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Keywords:
Research question:How significantly and bywhatmechanisms is exercise capacity impaired in patients with long
COVID who are coming to a specialized clinic for evaluation?
Study design andmethods:We performed a cohort study using theMayo Clinic exercise testing database. SubjectsLong COVID-19
Background: Dyspnea and fatigue are characteristics of long SARS-CoV-2 (COVID)-19. Cardiopulmonary exercise
testing (CPET) can be used to better evaluate such patients.

included consecutive long COVIDpatientswithout prior history of heart or lungdisease sent from the Post-COVID
Care Clinic for CPET. Theywere compared to a historical group of non–COVID patients with undifferentiated dys-
pnea also without known cardiac or pulmonary disease. Statistical comparisons were performed by t-test or
Pearson's chi2 test controlling for age, sex, and beta blocker use where appropriate.
Results: We found 77 patients with long COVID and 766 control patients. Long COVID patients were younger
(47± 15 vs 50± 10 years, P< .01) andmore likely female (70% vs 58%, P < .01). Themost prominent difference
on CPETs was lower percent predicted peak V̇O2 (73 ± 18 vs 85 ± 23%, p < .0001). Autonomic abnormalities
(resting tachycardia, CNS changes, low systolic blood pressure) were seen during CPET more commonly in
long COVID patients (34 vs 23%, P < .04), while mild pulmonary abnormalities (mild desaturation, limited
breathing reserve, elevated V̇E/V̇CO2) during CPETwere similar (19% in both groups) with only 1 long COVID pa-
tient showing severe impairment.
Interpretation: We identified severe exercise limitation among long COVID patients. Young women may be at
higher risk for these complications. Though mild pulmonary and autonomic impairment were common in long
COVIDpatients,marked limitationswere uncommon.Wehope our observations help to untangle the physiologic
abnormalities responsible for the symptomatology of long COVID.
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Cardiopulmonary exercise testing
fatigue
dyspnea
autonomic abnormalities
dy mass index; BR, breathing
; CNS, central nervous system;
nary exercise testing; CRP, C -
rocardiogram; EMR, electronic
C, functional aerobic capacity;
board; LVEF, left ventricualr

pulmonary function test; PVC,
change ratio; RF, rheumatoid
e coronavirus 2; SBP, systolic
expired ventilation; V ̇E/V ̇CO2,
ygen uptake per minute; VT,

lar Medicine, SW. Mayo Clinic,
erica.
).

. Newman, L. Cappelloni, et
ogress in Cardiovascular Dise
After three years, SARS-CoV-2 (COVID-19) is still demonstrating
new manifestations both in the acute phase and in the long term. The
most common symptoms during the acute infection are fever, cough,
shortness of breath, andmyalgia, among others1.With each newvariant
there has been little change in these clinical features,2,3 though there are
apparent differences among strains regarding the symptom onset and
transmissibility.3–5

Symptoms may persist more than 28 days, and new sequelae may
appear after the acute infection. This phenomenon has been termed
‘post-acute sequelae of SARS-CoV-2 infection’ (PASC)6–8 – more com-
monly known as “long COVID”. A systematic review and meta-analysis
published in 2021 reported more than 50 long COVID symptoms,
among which fatigue, headache, attention disorders, hair loss, dyspnea,
ageusia and anosmiawere themost common.9 Clinical experience from
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our own Post COVID Care Clinic corroborates symptom prevalencewith
fatigue, dyspnea, brain fog, anxiety, unrefreshing sleep, and post exer-
tional malaise being the most reported symptoms.10

Cardiopulmonary exercise testing (CPET) is widely used to evaluate
the influence of cardiac, respiratory, musculoskeletal, and hematologi-
cal systems in exercise tolerance.11–13 Several studies have described
the results of CPET in patients with long COVID presenting with various
symptoms including dyspnea,6,14–17 although pulmonary function tests
(PFT)15,16,18 and pulmonary14,18 and cardiac imaging14 have also been
used. Parameters such as peak V ̇O2 were found to be abnormal to
varying degrees in patients included in these studies.6,14–17 Data
suggest that peripheral skeletal muscle abnormalities resulting in
impaired tissue oxygen extraction is likely the cause of many of these
manifestations,17 rather than pulmonary or cardiac dysfunction.
However, similar changes could be present in patients with dyspnea
without previous SARS-CoV-2 infection or any cardiopulmonary
impairment. 11–13

This cohort study aims to compare CPET findings of long COVID pa-
tients with non-COVID patients with undifferentiated dyspnea on exer-
tion seen at Mayo Clinic. Data gathered from the EMR (electronic
medical record) will also serve to describe other symptoms presented
as part of long COVID as well as other characteristics to contribute to
the data already published by the studies cited above.

Study design and methods

We carried out a retrospective cohort study to report the cardiore-
spiratory fitness of patients with long COVID using CPET and compare
their results to non-COVID patients with undifferentiated dyspnea on
exertion.

Subjects

Our study group was composed of patients with long COVID pre-
senting to Mayo Clinic's Post COVID Care Clinic between January 2021
and January 2022 for a post-COVID evaluation including CPET. All long
COVID patients had PCR (polymerase chain reaction)- or antigen-
confirmed SARS-CoV-2 infection during the acute illness. Patients
were excluded if they had active cardiac or pulmonary disease pre-
COVID. Controls were patients with undifferentiated dyspnea on exer-
tion from a previously created database of CPETs performed between
January 2011 and June 2016. Exclusion criterion for this group was a
concurrent diagnosis of cardiac or pulmonary disease. After all criteria
were applied, 77 long COVID patients were included in the study
group and 766 patients in the control group. All study methods were
approved by the Mayo Clinic IRB.

Study procedures

All long COVID patients underwent a standard evaluation in a spe-
cialized Post Covid Care Clinic. This included history and physical
exam, chest X-ray, and laboratory panel. Echocardiography and pulmo-
nary function tests were not a standard part of the order set but added
liberally as clinically appropriate. Symptom-limited exercise testing
with respiratory gas exchange analysis (MGC Diagnostics metabolic
cart, St. Paul, Minnesota)was performed on a treadmill (GE,Milwaukee,
WI) using an accelerated Naughton protocol (2-min workloads, 2 MET
increments per workload).19 Most tests employed a 3-min active recov-
ery at 1.7 MPH/% grade. Electrocardiograms were continuously moni-
tored (GE CASE, Milwaukee, WI), and blood pressure was assessed the
last 30 s of each 2-min workload using a stethoscope and aneroid with
appropriately sized manually inflated cuff. Patients were encouraged
to exercise to fatigue rating of perceived exertion (RPE) ≥ 17 on the
standard Borg scale.20 Standard CPET variables, including peak V ̇O2

and V ̇E/V ̇CO2 nadir, were calculated with BreezeSuite software
provided MGC Diagnostics using 30 s averages updated every 10 s
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(“rolling 30s”). Calibration using gravimetric quality gases was per-
formed before each test. Peak V̇O2 was the highest 30-s averaged V̇O2

during exercise and was expressed in mL/kg/min and as percent of
age, sex, and weight predicted based on FRIEND data.21 V̇E/V̇CO2 nadir
was taken as the lowest 30-s average during exercise. Quality of exercise
effort was assessed by peak respiratory exchange ratio (RER = V̇CO2/
V ̇O2). Heart rate (HR) was taken from the continuously monitored
ECG (GE CASE 8000, Milwaukee, WI). Rest HR was recorded after
5 min of sitting. Peak HR was based on a 10-s strip taken at peak exer-
cise. HR recovery was defined as the difference between peak HR and
HR at 1 min after peak exercise in active recovery. Oxygen saturation
(O2 sat) was monitored via forehead oximetry using a Nellcor N-595
(Pleasonton, CA). Patients were asked about symptoms at each stage
of the test; severity of responses were recorded on a 1 to 10 scale used
throughout Mayo Clinic. Details of our CPET protocol have been previ-
ously published.22

Study variables

Variables of concern from the CPET included peak V̇O2 and percent
predicted peak V ̇O2, resting and peak HR, resting and peak systolic
blood pressure (SBP), peak RER, maximum minute volume of expired
ventilation (V̇E), breathing reserve (BR) – defined as 100% x (1 –maxi-
mal VE/40 x measured or estimated FEV1),23 minimum O2 saturation,
and V ̇E/V ̇CO2 nadir (lowest value during exercise). Effort on the test
was categorized as maximal if peak RER ≥ 1.15 was achieved, near-
maximal if peak RER was 1.05–1.14, and sub-maximal if peak
RER < 1.05.24–26

We also included patient-reported symptoms of general fatigue,
dyspnea, chest pain, CNS (central nervous system) changes (which in-
cluded brain fog, lightheadedness, dizziness, or pre-syncope), and neu-
romuscular or orthopedic limitations, and identified significant cardiac
arrhythmias and ST-T changes during the test.

Other variables included in this study were sex, age, weight, body
mass index (BMI), and use of beta blockers. COVID variables included
acute illness management (hospitalization, use of oxygen therapy or
ventilator, medications), reinfection, vaccination status, specific long
COVID symptoms, and a standardized laboratory panel (Hb, ferritin,
D-dimer, IL-6, CRP, ESR, ANA, CCP, RF, vitamin D, CK, TSH, AM cortisol).
These data were abstracted from the EMR. PFTs and echocardiograms
were performed based on clinical suspicion and were not part of the
standard workup. All data were double-checked by two researchers
(AM and LC). Patient confidentialitywas protected by using a numerical
identification number. There was no patient contact during the study.

Derived cardiac variables included the following: resting
HR > 100 bpm, peak SBP < 10th percentile for age and sex,27 heart
rate reserve (peak – resting HR), chronotropic incompetence defined
as HR reserve <80% of the predicted value for age and sex,28,29 HR re-
covery (peak HR – HR at 1-min post-peak exercise), and abnormal HR
recovery defined as <13 bpm during active recovery of <18 bpm if
there was no active recovery. If there was ≥1. 0 mm ST deviation during
exercise, regardless of the resting ST segments, the exercise ECG was
considered abnormal. Premature ventricular contractions (PVCs) were
categorized according to 4 levels: 1) no PVCs; 2) PVCs <5 per minute;
3) PVCs >5 per minute or in pairs; 4) ventricular tachycardia (VT). All
VT episodes were reviewed for duration: 3–5 beats; >5 beats but
<30 s; ≥30 s.

Derived pulmonary responses included: BR < 15%, minimum O2

saturation < 93%, and V ̇E/V ̇CO2 nadir >2 standard deviations above
the mean for age-sex based norms reported by Sun et al.30

Statistical procedures

To test for differences between long COVID and controls, Pearson's
Chi square was used for categorical variables and t-tests for continuous
variables. When necessary to adjust for covariates including age, sex,



Table 2
Comparison of long COVID and dyspnea controls.

Long COVID Control subjects

N = 77 N = 766 P

Age 47 ± 15 50 ± 10 0.0064
Female 55 (71) 441 (58) 0.0329
BMI (kg/m2) 30.1 ± 7.3 29.4 ± 6.3 0.2814a

Use of B blockers 12 (16) 111 (15) 0.8063
Rest HR (bpm) 78 ± 14 77 ± 14 0.8895a,b

Peak HR (bpm) 156 ± 23 158 ± 20 0.0137a,b

HR recovery (bpm) 18 ± 10 22 ± 13 0.0124
Resting SBP (mmHg) 120 ± 18 122 ± 18 0.9874a,b

Peak SBP mmHg 164 ± 28 171 ± 28 0.2807a,b

Peak RER 1.17 ± 0.13 1.15 ± 0.11 0.2
Peak V̇O2 (mL/kg/min) 21.9 ± 6.4 25.8 ± 7.4 <0.0001a,b

Percent predicted peak V ̇O2 73 ± 18 85 ± 23 <0.0001
Max V ̇E (L/min BTPS) 66.5 ± 21.7 74.9 ± 25.8 0.0307a,b

Breathing reserve (%) 46 ± 15 44 ± 14 0.38a,b

Minimum O2 saturation (%) 97 ± 2 98 ± 2 0.12
VĖ/V ̇CO2 nadir 28 ± 5 29 ± 4 0.11a

Values are mean ± SD or n (%).
Abbreviations: BMI = body mass index; FAC = functional aerobic capacity); HR = heart
rate; SBP= systolic blood pressure; RER= respiratory exchange ratio; CPET= cardiopul-
monary exercise test.

a Adjusted for age and sex.
b Adjusted for beta blocker use.
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beta blocker, and effort according to peak RER where appropriate, test-
ing was upgraded to logistic regression for categorical variables and
ANOVA according to the general linear model was used for continuous
variables. SASwas used for all statistical procedures. P< .05was defined
as the level of statistical significance.

Results

We identified 77 long COVID patients and 766 controls. Table 1 sum-
marizes information about baseline characteristics of the long COVID
group. Mean age was 47 ± 15 years, 55 (71%) were female, and mean
BMI was 30.1 ± 7.3 kg/m2. During the acute illness, 14 (18%) were hos-
pitalized, and only 2 (2.6%) required a ventilator. Most frequently re-
ported long COVID symptoms were fatigue (92%) and dyspnea (71%)
– meaning in general daily activity, not specifically on the CPET.

Elective tests and other laboratory parameters were overall within
the normal range.

Table 2 presents comparisons of the long COVID patients and con-
trols. Long COVID patients were slightly younger and more likely fe-
male; BMI and use of beta blockers were similar. There were
significant differences between the groups in percent predicted peak
V ̇O2, our principal study variable. Effort on the test as indicated by
peak RER was similar in the two groups.

Figure 1more closely examines the distribution of percent predicted
peak V̇O2, which appears to be normally distributed in controls. In long
COVID patients, however, the distribution is skewed to the left with sig-
nificantly higher portions of patients in the percent predicted V ̇O2

category below 80–89%. Only 5 (6.5%) long COVID patients achieved
at least 100% predicted peak V̇O2.

Turning to Table 3,which presents cardiac and pulmonary responses
to exercise, long COVID patients achieved a slightly lower peakHR and a
borderline lower HR reserve. There was more chronotropic incompe-
tence and low peak SBP in the long COVID patients.

ST-T abnormalities were rare and not different in long COVID versus
controls. The 4 long COVID patients with abnormal ST-T wave response
Table 1
Post-COVID patients. Baseline characteristics.

Anthropometrics Sleep disturbances

Age (years) 47 ± 15 More sleep 23 (30)
Female 55 (71) Less sleep 10 (13)
Male 22 (29) Unrefreshing sleep 9 (12)
Weight (kg) 88 ± 24 Weight change 10 (13)
BMI (kg/m2) 30 ± 7 PFT
Acute COVID FEV1 3.1 ± 0.8
Hospitalized 14 (18) Predicted FEV1 (%) 96 ± 16
O2 requirement 12 (16) FVC 4.0 ± 1.1
Ventilator 2 (2.6) Predicted FVC (%) 93 ± 16
Any medication 14 (18) DLCOcSB 22 ± 5
Antiviral 7 (50) Pred DLCOcSB (%) 93 ± 16
Corticosteroid 12 (86) Labs
Immunotherapy 1 (7.1) Hgb 14 ± 1.5
Antibiotics 2 (14) Ferritin 100 ± 147
Plasma 2 (14) D dimer 433 ± 424
Time post COVID (days) 214 ± 116 IL-6 2.1 ± 1
Reinfection 13 (17) CRP 5.2 ± 6
Long COVID symptoms ESR 9.3 ± 9.9
Fatigue 71 (92) ANA 11 (14)
Dyspnea 55 (71) CCP 15 ± 2
Anosmia/ageusia 19 (25) RF 15 ± 1.4
Myalgias/arthralgias 47 (61) CK 116 ± 108
Mental fog 51 (66) TSH 2.4 ± 1.2
Dizziness/syncope 27 (35) AM cortisol 13 ± 5.8

Values are mean ± SD or n (%).
BMI = body mass index; PFT = pulmonary function test; FEV1 = forced expiratory vol-
ume in the first second; FVC = forced vital capacity; DLCOcSB = diffusion capacity of
the lung for carbon monoxide corrected for hemoglobin single breath; Hgb = hemoglo-
bin; IL-6 = interleukin-6; CRP = C-reactive protein; ESR = erythrocyte sedimentation
rate; ANA= antinuclear antibody; CCP = citrullinated peptide; RF = rheumatoid factor;
CK = creatine kinase; TSH = thyroid stimulating hormone.
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to exercise all had baseline ST-T abnormalities, so exercise ECG re-
sponses were coded as non-diagnostic, as were 22 of the 33 controls
with exercise ST-T abnormalities (the remaining 11 interpreted as “pos-
itive for ischemia”). PVC frequency was similar in both groups. All epi-
sodes of ventricular tachycardia (VT) in both groups were limited to
3–5 best runs.

In terms of pulmonary responses, peak V̇E was lower in long COVID
patients versus controls – likely secondary to differences in proportion
of fe’males, but breathing reserve was similar, as was minimum O2

saturation and V ̇E/V ̇CO2 nadir. The frequencies of limited breathing
reserve, low O2 saturation, and high V̇E/V̇CO2 nadir were not different
between the long COVID patients and controls.

Figure 2 presents the symptom response to exercise. Chest pain was
reported in 14% of patients of both groups. General fatigue was more
commonly reported as a limiting symptom in controls, and there was
a trend (P = .09) towards more common reporting of dyspnea. Dizzi-
ness/lightheadedness/presyncope and lower extremity neuromuscular
complaints were conversely significantly more common in long COVID
patients. While high resting HR, chronotropic incompetence, abnormal
HR recovery, and low peak SBP were listed under cardiac responses,
these could also to some degree represent autonomic abnormalities,
reflecting the higher level of dizziness/lightheadedness/presyncope
reported in the long COVID patients.

Discussion

We have presented detailed CPET results on 77 patients with long
COVID at a known time frame after carefully documented acute COVID
infection and compared results to a large non-COVID control group of
766 patients evaluated for undifferentiated dyspnea. Our principal find-
ing was a low percent predicted peak V̇O2 (73 ± 18%) in patients with
long COVID, even in comparison to the controls complaining of dyspnea
(85 ± 23%). Only 5/77 (6.5%) long COVID patients achieved at least
100% predicted peak V ̇O2. Secondary findings were mild pulmonary
abnormalities, similar to controls, and mild autonomic impairment
including symptoms of dizziness/lightheadedness/presyncope (22%),
chronotropic incompetence (44%), or low peak SBP (21%), all more fre-
quently seen than in controls. Cardiac responses to exercisewere largely
normalwith only 4 patients (5.2%) having non-diagnostic exercise ECGs
and 11 patients (14%) with frequent PVCs, pairs, or short runs of VT –
not different than controls.



Fig. 1. Comparison of percent predicted peak V̇O2 in long COVID patients versus Control subjects.
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To date there have been multiple reports of CPET results in patients
with prior COVID infection.6,14–17,31–34 Peak V ̇O2 ranged from 66%
predicted15 to 91% predicted.16 Size of the cohorts ranged from only
10 patients15,17 up to 200 patients32. Our study with 77 patients and
average peak V̇O2 of 73% predicted falls squarely within this range. Peak
V̇O2 tended to be lower in studies of patients with long COVID
syndrome6,14,15,17,31,34 versus those testing a cohort of post COVID pa-
tients at a fixed time point after acute presentation irrespective of persis-
tent symptoms16,30–32. Durstenfeld et al. performed a systematic review
and meta -analysis of the use of CPET after COVID-19 infection35. Their
meta-analysis of 9 studies comparing patients either with (464 subjects)
or without symptoms (359 subjects) found that the symptomatic
subjects'peak V̇O2 was 4.9 ml/kg/min lower than asymptomatic subjects.
Table 3
Comparison abnormal exercise test responses in longCOVID and dyspnea control subjects.

Long COVID Control

N = 77 N = 766 P

Cardiac Responses
Resting HR ≥ 100 4 (5.2) 45 (5.9) 0.41a,b

Chronotropic incompetence 34 (44) 261 (34) 0.05a,b,c

Abnormal HR recovery 16 (21) 157 (20) 0.81a,b,c

Low Peak SBP 16 (21) 100 (13) 0.046a,b,c

Exercise ST-T abnormalities 4 (5.2) 33 (4.3) 0.78a,b,c

PVC Frequency 0.38
None 47 (61) 410 (54)
<5/min 19 (25) 263 (34)
≥5/min or pairs 9 (12) 80 (10)
VT 2 (2.6) 13 (1.7)
Symptoms of chest pain 11 (14) 108 (14) 0.51
Pulmonary Responses
Submaximal effort 14 (18) 134 (18) 0.88
Low breathing reserve <15% 2 (2.6) 17 (2.2) 0.49a,b,c

Low O2 saturation < 93% 3 (3.9) 29 (3.8) 0.84a,b,c

VĖ/V ̇CO2 nadir 28 ± 5 29 ± 4 0.32a,b,c

High VĖ/V ̇CO2 11 (14) 107 (14) 0.80a,b,c

Symptoms of dyspnea 44 (57) 501 (66) 0.09

Values are mean ± SD or n (%).
Abbreviations: HR = heart rate; SBP = systolic blood pressure.
Chronotropic incompetence = HR reserve <80% predicted for age and sex; Abnormal HR
recovery = HR Recovery <13 bpm if active recovery or < 18 bpm if no active recovery;
Low peak SBP = peak SBP < 10th percentile for age and sex; Submaximal effort = peak
respiratory exchange ratio < 1.0; Low O2 saturation = minimum O2 saturation < 93%;
V̇E/V̇CO2 nadir = lowest ratio of VĖ to VĊO2 during exercise; High VĖ/V̇CO2 = VĖ/VĊO2

nadir >2 standard deviations from mean for age and sex.
a Adjusted for age and sex.
b Adjusted for beta blocker use.
c Adjusted for effort based on RER.
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Singh et al. performed invasive CPET (right heart catheterization
with upright cycle ergometer exercise) in 10 recovered COVID-19 sub-
jects without cardiopulmonary disease and compared their responses
to matched controls17. Percent predicted peak V̇O2 averaged 70% for
COVID-19 subjects versus 131% for controls. For COVID-19 subjects, car-
diac output during exercisewas normal, however, tissue oxygen extrac-
tion was lower than for controls, indicating a peripheral, rather than
central cardiac impairment.

A cardiac etiology for the reduced peak V̇O2 in our long COVID group
was highly unlikely given the lack of any significant left ventricular dys-
function, ischemia, or arrhythmias based on close review of the resting
and exercise ECGs, and available echocardiograms. Echocardiography
was ordered liberally (58/77 = 75% of patients) on account of even
minor abnormalities on the rest ECG, or clinical suspicion. Left ventricu-
lar ejection fraction (LVEF) ranged from 50 to 69% (mean 61 ± 4%).
Minor valve abnormalitieswere listed as follows:mild-moderate tricus-
pid regurgitation 5/58 = 8.6%; mild-moderate mitral regurgitation 2/
58 = 3.4%; moderate pulmonary regurgitation 1/58 = 1.7%; and mild
aortic regurgitation 1/58 = 1.7%. On the rest ECG, the only abnormali-
ties seen were T-wave inversion (4/77 = 5.2%), all with normal LVEF,
and 1/77= 1.3%with possible left ventricular hypertrophy (but normal
echocardiogram). Almost all exercise ECGs were read as negative for is-
chemia (73/77= 95%). Exercise ECGwas called non-diagnostic in the 4
patients with baseline ST-T abnormalities. Minor arrythmias were pres-
ent on 35 exercise tests (45%),mostly single premature atrial or ventric-
ular complexes.

While there have been many case reports or case series documenting
myocarditis during the acute phase of COVID-1936 persistent myocarditis
with reduced LVEF has not been widely reported. Major markers of car-
diac function such as LVEF (and most minor markers) were not different
in long COVID patients 1-year after hospitalization versus controls.37 A
second study looking at similar echocardiographic and Holter monitor
variables only 3 months after hospitalization for long COVID reported
mild right ventricular systolic and diastolic dysfunction and cardiac ar-
rhythmias versus matched pre-pandemic controls, but none of these
minor findings correlated with patient complaints of fatigue or dyspnea
or the course of inpatient hospital care.38

Our long COVID patients exhibited a relatively low frequency of
minor pulmonary abnormalities identical to the controls. The mild na-
ture of the pulmonary findingswas somewhat surprising, given the pre-
dilection of COVID for pulmonary tissues. Only one long COVID patient
demonstrated severe pulmonary impairment with an O2 saturation of
83% and V ̇E/V ̇CO2 nadir of 50 during exercise. Other studies have
described similarly mild pulmonary abnormalities in CPET in long
COVID.31–33 On the other hand, Grist et al. performed hyperpolarized



Fig. 2. Symptoms during CPET in long COVID patients versus Control subjects.
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xenon magnetic resonance imaging on 9 patients with long COVID and
found alveolar capillary diffusion limitations in all of them; patients did
not undergo CPET, so no exercise data were presented.39

Other papers have addressed autonomic abnormalities and symp-
toms in long COVID. A review of 27 patients with history of confirmed
COVID infection referred for autonomic testing at Mayo Clinic (Roches-
ter and Jacksonville) found complaints of lightheadedness (93%), ortho-
static headache (22%), syncope (11%), hyperhidrosis (11%), and
“burning” (likely neurologic) pain (11%).40We found all these symptoms
– except actual syncope– reported in our long COVIDpatients. There have
also been other reports of long COVID patients experiencing symptoms
suggestive of postural orthostatic tachycardic syndrome, orthostatic cere-
bral hypoperfusion syndrome, and orthostatic hypotension.41–42 Central
nervous system changes, low peak SBP, and chronotropic incompetence
were more common in our long COVID patients than controls. It is not
clear – though unlikely – that autonomic impairment after COVID is in
any substantive way different than after other viral infections.43

A publication by Aranyo et al.44 provides amore in-depth view of in-
appropriate sinus tachycardia (IST) in longCOVIDpatients presenting to
a specialized clinic. Among 200 study patients, 20% reported IST; one of
themain underlying factors was autonomic instability. Also, resting and
exercise ECG reports were reviewed looking for any significant arrhyth-
mias, symptomatic drop in BP, angina with ST changes, or left bundle
branch block. Only premature ventricular contractions (<5/min) and
some T-wave inversions were found. Patients performed a 6 min walk
test, but not a CPET.

In our long COVID group, resting sinus tachycardia had lower preva-
lence (4/77 = 5.2%), though it should be noted that 12/77 patients
(16%) were taking beta blockers, thus potentially masking a higher
rate of sinus tachycardia. Patients with autonomic abnormalities
showed lower predicted peak V ̇O2, both in long COVID (68 ± 16 vs.
82 ± 19% predicted peak V̇O2, P = .028) and in controls (76 ± 19 vs.
94 ± 22% predicted peak V̇O2, P < .0001).

Another possible reason for low peak V ̇O2 is neuromuscular
dysfunction. We found that roughly 1 in 7 (14%) of the long COVID pa-
tients reported neuromuscular symptoms specific to the lower extrem-
ities during their CPET on the treadmill – compared to only 2.9% of
controls. A general reduction in physical activity, compoundedbyhospi-
talization, bed rest, and use of corticosteroids, likely explains these find-
ings, though a review of the topic of neuromuscular complications of
COVID by Suh and Amato45 leaves open the possibility that neuromus-
cular dysfunction may contribute to long COVID.
5

Strengths and limitations

Our study included patients with well-documented long COVID, re-
ferred clinically for careful assessment of exercise limitations by CPET in
a laboratorywith high volume and complexity of patients, extensive ex-
perience, and expertise. Cardiorespiratory fitness was directly mea-
sured as peak V ̇O2.46 A relevant historical comparison group was
available. In terms of limitations, we are not covering the entire spec-
trum of long COVID. Patients with mild symptoms, limited financial re-
sources, or too sick to comfortably travel were less likely to come to
MayoClinic for evaluation. Patientswith pre-COVID cardiac, pulmonary,
or neurologic diseases presenting to other specialty clinics within Mayo
were not included in this cohort, though many of them referred for
CPET. Our focus was on cardiopulmonary responses to exercise. The
findings of relatively frequent autonomic impairment and neuromuscu-
lar complaints would be interesting to pursue in a separate, prospec-
tively planned protocol.

Conclusions

Patients reporting symptoms consistent with long COVID have
significantly impaired exercise tolerance with low peak V ̇O2 and a
variety of symptoms on the exercise test. Their limitations are
greater than patients complaining of undifferentiated dyspnea on
exertion, but we saw limited evidence of significant underlying
cardiac or pulmonary impairment. Autonomic abnormalities were
common, however – more frequent than in the controls, and
exercise performance and peak V ̇O2 were lower in the subset of
patients with abnormal autonomic responses. Neuromuscular
complaints were reported in 14% of long COVID patients – again,
more common than in the controls. We hope that these observations
contribute to the understanding of exercise impairment in long
COVID, though much is still to be learned.
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