'O2 (ml/kg/min) tertiles.

Male

Age, yrs

BMI (kg/m?)

Severity during hospitalization
Daysin ICU
Mechanical ventilation
Chest HRCT - GGO > 50%
Pulmonary Embolism

Follow-up visit §

Symptoms §
mMRC 2 1
Fatigue / Myalgia
Memory loss
No symptoms

Lung function §

FVC, %pred
FEV1, %pred
FEV1/FVC

DLCO, %pred
DLCO/VA, % pred
TLC, %pred

RV, %pred

Total
(n=87)

55 (63)
53+13

2984

12 £ 10
21 (24)
43 (49.5)

12 (14)

60 (69)
45 (52)
26 (30)

17 (20)

88+13
90+13
0.82+£0.50
80+ 23
101 + 22
84 +14

97 £ 26

peak V'O2
<17.0 17.1-22.2 2223
ml/kg/min ml/kg/min ml/kg/min
(n=29) (n=29) (n=29)
11 (37) * 17 (59) 27 (93)
60+ 11 *+ 52+13 46+ 10
2964 30.3+5 29.6+3
15+14 13+13 11+8
6 (21) 7 (24) 8 (28)
17 (59) 14 (48) 12 (41)
5(17) 3(10) 4 (15)
27 (93) * 21(72) ¢ 12 (41)
17 (59) 16 (55) 12 (41)
12 (41) 10 (34) 4 (14)
1(3)* 4(14) % 12 (41)
81+12+ 91+14 90+13
85112 92+13 92+14
0.83+0.60 0.81 +0.40 0.83+0.40
66+25t 86121 84 +19
91+ 27 102 + 21 108 + 18
81+17 88+12 83112
102 £37 105+22 % 87+19

p

Values

<0.001

<0.001

0.786

0.583

0.660

0.400

0.755

<0.001

0.389

0.058

0.001

0.024

0.127

0.241

0.021

0.077

0.247

0.045




MIP, %pred 105 + 23 96 + 29 110+ 21 109+21 0.174

MEP, %pred 9725 8723 99 + 28 108 + 22 0.059
Echocardiogram §

Left ventricular ejection fraction,% 6517 6318 6517 6615 0.508

TRV, m/s 2.3+0.2 23+0.3 25+0.1 21+03 0.417

sPAP, mmHg 278 29+6 31+3 20+ 8 0.083
Chest HRCT §

Near-Normal, <10 % 68 (76) 19 (66) 28 (96) 21(72) 0.833

Abnormalities 2 25% 14 (16) 4 (14) 7 (24) 3 (10) 0.565

Data are presented as an absolute value and percentage (n %) or mean + standard deviation.
Definition of abbreviations: ICU: intensive care unit; HRCT: high resolution computed
tomography; GGO: ground glass opacity; FVC: forced vital capacity; FEV1: forced expiratory
volume in first second; DLCO: diffusing capacity of the lung for carbon monoxide; VA: 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. p-values from ANOVA or Kruskall-Wallis and difference between groups by peakV'O2
(ml/kg/min): * £17.0vs. 222.3; 1 <17.0vs. 17.1 - 22.2; $17.1 — 22.2 vs. 2 22.3 ml/kg/min. § 90
+ 10 days after hospitalization and total of patients who underwent spirometry (n=78), lung
volumes (n=64), DLCO 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%).



Table 3. COVID19 patients CPET responses and blood gas analysis at rest and at peak exercise
according to peak V'O; (ml/kg/min) tertiles.

CPET responses
Peak V'O,, % pred
Peak WR, W
Peak RER
Peak HR, % pred
V'O, AT, % pred
AV'0,/AWR,
ml/min/W
Peak V'O,/HR, %pred
Peak V'E/MVV
Peak VT, L
Peak RR/VT
V'E/V'CO, AT
Peak V'E/ V'CO,
PETCO, AT, mmHg
PeakPETCO,;,mmHg
Rest Sp0O,, %

Peak Sp0O,, %

Blood Gas Analysis
Rest VD/VT
Peak VD/VT

Rest P(A-a) O, mmHg

Total
(n=87)

93+21

108 + 46
1.10+0.12

87+12

56 £ 15

11+2

108 + 24
0.53+0.14
1.54+£0.49

26+14

38%5
33+%5

97+1

0.40+0.09
0.26+0.12

12 (10 -14)

peak V'O2
<17.0 17.1-22.2 >22.3 p Values
ml/kg/min mi/kg/min mi/kg/min
(n=29) (n=29) (n=29)
80+ 18 *t 96 +18 103+19 <0.001
68 £22 *+ 104 +34 % 152 + 33 <0.001
1.10+0.11 1.08+£0.14 1.12+0.11 0.374
79 12 *t 90+10 93+9 <0.001
52+16 60+16 55+14 0.196
11+1* 12+2 12+2 0.014
105 +26 107 £ 26 111+21 0.620
0.48+0.15 * 0.54+0.14 0.58 £0.10 0.028
1.18 £0.35 *+ 1.55+042+% 1.89+0.44 <0.001
33+£20* 24+9 23+9 0.017
366 * 33+6+% 294 <0.001
41+9* 38+8 35%5 0.012
36+4* 38+6 ¢ 41+4 <0.001
31+5*% 33+6 34+4 0.039
962 971 971 0.205
95+4 95+3 95+3 0.900
0.45+0.09 * 0.38 £0.09 0.38 £ 0.07 0.035
0.34+0.12 *+ 0.25+0.12 0.21+0.10 <0.001
14 (11 -18) * 13 (10 - 16) 9 (6-12) 0.025




Peak P(A-a) O, mmHg
Rest CaO,, mL/dL
Peak Ca0O,, mL/dL
Rest Pa0;, mmHg
Peak PaO;, mmHg
Rest PaCO,, mmHg
Peak PaCO, mmHg

Hb, mg/dL

26 (19 - 34)
19.5+2
21.7+3
798
8012
35+4
334

149+2.0

31(22-36)
1863 *
205+3*

79%9
7714
35+3
33+4

14.2+2.0

24 (16 - 31)
19.7+2
21742

7849
82 +10
34+4%
32+4

15.2+1.0

24 (18-31)
20.2+2
2263

807

34+3

153+2.0

0.498

0.042

0.034

0.849

0.569

0.035

0.188

0.053

Data are presented as mean * standard deviation or medians (IQRs). Definition of abbreviation:
V’'0,: oxygen uptake; WR: work rate; RER: respiratory exchange ratio; HR: heart rate; AT:
anaerobic threshold; V'E: minute ventilation; VT: tidal volume; RR: respiratory rate; PETCO;:
end-tidal carbon dioxide pressure; MVV: maximal voluntary ventilation; V'CO;: carbon dioxide
output; SpOa: pulse oxygen saturation; VD/VT: dead space fraction of tidal volume; P(A-a) Oa:
alveolar-arterial oxygen difference; CaO;: arterial oxygen content; PaO;: arterial oxygen partial

pressure; PaCO;: arterial carbon dioxide partial pressure; Hb: hemoglobin;

p-values from

ANOVA or Kruskall-Wallis and difference between groups by peakV'O2 * <17.0and 2 22.3; T <17

and 17.1-22.2; ¥17.1-22.2 and > 22.3 ml/kg/min.



Table 4. Univariate and multivariate logistic analysis adjusted for sex, age and pulmonary embolism for
peakV'O2 £ 17.0 ml/kg/min according to persistence of symptoms, lung function and CPET variables.

Variables UNIVARIATE MULTIVARIATE
p Values Odds IC p Values Odds IC
Symptoms mMRC > 1 0.015 3.90 1.30-11.64
Lung FVC <80, % pred <0.001 9.49 2.96 -30.39 0.004 17.32 2.53-118.32
Function DLCO £ 65, % pred 0.002 9.60 2.37 —38.86
CPET
Ventilatory Peak V'E/MVV > 49 0.005 0.25 0.10-0.66
responses Peak RR/VT = 40 <0.001 5.83 2.10-16.14
AV'E/AV’COgzrep 2 32 0.001 4.87 1.83-12.95
Gas-
Peak VD/VT > 29 <0.001 20.30 4.08 -100.98 0.004 26.57 2.84-248.61
exchange
Peak P(a-ET)CO2 2 0.001 7.50 2.20-25.57
responses
2.65
AV'O2/AWR £ 11.5, 0.012 4.10 1.36-12.32
Metabolic mL/min/watts
responses Lactate/WR > 0.075, <0.001 10.28 3.01-35.13

mmol/L/watts

Definition of abbreviation: mMRC: modified Medical Research Council; FVC: forced vital capacity;
DLCO: diffusing capacity of the lung for carbon monoxide; V'E: minute ventilation; MVV: maximal
voluntary ventilation; RR: respiratory rate; VT: tidal volume; V'CO;: carbon dioxide output; RCP:
respiratory compensation point; VD/VT= dead space fraction of tidal volume; P(a-ET)CO>: arterial
to End-tidal cardon dioxide difference; WR: work rate (watts). Multivariate logistic analysis , with
R2 = 0.46. Cutoff point of the variables defined by ROC Curve
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Hospitalized Patients

« Confirmed COVID19 by RT-PCR
* Need of supplemental O2 support
 Acute lung parenchymal involvement

” First clinical outpatient
confirmed by lung CT scan . _ > B
y lung Screening Visit evaluation after hospital
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I 90 + 10 days after onset of symptoms ]
* Pulmonary function tests « Clinical evaluation
« Chest high-resolution CT (HRCT) * Cardiopulmonary exercise testing (CPET) with
« Echodopplercardiogram (Echo) earlobe arterialized capillary blood gas analysis

v

Figure 1. Patients’ inclusion and study protocol.
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Figure 2. Comparison of PEAKV’O2 (ml/kg/min) in CPET responses after 3 months of symptoms in



survivors of COVID19. (A) ?V'E/?V’'CO2RCP = ventilatory equivalents for carbon dioxide at
respiratory compensation point; (B) PEAK RR/VT= respiratory rate of tidal volume at peak
exercise; (C) PEAK VD/VT= dead space fraction of tidal volume at peak exercise; (D) PEAKP(a-
ET)CO2= arterial to End-tidal carbon dioxide difference at peak exercise; (E) PEAK Ca02 = relation
of V'02 and arterial oxygen content at peak exercise; (F) PEAK Lactate/W-= lactate by work rate at
peak exercise; (G) ) PEAK BORG/W= Dyspnea BORG scale by work rate at peak exercise; (H) PEAK

BORG/W-= Fatigue BORG scale by work rate at peak exercise. p-value (ANOVA or Kruskall-Wallis)
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Material and Methods
Pulmonary function test and modified Medical Council Research (mMMRC):

Pulmonary function test included spirometry (FVC, FEV1, FEV1/FVC), static lung volumes (TLC,
RV) and diffusing capacity of lungs for carbon monoxide (DLCO and VA) were performed by using
the Elite DX Body Plethysmography (MedGraphics, MGC, St Paul, MO, USA) with flow
measurements carried out with a calibrated pneumotachograph (Pitot tube) and DLCO was
measured by the modified Krogh technique (single breath)[13, 14].

The mMRC dyspnea scale was used as a self-assessment tool to measure the degree of
breathlessness in activities of daily living on a scale from 0 to 4. Participants were categorized as

having dyspnea by mMRC scale (1-4) or no dyspnea (0). [15]

Cardiopulmonary Exercise Testing (CPET)

The following measures were obtained: O, uptake (V'O2, L/min), carbon dioxide (CO2) output
(V'CO2, L/min), minute ventilation (V'E, L/min), the respiratory exchange ratio (RER, V'CO2/V’0,),
end-tidal partial pressures for CO; (PETCO2, mmHg) and O; (PETO2, mmHg), respiratory rate (RR,
breaths/min) and tidal volume (VT, L). The peakV'O2 was compared to previously established
standards (22) and calculated according to the average of the last 20 seconds before peak exercise.
The anaerobic threshold (AT) was identified using the modified V-slope method and confirmed with
the ventilatory method (23). Delta V'E to AV’CO; ratio (AV'E/AV’CO;) was calculated as a slope from
the start of work rate (WR) to the respiratory compensation point (RCP). Reasons for considering a
maximal test were a V'O; plateau; a RER >1.10; the peak of heart rate (HR) > 85% pred or a rate of
perceived exertion 2 5 on the Borg scale. An electrocardiogram was continuously monitored during
CPET. Cuff systemic blood pressure at each 2 min and pulse oximetry (Sp0,%) were observed and

recorded.
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Figure E1. Enroliment of patients at first medical visit after hospital discharge.



Table E1. Comorbidities, medications of continuous use and symptoms of hospital admission during
hospitalization for COVID19.

Total (n=87) Total (n=87)
Comorbidities Acute symptoms at hospital
admission
Systemic hypertension 45 (52) Dyspnea 67 (77)
Ex-Smoker 29 (33) Fever 61 (70)
Obesity 24 (28) Cough 59 (68)
Diabetes 21 (24) Myalgia 52 (60)
Hyperlipidemia 11 (13) Headache 28 (32)
Asthma 8(9) Anosmia 27 (31)
Chronic kidney disease 8(9) Dysgeusia 20 (23)
Psychiatric diseases 9 (10) Diarrhea 14 (16)
Kidney transplant 8(9) Nausea/Vomiting 12 (14)
No comorbidity 6 (7) Fatigue 9(10)
One comorbidity 25 (29)
Chronic medications

ARB/ACEi 37 (43)

Oral hypoglycemic 20 (23)

Diuretic 19 (22)

Lipid-lowering agent 17 (20)

Beta blockers 14 (16)

Antiaggregant 11 (13)

Antidepressants 9(10)

LABA+IC 7(8)

Insulin 6(7)

Immunosuppressants 3(3)

No medicine 21 (24)

Data are presented as absolute value and percentage (n %). Abbreviation: ARB: angiotensin-receptor blocker;
ACEi: angiotensin-converting enzyme inhibitor; LABA: long-acting beta-agonists; IC: inhaled corticosteroids.



Table E2. Correlation coefficients for peak V'O2 (ml/kg/min)

r p
Values
peak V'O2, ml/kg/min

Age, yrs -0.41 <0.001
Comorbidities, n -0.41 <0.001
Hospitalized days, n -0.07 0.511
DaysinICU, n -0.10 0.485
Dyspnea, mMRC -0.42 <0.001
FVC, % pred 0.25 0.029
DLCO, % pred 0.35 0.011
Peak V'E/MVV 0.38 <0.001
Peak VT, L 0.61 <0.001
Peak RR/VT -0.36 <0.001
AV’E/AV’'CO2rcp -0.45 <0.001
Peak VD/VT -0.44 <0.001
Peak P(A-a)0O2, mmHg -0.07 0.553
Peak P(a-ET)CO2, mmHg -0.35 0.003
Peak WR, watts 0.78 <0.001
AV'O2/AWR, ml/min/watts 0.35 0.001
Peak Lactate, mmol/L 0.53 <0.001
Peak Lactate/WR, mmol/L/watts -0.39 0.001
Peak CaO, mL/dL 0.30 0.012

Definition of abbreviation: ICU: intensive care unit; mMRC: modified Medical Research Council;
FVC: forced vital capacity; DLCO: diffusing capacity of the lung for carbon monoxide; V'E: minute
ventilation; MVV: maximal voluntary ventilation; RR: respiratory rate; VT: tidal volume; CaOa:
oxygen content in arterial blood; P(A-a) O.: alveolar-arterial oxygen difference; VD/VT: dead space
fraction of tidal volume; P(a-ET)CO,: arterial to End-tidal carbon dioxide difference; WR: work
rate; PaCO;: partial arterial pressure for carbon dioxide; PaO,: arterial partial pressure of oxygen;
Chest CT: percentage of lung parenchyma involvement. *The correlation is significant at the 0.05
level (2 ends); ** The correlation is significant at the 0.01 level (2 ends).



Table E3. Areas under the ROC curve for determining the cutoff for lung function and exercise
variables for peakV’02 < 17.0ml/kg/min.

Cutoff values Area under IC95% p - value
curve (%)

peakV’02 € 17.0ml/kg/min

mMRC 1 0.71 0.59-0.82 0.001
FVC, % pred 80 0.70 0.57-0.84 0.005
DLCO, % pred 65 0.75 0.59-0.92 0.004
Peak V'E/MVV 0.50 0.68 0.55-0.80 0.006
Peak RR/VT 40 0.70 0.58 - 0.82 0.002
AV'E/AV’'COzrep 32 0.74 0.63-0.85 <0.001
Peak VD/VT 29 0.80 0.68-0.91 <0.001
Peak P(a-ET)COz, (mmHg) 2.65 0.79 0.65-0.90 <0.001
Peak WR, watts 105 0.89 0.83-0.96 <0.001
AV’'02/AWR, mL/min/watts 11.5 0.69 0.56-0.81 0.005
Peak Lactate, mmol/L 5.75 0.74 0.61-0.86 0.002
Peak Lactate/WR, (mmol/L/watts) 0.075 0.75 0.62-0.89 0.001
Peak CaO2, mL/dL 21.5 0.67 0.52-0.82 0.025

Definition of abbreviation: mMRC: modified Medical Research Council; FVC: forced vital capacity; DLCO:
diffusing capacity of the lung for carbon monoxide; V'E: minute ventilation; MVV: maximal voluntary
ventilation; RR: respiratory rate; VT: tidal volume; V'CO;: carbon dioxide production; VD/VT: dead space
fraction of tidal volume; P(a-ET)CO,: arterial to End-tidal carbon dioxide difference; WR= work rate
(watts).



Table E4. Multivariate logistic analysis adjusted for sex, age and any comorbidities for peakV'O2 <
17.0 ml/kg/min according to persistence of symptoms, lung function and CPET variables.

Variables MULTIVARIATE
p Values Odds IC

Symptoms mMRC > 1
Lung Function FVC <80, % pred 0.009 45.41 2.58 -796.95
CPET

Ventilatory responses Peak RR/VT 2 40

Gas-exchange responses  Peak VD/VT > 29 0.007 53.91 3.02-962.81

Metabolic responses Lactate/WR > 0.075, mmol/L/watts

Definition of abbreviation: mMRC: modified Medical Research Council; FVC: forced vital capacity;
RR: respiratory rate; VT: tidal volume; VD/VT= dead space fraction of tidal volume; WR: work rate
(watts). Multivariate logistic analysis corrects by age, sex and comorbidities, with R? = 0.55. Cutoff
point of the variables defined by ROC Curve.



