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Abstract: Background: Post mild COVID-19 dyspnea is poorly understood. We assessed physio-
logic limitations in these patients. Methods: Patients with post mild COVID-19 dyspnea (group
A) were compared (pulmonary function tests, 6-min walk test (6MWT), echocardiography and car-
diopulmonary exercise test (CPET)) to post moderate/severe COVID-19 (group B) and to CPET and
spirometry of patients with unexplained dyspnea (group C). Results: The study included 36 patients
(13 in A, 9 in B and 14 in C). Diffusion capacity was lower in group B compared to group A (64 ± 8 vs.
85 ± 9% predicted, p = 0.014). 6MWT was normal and similar in both patient groups. Oxygen uptake
was higher in group A compared to groups B and C (108 ± 14 vs. 92 ± 13 and 91 ± 23% predicted,
p = 0.013, 0.03, respectively). O2 pulse was normal in all three groups but significantly higher in the
mild group compared to the control group. Breathing reserve was low/borderline in 2/13 patients in
the mild group, 2/9 in the moderate/severe group and 3/14 in the control group (NS). Conclusions:
Patients with post mild COVID-19 dyspnea had normal CPET, similar to patients with unexplained
dyspnea. Other mechanisms should be investigated and the added value of CPET to patients with
post mild COVID-19 dyspnea is questionable.

Keywords: mild COVID-19 disease; cardiopulmonary exercise test; exertional dyspnea

1. Introduction

Infection with severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) leads
to severe disease called coronavirus disease 2019 (COVID-19) requiring hospitalization in
up to 20% of cases [1]. Respiratory manifestations from SARS-CoV-2 infection can range
from mild pneumonia to life-threatening hypoxia secondary to severe acute respiratory
distress syndrome (ARDS) and mechanical ventilation (MV) in about 12–24% of hospitalized
patients [2,3]. Risk factors for development of severe disease include (in order of magnitude)
age ≥ 65 years, immunosuppression, pulmonary disease, liver disease, chronic kidney
disease, neurologic disease, diabetes and cardiac disease [4]. Autopsy reports describe
pulmonary findings of diffuse alveolar damage and micro-vessel thrombosis in patients
who died of COVID-19-related ARDS [5,6]. There appears to be markedly increased
inflammatory response of the lungs to SARS-CoV-2 with increased systemic inflammatory
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markers and high concentrations of SARS-CoV-2 RNA in the lungs [7]. Respiratory recovery
is usually slow, with most patients on MV for at least a couple of weeks [8]. The first reports
regarding patients who recovered from severe COVID-19 demonstrated that the vast
majority (94%) had residual disease on chest computed tomography (CT) with ground-
glass opacities (GGO) as the most common pattern [9]. This and previous reports regarding
survivors of other coronavirus pneumonias (severe acute respiratory syndrome (SARS) and
Middle East respiratory syndrome (MERS)) showing persistent impairments of pulmonary
function raised the concern that COVID-19 might also damage the lungs chronically [10–13].
In studies in SARS survivors, there was persistent and significant impairment of exercise
capacity and health status over 24 months based on pulmonary function tests (PFTs), 6-min
walk test (6MWT) and health questionnaire, and 40% of the survivors still had symptoms
of chronic fatigue syndrome (CFS) after 3.5 years [12,14].

In the longer term, there is a significant concern that severe COVID-19 can lead to
organizing pneumonia with evolution to widespread fibrotic changes as seen in fatal cases
of COVID-19 at autopsy [15]. Recovery from COVID-19 usually takes 2–6 weeks but, in
some patients, symptoms such as fatigue, loss of taste or smell, headache, body aches,
diarrhea, nausea, and general weakness may linger for months after initial recovery [16].
These symptoms were initially termed post-acute COVID-19 syndrome if persisting beyond
four weeks after the beginning of the acute disease [17]. If these symptoms persist beyond
three months, this syndrome has a variety of names, including long COVID or long-haul
COVID, and is listed in the ICD-10 classification as post-COVID-19 condition (PC19C)
since September 2020. Any patient with COVID-19 may develop PC19C regardless of
the severity of the initial infection [18]. A wide range of causes relating to PC19C have
been identified, including organ damage, chronic inflammation, non-specific effects of
hospitalization, critical illness and post-intensive care syndrome, persistent viremia and
complications related to underlying long-term conditions or to treatments used during
episodes leading to adverse drug reactions [19,20]. A few studies have evaluated patients,
mainly post-hospitalization with severe COVID-19, with cardiopulmonary exercise tests
(CPETs) with conflicting results [21–25]. However, in most cases of PC19C, the etiology of
dyspnea is unknown, especially in mild cases. CPET measures gas exchange parameters
as well as other physiological parameters, such as respiratory rate, tidal volume, blood
pressure, oxygen saturation, 12 lead ECG and pulmonary function tests from rest to peak
exercise and post-exercise response. Hence, CPET provides a comprehensive assessment of
the exercise response, and reflects the influences and interactions of the cardiac, respiratory,
musculoskeletal and hematological systems. Integration of the physiologic data allows an
analysis of the system as a whole, while separate analyses help determine which system(s)
limit exercise capacity or are related to exertional dyspnea.

Since there are no obvious mechanisms explaining prolonged respiratory symptoms
in patients who recovered from mild COVID-19 (without pulmonary involvement by defi-
nition) to date, we sought to focus on patients who had mild COVID-19 who complained of
breathless and had normal PFTs and echocardiography. Our objectives were to demonstrate
if there are objective physiologic limitations by CPET, and if so, to investigate whether the
limitations are caused by pulmonary, cardiac, or other physiological factors by CPET (e.g.,
low fitness). We believe that revealing mechanisms for breathless in this vast group of
patients might allow relief and reassurance for these patients and might potentially serve
as a nidus towards specific remedies.

2. Methods
2.1. Research Design

This was a prospective observational study of a cohort of patients who recovered
from COVID-19 compared to a cohort of patients with unexplained dyspnea (subjective
complaint of dyspnea with normal physical examination, normal pulmonary function test,
no known respiratory or cardiac pathology) who underwent CPET in our institution. We
assessed COVID-19 severity by the World Health Organization (WHO) definition [26]:
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1. Mild disease–symptomatic patients without evidence of viral pneumonia or hypoxia.
2. Moderate disease–patients with clinical signs of pneumonia but no signs of severe

pneumonia, including oxygen saturation (SpO2) ≥ 90% on room air.
3. Severe disease–severe pneumonia: clinical signs of pneumonia plus one of the follow-

ing: respiratory rate > 30 breaths/min; severe respiratory distress; or SpO2 < 90% on
room air.

4. Critical disease–COVID-19 related ARDS.

2.2. Patients

Patients included in the study were adult patients recovering from COVID-19 with
a documented infection with SARS-CoV-2, breathless more than 3 months after the acute
disease, cognitive ability to sign informed consent and physical ability to participate in
exercise tests. Patients with severe pulmonary or cardiac disease prior to COVID-19,
pregnant women, and patients with active infection or cancer were excluded. A cohort of
patients matched by age and BMI who underwent CPET due to unexplained dyspnea was
used as a comparison to the study patients. In the control group were included only patients
who completed the CPET and in whom no obvious etiology (i.e., cardiac, pulmonary) was
found after interpretation of the test.

This study was conducted in accordance with the amended Declaration of Helsinki.
Rambam Heath Care Campus review board approved the protocol, and written informed
consent was obtained from all patients (protocol number 0760-20-RMB, 0106-17-RMB).
Clinical trial registration number: NCT05323760.

2.3. Study Protocol

Patients who had COVID-19 with ongoing prolonged symptoms were invited for
clinical evaluation to the post-COVID clinic in the Pulmonary Division of Rambam Health
Care Campus, Haifa, Israel. From this post-COVID clinic, patients were screened for the
study. Those who fulfilled the inclusion and exclusion criteria, and agreed to participate in
the study, signed informed consent and were recruited. PFTs were performed in accordance
with the ATS/ERS (American Thoracic Society/European Respiratory Society) Task Force,
using a Quark PFTs spirometer (Cosmed, Rome, Italy). All patients had a clinical exam
and full set of PFTs, including spirometry (forced expiratory volume in the first second
(FEV1), forced vital capacity (FVC)), volumes (total lung capacity (TLC), residual volume
(RV)) and diffusion capacity of the lungs to carbon monoxide (DLCO) measurements per
guidelines [27,28].

Maximal voluntary ventilation (MVV), also referred to as maximal breathing capacity,
was defined as the maximum volume of ventilation achieved in one minute. Subjects
were instructed to breathe rapidly and deeply, ventilatory volumes were recorded, and
the maximal volume achieved over 12–15 consecutive seconds was expressed in liters per
minute. Spirometry was completed again before the CPET and 10 min’ post-exercise, with
a fall of >12% in FEV1 considered as exercise-induced bronchoconstriction.

Participants were referred to echocardiography, 6MWT and CPET. Echocardiography
was carried out and evaluated according to international guidelines and optimally done
prior to the CPET [29]. 6MWT was performed according to the guidelines of the ATS [30]:
The walk was performed indoors, along a 30-m-long flat and straight corridor, marked
every 3 m, and turnaround points marked with a cone. The patients were instructed to
walk as far as possible for 6 min [30].

CPET was carried out by an experienced technician (HM) and a pediatric pulmonolo-
gist (RBY) using a Quark CPET metabolic cart (Cosmed, Rome, Italy) according to ATS
guidelines [31] and conducted on a treadmill with Bruce Ramp protocol after 2 min of rest
and 1 min of warm-up, with incremental speed and slope until exhaustion. Gas exchange
variables through a designated face mask (V2 mask, Cosmed, Rome, Italy), 12-lead electro-
cardiogram (ECG), blood pressure and SpO2 were recorded at rest, during exercise and in
the recovery period. SpO2 was measured continuously using Masimo SET 2000 (Schiller,
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Washington, DC, USA) and recorded at baseline, every 120 s, peak exercise and one, two-
and five-minutes post-exercise. Criteria for terminating the test were inability to continue
walking/running in association with subjective evidence of fatigue (sweating, hyperpnea),
and one or more of the following: peak VO2 > 80% predicted, maximal heart rate > 80%
HR predicted (HRpred = 208 − (Age × 0.7)) [32], RER > 1.05, or reaching a VO2 plateau
(failure to increase oxygen uptake despite a continues increase in work). Breathing reserve
(BR) was calculated as (MVV − peak minute ventilation (VE) and (1 − peakVE/MVV)
× 100) and low BR defined as BR% < 15% or BR < 11 L/min [33]. Patients with normal
BR were compared to patients with borderline/low BR regardless of their group (mild,
moderate/severe and control groups) in order to understand whether prediction of patients
with low/borderline BR was possible based on initial tests (i.e., PFTs) before referring
to CPET.

2.4. Statistical Analysis

Data are presented as mean ± SD for continuous variables or percentages for cate-
gorical variables. Chi-squared was used for categorical data, and the paired or unpaired
t-test was used for continuous data. Fisher’s exact test was used for simple between-group
comparisons. Missing data were considered missing at random and handled by omitting
the cases with the missing data and analyzing the remaining data for the specific analysis.
p values < 0.05 were considered statistically significant. All data were analyzed using SPSS
(version 12.0; SPSS Inc., Chicago, IL, USA).

This study was conducted in accordance with the amended Declaration of Helsinki.
Rambam Heath Care Campus review board approved the protocol, and written informed
consent was obtained from all patients (protocol number 0760-20-RMB).

3. Results
3.1. Patients

The study included a total of 22 patients who recovered from acute COVID-19 and
had prolonged symptoms, including breathless, and a control group of 14 patients with
unexplained dyspnea who underwent CPET (Figure 1). Of the 22 COVID-19 patients, none
were vaccinated with COVID-19 vaccine prior to their acute disease, 13 had mild disease
and were not hospitalized during their acute disease, and 9 had moderate (n = 2) or severe
(n = 7) disease (see WHO definitions for disease severity in Methods section); all of them
were hospitalized for an average of 7 ± 5 days. The mild disease group was significantly
younger than the moderate/severe group (29 ± 16 vs. 53 ± 4 years, p = 0.035) and had
similar ages to the control group (32 ± 10 years, p = 0.42). BMI was elevated and similar
in all groups (29 ± 7 vs. 31 ± 3 vs. 27 ± 6 kg/m2, respectively). All patients with mild
disease did not have documented pulmonary involvement and did not require oxygen in
their acute phase of disease. All patients with moderate/severe disease had pneumonia,
but only patients with severe disease required oxygen during their hospitalization. All
patients (COVID-19 and control) were generally healthy, and none had prior significant
heart or lung diseases. One patient from the mild group had hypertension before COVID-19.
From the moderate/severe group, three had hypertension, two had diabetes mellitus, and
one had a history of cancer (ovarian). Patients in the unexplained dyspnea group were
healthy without a significant previous medical history. Demographic and baseline data are
presented in Table 1.

3.2. PFTs, 6MWT and Echocardiography

All patients in the mild and moderate/severe COVID-19 groups had a full set of PFTs,
including spirometry (FEV1, FVC), volumes (TLC, RV), and diffusion (DLCO) measure-
ments. Patients in the control group had only spirometry measurements. Spirometry values
were normal in all three groups. Volumes were not statistically significantly different be-
tween the mild and moderate/severe groups. Diffusion capacity (DLCO) was significantly
lower in the moderate/severe group compared to the mild group (85 ± 9 vs. 64 ± 8% of
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predicted, p = 0.014). Walking distance in 6MWT was normal and similar in both mild
and moderate/severe groups (594 ± 128 vs. 593 ± 89 m, p = 0.98). All patients in all three
groups had normal echocardiography except for one patient in the mild group who had
grade 1 diastolic dysfunction. Table 2 summarizes PFTs and 6MWT data.
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Figure 1. Flow chart of participants in the study.

Table 1. Demographic and baseline data for all three groups: mild COVID-19, moderate/severe
COVID-19 and control groups (severity refers to the acute phase of the disease, see Methods section).

Mild (n = 13) Moderate/Severe
(n = 9)

Control Group
(n = 14)

Age (years) 37 ± 16 * 53 ± 4 33 ± 11
Gender (%F) 62% 45% 29%
BMI (kg/m2) 29 ± 7 31 ± 3 27 ± 6

Hospitalization (days) 0 7 ± 5 NR
Supplemental oxygen (% needed) 0 78% NR

Lung disease (%) 0 0 0
Heart disease (%) 0 0 0
Hypertension (%) 8% 33% 0

Diabetes mellitus (%) 0 22% 0
History of cancer (%) 0 11% 0

Active smoker (%) 8% 22% 21%
* Statistically significant between mild vs. moderate/severe groups; BMI—body mass index; NR—not relevant.

Table 2. PFTs and 6MWT data for all 3 groups: mild, moderate/severe and control groups.

Mild (n = 13) Moderate/Severe
(n = 9)

Control Group
(n = 14)

FEV1 (% of predicted) 98 ± 13% 85 ± 17% 95 ± 11%
FVC (% of predicted) 99 ± 18 81 ± 16 97 ± 10

FEV1/FVC 0.82 ± 0.08 0.83 ± 0.03 0.82 ± 0.06
TLC (% of predicted) 88 ± 11 88 ± 9 NA
RV (% of predicted) 100 ± 28 114 ± 13 NA

DLCO (% of predicted) 85 ± 9 * 64 ± 8 NA
6MWD (meter) 594 ± 128 593 ± 89 NA

* Statistically significant between mild vs. moderate/severe groups; PFTs—pulmonary function tests; 6MWT—six-
minute walk test; FEV1—forced expiratory volume in the first second; FVC—forced vital capacity; TLC—total
lung capacity; RV—residual volume; DLCO—diffusion capacity of the lung to carbon monoxide; 6MWD—6-min
walk distance; NA—not available.
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3.3. CPET Results

All patients had CPET as described in the Methods section. All value averages for
all three groups were within normal limits, including peak oxygen uptake (peak VO2),
heart rate, ventilatory equivalents (VE/VCO2 slope), O2 pulse (VO2/HR), saturation before
and at peak exercise, VE, MVV and BR. BR was low/borderline in 2/13 (15%) patients
in the mild group, 2/9 (22%) in the moderate/severe group and 3/14 (21%) patients in
the control group (NS for all between groups comparisons). Peak VO2% of predicted
was normal in all groups but was significantly higher in the mild group compared to
the moderate/severe and control groups (108 ± 14 vs. 92 ± 13 and 91 ± 23 %pred,
p = 0.013, 0.03, respectively). Absolute peak VO2 was normal in the mild COVID-19 and
control groups and borderline and significantly lower in the moderate/severe COVID-19
group (33 ± 9.9, 35 ± 10 and 23 ± 2.7 mL/kg/min, respectively, p = 0.008 for comparison
between mild vs. moderate/severe groups). O2 pulse was normal in all three groups but
significantly higher in the mild group compared to the control group (101 ± 29 vs. 93 ±
26 %pred, p = 0.046). When dividing all patients included in the study (COVID-19 and
control, n = 36) to normal (n = 29) and low/borderline (n = 7) BR, the latter group had
significantly lower FEV1 and FVC (97 ± 11 vs. 78 ± 13 and 97 ± 14 vs. 80 ± 16 %pred, p =
0.02, 0.024, respectively) and higher O2 pulse (93 ± 25 vs. 108 ± 13 %pred). Patients with
low/borderline BR were older, more males than females and more obese, but none were
statistically significant. Table 3 and Figure 2 summarize the CPET data for all three groups
(mild, moderate/severe COVID-19 and control groups). Table 4 summarizes the CPET data
by BR (normal and low/borderline).

Table 3. CPET data for all 3 groups: mild, moderate/severe COVID-19 and control groups.

Mild (n = 13) Moderate/Severe
(n = 9)

Control Group
(n = 14)

PeakVO2 (ml/kg/min) 33 ± 9.9 * 23 ± 2.7 35 ± 10
PeakVO2 (%pred) 108 ± 14 Φ 92 ± 13 91 ± 23

RER 1.15 ± 0.17 1.18 ± 0.18 1.24 ± 0.1
PeakHR (bpm) 177 ± 19 164 ± 18 183 ± 13

PeakHR (%pred) 100 ± 6 96 ± 11 99 ± 6.2
VE/VCO2 slope 31 ± 7.7 34 ± 6.6 29 ± 6.4

PeakO2 pulse (%pred) 101 ± 29 ˆ 95 ± 12.3 93 ± 26
SpO2 pretest (%) 98 ± 1.5 99 ± 1 99 ± 1
Peak SpO2 (%) 98 ± 1.3 96 ± 4 98 ± 1.6

VE (L/min) 108 ± 31 87 ± 18 115 ± 33
MVV (L/min) 133 ± 31 113 ± 28 124 ± 42

BR (L) 27 ± 12.6 26 ± 13 42 ± 30
BR (%) 20 ± 9.5 21 ± 11.3 27 ± 18

* Statistically significant between mild to moderate/severe group; Φ—Statistically significant between mild
to moderate/severe and control groups; ˆ—Statistically significant between mild and control groups; CPET—
cardiopulmonary exercise testing; PeakVO2—peak oxygen uptake; RER—respiratory exchange ratio; HR—heart
rate; VE/VCO2—minute ventilation/carbon dioxide production; SpO2—oxygen saturation; Peak SpO2—oxygen
saturation at peak exercise; MVV—maximal voluntary ventilation; BR—breathing reserve.
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Table 4. CPET data by division to normal and low/borderline breathing reserve for all patients (mild,
moderate/severe COVID-19 and control groups).

Normal BR (n = 29) Low/Borderline BR (n = 7)

Age (years) 37 ± 15 46 ± 11
Gender (F/M) 15/14 1/6
BMI (kg/m2) 28 ± 6 30 ± 7
FEV1/FVC 0.83 + 0.06 0.8 ± 0.06

FEV1 (% of predicted) 97 ± 11 * 78 ± 13
FVC (% of predicted) 97 ± 14 * 80 ± 16

PeakVO2 (ml/kg/min) 30.6 ± 9.5 33.8 ± 12
PeakVO2 (%pred) 95 ± 19 105 ± 22

RER 1.19 ± 0.1 1.18 ± 0.16
Peak HR (bpm) 178 ± 17 169 ± 20

Peak HR (%pred) 99 ± 6.5 96 ± 10.6
VE/VCO2 slope 31 ± 7.5 30 ± 4.5

Peak O2 pulse (%pred) 93 ± 25 * 108 ± 13
SpO2 pretest (%) 97 ± 1.2 97 ± 5
Peak SpO2 (%) 98 ± 1.4 97 ± 5

VE (L/min) 101 ± 27 124 ± 38
MVV (L/min) 128 ± 35 110 ± 31

BR (L) 39 ± 18 * 4 ± 12
BR (%) 28 ± 9 * 3.7 ± 10

* Statistically significant between normal and low/borderline breathing reserve; CPET—cardiopulmonary exercise
testing; BMI—body mass index; FEV1—forced expiratory volume in the first second; FVC—forced vital capacity;
PeakVO2—peak oxygen uptake; RER—respiratory exchange ratio; HR—heart rate; VE/VCO2—minute venti-
lation/carbon dioxide production; SpO2—oxygen saturation; Peak SpO2—oxygen saturation at peak exercise;
MVV—maximal voluntary ventilation; BR—breathing reserve.

4. Discussion

In the current study, we evaluated patients who had recovered from mild COVID-19
complaining of breathless and compared them to patients who recovered from moder-
ate/severe COVID-19 and to patients with unexplained dyspnea. Patients who recovered
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from mild COVID-19 with dyspnea did not have physiologic limitation on CPET, while
patients who recovered from moderate/severe COVID-19 had lower diffusion capacity
(DLCO) and lower peak VO2 compared to patients who recovered from mild disease and
patients with unexplained dyspnea. Hence, dyspnea in patients who recovered from mild
COVID-19 without pulmonary involvement during the acute phase of the disease did not
have a physiologic explanation in our study and the added value of CPET after PFTs in
patients recovering from mild COVID-19 is questionable.

The first reports regarding patients who recovered from severe COVID-19 demon-
strated that the vast majority (94%) had residual disease on chest CT with GGO the most
common pattern [9]. At 30 days after discharge due to COVID-19 pneumonia, about half the
patients had abnormal chest CT findings and about three-quarters had abnormal PFTs with
DLCO the most frequent abnormal value [34]. Long term dyspnea is common following
hospitalization due to COVID-19: of 538 survivors who were hospitalized, approximately
40% still reported dyspnea three months after the acute illness [35]. Of 100 patients who
were discharged from ICU (n = 32) or a general ward (n = 68), dyspnea was reported in
65.6% and 42.6%, respectively [36]. A study that included 1816 patients who were hospital-
ized due to COVID-19 showed that fatigue, dyspnea, chest pain, and cough were the most
prevalent respiratory symptoms found in 52%, 37%, 16% and 14% of patients between three
weeks and three months, respectively [37]. In a long term follow-up of 1276 hospitalized
COVID-19 survivors, a quarter of the patients still reported dyspnea at six months and 30%
at one year after the acute illness [38].

Few studies have evaluated patients recovering from COVID-19 with CPET. The largest
study included 200 patients three months after hospitalization due to COVID-19. About
half had lower than predicted peak VO2; among them 14.8% had respiratory, 34.4% had
cardiac, and 50.8% had non-cardiopulmonary reasons for exercise limitation [22]. However,
this study did not include patients with mild disease who were not hospitalized. Another
large study evaluated patients after acute COVID-19 with and without PC19C with CPET at
three months after the acute disease. Patients with PC19C had significantly lower peak VO2
compared to asymptomatic subjects, developed symptoms more frequently during CPET
and were less likely to reach the anaerobic threshold when compared to asymptomatic
subjects [24]. In this study, about a fifth of the patients required hospitalization in their acute
phase of COVID-19. Another study compared 38 patients who recovered from COVID-19
and were not hospitalized to 25 patients who were hospitalized due to COVID-19. The most
common symptom in both groups was fatigue followed by exertional dyspnea. Patients
who were hospitalized had lower FVC, TLC and DLCO and lower peak VO2. Interestingly,
68% of hospitalized patients had chronotropic insufficiency compared to 18% of patients
who were not hospitalized [39].

In our study, we compared three groups of patients: patients recovered from mild
COVID-19, patients recovered from moderate/severe COVID-19, and a control group
with unexplained dyspnea. Patients with mild disease had normal PFTs at three months
after the acute illness. Patients with moderate/severe disease had normal spirometry
and volumes but abnormal and significantly lower DLCO compared to patients with
mild disease. Patients who recovered from moderate/severe COVID-19 complaining of
dyspnea had lower peak VO2 than patients who recovered from mild disease and patients
with unexplained dyspnea. Interestingly, patients with mild disease had, on average,
significantly higher peak VO2 and O2 pulse (VO2/HR, low value or flattening of the
O2 pulse curve are considered markers for decreased cardiac stroke volume), despite
reporting dyspnea.

Exertional dyspnea was assessed using ventilatory responses, such as high minute
ventilation (VE), breathing reserve (BR), ventilatory equivalents (VE/VCO2 slope, a sub-
maximal marker for increased ventilatory drive related to the amount and sensitivity of
central chemoreceptors and the ventilatory dead space), oxygen saturation and exertional
cardiac parameters (especially O2 pulse). No differences were found in the above parame-
ters between the mild and control groups. When we divided all patients into two groups by
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normal or low/borderline BR, we found that patients with low/borderline BR had pretest
(CPET) abnormal PFTs, explaining and predicting the respiratory limitation seen in patients
who suffered physical lung damage.

Exertional dyspnea may also be related to obesity and deconditioning. In our study,
most of the patients were overweight/obese but with normal mean oxygen uptake and
similar to the overweight control group.

We cannot explain physiologically the dyspnea seen in patients who recovered from
COVID-19 without pulmonary/cardiac dysfunction, illustrated by normal PFTs/echocardio-
graphy, respectively. Possible mechanisms that should be considered include venous throm-
boembolic disease (VTE), deconditioning, pulmonary/cardiac dysfunction not discovered
in routine tests, hypothyroidism or other endocrine dysfunction, depression/anxiety re-
lated or a chronic fatigue syndrome-like clinical picture. In two meta-analyses, it was
shown that the prevalence of VTE in patients with COVID-19 is very high; 26% among
about 3500 patients, 32% pulmonary embolism (PE) and 27% deep vein thrombosis (DVT)
among 6500 patients [40,41]. However, these patients were hospitalized mostly with se-
vere or critical illness and there is no available data regarding the prevalence of VTE in
patients who had mild disease and were not hospitalized. Deconditioning is a plausible
explanation, but one would expect lower anaerobic thresholds, lower maximal oxygen
consumption and lower workload, which we did not see in our study. Pulmonary and/or
cardiac dysfunction not demonstrated on routine tests (PFTs/echocardiography) would be
expected to be revealed in CPET, which was not seen here. Moreover, patients with mild
disease had significantly higher O2 pulse, representing theoretically higher stroke volumes,
and did not show abnormal heart rate response.

Regarding cardiac damage that cannot be demonstrated in routine tests, in a cohort
of 100 patients who recovered from COVID-19, 78% had cardiovascular involvement as
detected by standardized cardiac MRI, irrespective of pre-existing conditions, the severity
and overall course of the COVID-19 presentation, the time from the original diagnosis, or
the presence of cardiac symptoms [42]. On the other hand, among 41 patients with dyspnea
who had mild COVID-19 and were not hospitalized and 42 control participants, parameters
indicating myocardial inflammation and edema were comparable between patients and
control with no visible myocardial edema in any of the participants [43].

PC19C is frequently associated with continuing respiratory problems and debilitating
fatigue of which patients can interpret and present with dyspnea. From our clinical
experience in a busy post-COVID-19 clinic, many patients with PC19C report persistent
symptoms that resemble CFS. In a small study, CFS-like features were found in 27% of
patients who recovered from COVID-19. These patients showed worse sleep quality, fatigue,
pain, depressive symptoms, subjective cognitive complaints, and dyspnea [44]. CFS is
linked to a viral and autoimmune pathogenesis. The underlying pathophysiology involves
both initiation or trigger by viral disease and, in a significant subset, an autoimmune
etiology. There is now increasing evidence that a great variety of autoantibodies may be
driving severe forms of COVID-19. These autoantibodies may also play a crucial role in
the extended multi-organ illness persevering for months in patients with PC19C [45]. The
symptoms that occur in a large number of patients following severe COVID-19 disease, but
even in mild cases, are similar to the clinical symptoms of other forms of infection-triggered
CFS. However, we did not evaluate methodologically the patients’ mental/psychological
state and, therefore, cannot refer to this theory in our patients robustly.

Patients with PC19C resemble clinically patients with hypothyroidism and/or adrenal
insufficiency. A recent prospective observational study found abnormal thyroid function
tests in about 15% of patients after hospitalization due to COVID-19, suggesting that SARS-
CoV-2 might directly induce viral thyroiditis [46]. Most patients with severe COVID-19
disease receive dexamethasone and may have an adrenal pre-damaged by the inflammatory
process [47]. Therefore, there may be a predisposition for adrenal insufficiency explaining
some of the symptoms in patients with PC19C [48]. However, both theories are preliminary
and not seen widely clinically in patients with PC19C, and were not examined systemically
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in our study. Lastly and interestingly, a novel study on 10 patients with breathless 1 year
after mild COVID-19 who underwent invasive CPET (including right heart catheterization
and arterial line) showed a peripheral, rather than a central (cardiac) limitation to exercise.
The limit was characterized by diffusion defect in oxygen delivery (impaired systemic oxy-
gen extraction) in patients who have recovered from COVID-19 demonstrating a depressed
aerobic exercise capacity suggesting impaired oxygen extraction, which was attributed
primarily to reduced oxygen diffusion in the peripheral microcirculation [49].

Our study has several limitations. This is a single-center study; the sample size is
small with inherently reduced statistical power. However, it is relatively large for a complex
physiologic study carried out during an epidemic. CT scans of the mild patients were not
performed to rule out some unexpected GGO changes. No respiratory or quality of life
questionnaires were completed.

In summary, patients who recovered from mild COVID-19 complaining of dyspnea had
normal PFTs and normal echocardiography. Despite dyspnea, physiological abnormalities
on CPET were similar to matched comparators referred for unexplained dyspnea without
a history of COVID-19. There is currently no known obvious reason why this group of
patients reported dyspnea as opposed to patients who recovered from COVID-19 that
involved the lungs that had lower diffusion capacity in our study. Other mechanisms, such
as a CFS-like clinical syndrome related to SARS-CoV-2 should be investigated.
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