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Abstract

IMPORTANCE Reduced exercise capacity is commonly reported among individuals with COVID-19
symptoms more than 3 months after SARS-CoV-2 infection (long COVID-19 [LC]). Cardiopulmonary
exercise testing (CPET) is the criterion standard to measure exercise capacity and identify patterns of
exertional intolerance.

OBJECTIVES To estimate the difference in exercise capacity among individuals with and without LC
symptoms and characterize physiological patterns of limitations to elucidate possible mechanisms
of LC.

DATA SOURCES A search of PubMed, EMBASE, Web of Science, preprint servers, conference
abstracts, and cited references was performed on December 20, 2021, and again on May 24, 2022. A
preprint search of medrxiv.org, biorxiv.org, and researchsquare.com was performed on June 9, 2022.

STUDY SELECTION Studies of adults with SARS-CoV-2 infection more than 3 months earlier that
included CPET-measured peak oxygen consumption (V̇O2) were screened independently by 2
blinded reviewers; 72 (2%) were selected for full-text review, and 35 (1%) met the inclusion criteria.
An additional 3 studies were identified from preprint servers.

DATA EXTRACTION AND SYNTHESIS Data extraction was performed by 2 independent reviewers
according to the PRISMA reporting guideline. Data were pooled using random-effects models.

MAIN OUTCOMES AND MEASURES Difference in peak V̇O2 (in mL/kg/min) among individuals with
and without persistent COVID-19 symptoms more than 3 months after SARS-CoV-2 infection.

RESULTS A total of 38 studies were identified that performed CPET on 2160 individuals 3 to 18
months after SARS-CoV-2 infection, including 1228 with symptoms consistent with LC. Most studies
were case series of individuals with LC or cross-sectional assessments within posthospitalization
cohorts. Based on a meta-analysis of 9 studies including 464 individuals with LC symptoms and 359
without symptoms, the mean peak V̇O2 was −4.9 (95% CI, −6.4 to −3.4) mL/kg/min among those
with symptoms with a low degree of certainty. Deconditioning and peripheral limitations (abnormal
oxygen extraction) were common, but dysfunctional breathing and chronotropic incompetence
were also described. The existing literature was limited by small sample sizes, selection bias,
confounding, and varying symptom definitions and CPET interpretations, resulting in high risk of bias
and heterogeneity.

(continued)

Key Points
Question Is exercise capacity reduced

more than 3 months after SARS-CoV-2

infection among those with long

COVID-19 (LC) symptoms compared

with recovered individuals without

symptoms, and what patterns of

limitations on cardiopulmonary exercise

testing (CPET) are common?

Findings In this systematic review and

meta-analysis of 38 studies comprising

2160 participants, exercise capacity was

reduced by 4.9 mL/kg/min among

individuals with symptoms consistent

with LC compared with individuals

without symptoms more than 3 months

after SARS-CoV-2 infection. Findings

among individuals with exertional

intolerance suggest that deconditioning,

dysfunctional breathing, chronotropic

incompetence, and abnormal peripheral

oxygen extraction and/or use may

contribute to reduced exercise capacity.

Meaning These findings suggest that

CPET may provide insight into the

mechanisms for reduced exercise

capacity among individuals with LC.
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Abstract (continued)

CONCLUSIONS AND RELEVANCE The findings of this systematic review and meta-analysis study
suggest that exercise capacity was reduced more than 3 months after SARS-CoV-2 infection among
individuals with symptoms consistent with LC compared with individuals without LC symptoms, with
low confidence. Potential mechanisms for exertional intolerance other than deconditioning include
altered autonomic function (eg, chronotropic incompetence, dysfunctional breathing), endothelial
dysfunction, and muscular or mitochondrial pathology.
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Introduction

After SARS-CoV-2 infection, a substantial proportion of survivors with long COVID-19 (LC) experience
persistent cardiopulmonary symptoms and exercise intolerance. Long COVID-19 may occur in 3% to
30% of individuals after SARS-CoV-2 infection,1-5 including nonhospitalized and vaccinated
individuals,6,7 and can persist for at least 12 months.8

Cardiopulmonary exercise testing (CPET) is the criterion standard for measuring exercise
capacity and aiding in the differential diagnosis of exercise limitations.9-11 After measuring resting
cardiopulmonary parameters, participants exercise on a cycle ergometer or a treadmill with
measurement of gas exchange and cardiopulmonary monitoring. Measuring oxygen consumption
(V̇O2) allows for objective and reproducible determination of exercise capacity, determination of
anaerobic threshold, and classification of limitations. Research CPET has provided insight into
persistent symptoms after SARS,12 dyspnea in people living with HIV,13 and exercise intolerance in
myalgic encephalitis and/or chronic fatigue syndrome (ME/CFS).14-16 Clinically, CPET is useful
diagnostically for unexplained dyspnea9 and prognostically in heart failure,17 lung disease,9 and
preoperative evaluations.18

Case series suggest that SARS-CoV-2 infection is associated with reduced exercise capacity.19,20

A prior narrative review of 11 studies including 581 patients21 suggested that deconditioning was a
major cause of reduced exercise capacity after COVID-19 hospitalization, with literature limited by
confounding and lack of controls; however, to our knowledge, no systematic review on the role of
CPET in LC has been published. Whether exercise intolerance persists and is associated with LC and
the pathophysiology of exertional intolerance in LC, especially among individuals who are not
hospitalized, is uncertain. Therefore, the objectives of this systematic review and meta-analysis were
to address whether adults with persistent COVID-19 symptoms more than 3 months after SARS-
CoV-2 infection22 have reduced exercise capacity on results of CPET compared with recovered
individuals without symptoms and to identify potential causal pathways for the reduced exercise
capacity after SARS-CoV-2 infection.

Methods

This systematic review and meta-analysis followed the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) reporting guideline and was registered prospectively on
PROSPERO (CRD42021299842) before beginning the literature search. Because the study did not
constitute human participants research, the University of California, San Francisco Institutional
Review Board deemed it exempt from approval and waived informed consent.

We included studies that performed CPET measurement of peak V̇O2 among adults at least 3
months after SARS-CoV-2 infection, including case series (only symptomatic individuals), cohort
studies (both symptomatic and recovered individuals), and baseline data from interventional studies.
Of 3256 studies that were screened by title and abstract, we selected 72 (2%) for full-text review,
(1%) of which met the inclusion criteria. Studies were excluded if participants were studied less than
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3 months after infection or if they did not measure V̇O2. For the first objective, we only included
studies that compared individuals with and without prevalent symptoms consistent with LC at the
time of CPET; for the second objective, we included studies that classified participants with exercise
limitations or explored specific mechanisms of limitations.

A comprehensive search was planned with a research librarian (P.T.) to identify all studies that
used CPET to evaluate exercise capacity among adults more than 3 months after SARS-CoV-2
infection, including studies published since 2020, abstracts from conference proceedings, and
indexed preprints without language restrictions. We searched PubMed, EMBASE, Web of Science,
and references of included studies. We additionally searched medrxiv.org, biorxiv.org, and
researchsquare.com for nonindexed preprints. The search strategy included terms and synonyms for
the following: COVID or SARS-CoV-2 along with cardiopulmonary exercise test, CPET or CPX or CPEX,
exercise capacity, V̇O2, and anaerobic threshold tailored to each search engine (eTable 1 in the
Supplement). Searches were conducted on December 20, 2021, and rerun on May 24, 2022; the
preprint search was performed on June 9, 2022.

The searches were conducted by the research librarian (P.T.), with results downloaded and
imported into a commercially available systemic reviews tool. After duplicates were automatically
removed, 2 independent reviewers (M.S.D. and K.S.) screened each title and abstract using the
systemic reviews tool and were blinded to each other’s decision regarding full-text review. Studies for
which both reviewers agreed to full-text review or disagreed after reconciliation discussion
underwent full-text review. After full-text review and consensus discussion, there were no
disagreements regarding study inclusion. Data extraction was performed independently, in
duplicate, using REDCap (eMethods and eAppendix in the Supplement). Discrepancies were
corrected by the first 2 authors (M.S.D. and K.S.) reviewing the full text together.

Quality was assessed independently by 2 reviewers (M.S.D. and K.S.) using Cochrane’s Quality
in Prognostic Studies tool23 to assess study populations (inclusion criteria and control group),
measurement quality (CPET exercise protocols, peak V̇O2 assessment, submaximal test results, and
interpretation of CPET), outcome (symptom assessment), confounding, and statistical analysis and
reporting, followed by discussion and tabulation of consensus results. The GRADE (Grading of
Recommendations, Assessment, Development, and Evaluations) framework was used to guide a
consensus discussion for overall outcome assessment.24

Owing to expected differences in study inclusion criteria, we used random-effects meta-
analysis to estimate the mean difference in peak V̇O2 (in mL/kg/min) between those with and without
prevalent LC symptoms as defined by each study using a restricted maximum likelihood variance
estimator and Wald-type confidence intervals. For 2 studies that only reported median and IQR, the
distance between the median and IQR upper and lower bounds were similar, so medians were taken
as the mean and SD was estimated as the IQR divided by 1.3525; subgroups were combined among
studies only reporting results by groups.25 Heterogeneity was assessed by examining forest plots,
funnel plots, heterogeneity variance (τ2 statistic), and inconsistency (I2 statistic). Prespecified
subgroup analyses by proportion hospitalized and time since infection were performed. Because of
the small number of studies, tests for publication bias were not performed.

To synthesize findings for our second objective, we recorded the predominant explanatory
finding for reduced exercise capacity, including deconditioning, ventilatory limitation, cardiac
limitations, chronotropic incompetence, dysfunctional breathing/ventilatory inefficiency, or other
limitations, and the number and proportion with each if reported. Meta-analysis was performed
using Stata, version 17.1 (StataCorp LLC); 2-sided P < .05 indicated statistical significance.

Results

We identified 41 reports of 38 observational studies in which CPET was performed among 2160
individuals 3 to 18 months after SARS-CoV-2 infection,26-66 including 1228 individuals with
symptoms consistent with LC. The studies included 33 published reports, 2 conference abstracts,
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and 3 preprints (Figure 1). We identified 1 interventional study of cardiac rehabilitation67 with
baseline CPET reported in an included study.68

Description of Included Studies
Table 1 lists study-level characteristics; eTable 2 and eTable 3 in the Supplement include the risk of
bias assessments. Most studies (32 [84.2%]) were single-center case series of patients attending LC
clinics or referred for clinical CPET (only symptomatic individuals) or cross-sectional assessments
within COVID-19 recovery cohorts (with and without current symptoms). Most studies performed
CPET 3 to 6 months after infection; only 1 study26 investigated individuals more than 1 year after
infection. Fourteen studies (36.8%)27,30,33,35,36,44,47,49,52,55,56,62,66,68 only included individuals who
were hospitalized for acute infection (median, 70% [range, 0-100%] hospitalized), and 15 studies
(39.5%)30,32,39-43,50,51,54,55,57,59,61,64 included individuals with prevalent symptoms at CPET (median,
95% [range, 38%-100%] symptomatic).

Exercise Capacity in Symptomatic Compared With Recovered Individuals
Nine studies26,29,31,33,37,38,44,45,47,58 included both individuals with prevalent symptoms (n = 464)
and recovered individuals without prevalent symptoms (n = 359) (Table 2), with the risk of bias rated
for each study in eTable 2 in the Supplement and overall quality in the eResults in the Supplement.
Because definitions of LC and postacute sequelae of COVID-19 have evolved, studies used different
symptom definitions, mostly based on prevalent symptoms at CPET (dyspnea, fatigue, or exertional
intolerance). From meta-analyses of these 9 studies, mean peak V̇O2 is estimated to be –4.9 (95%
CI, –6.4 to –3.4) mL/kg/min among individuals with symptoms (P < .001) (Figure 2). The I2 statistic
and funnel plot (eFigure 1 in the Supplement) suggest moderate heterogeneity. Two studies that did
not find a statistically significant difference in symptom prevalence by reduced or preserved peak

Figure 1. Study Screening Diagram

3523 References imported for screening

72 Studies assessed for full-text eligibility

267 Duplicates removed

3184 Studies excluded

37 Studies excluded
20 Duplicates/same participants
11 Wrong patient population (<3 mo)
4 Did not include CPET with gas exchange
2 Response/editorial letter (not study)

35 Studies included from main searches

38 Studies included

3 Preprints included

3256 Studies screened by title and abstract

3509 Preprints screened by title and abstract
7 Preprints selected for full-text screening
2 Did not include CPET
2 Included participants prior to 3 mo Among 3523 references identified through our primary

searches, we identified 72 studies for full-text review,
of which 35 met the inclusion criteria. We additionally
screened 3509 preprints and identified 7 for full-text
review, resulting in a total of 38 studies included. CPET
indicates cardiopulmonary exercise testing.

JAMA Network Open | Cardiology Use of Cardiopulmonary Exercise Testing to Evaluate Long COVID-19 Symptoms in Adults

JAMA Network Open. 2022;5(10):e2236057. doi:10.1001/jamanetworkopen.2022.36057 (Reprinted) October 12, 2022 4/17

Downloaded From: https://jamanetwork.com/ by Oscar Bottasso on 10/13/2022

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.36057&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.36057
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.36057&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.36057
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.36057&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.36057
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.36057&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.36057


Ta
bl

e
1.

Su
m

m
ar

y
of

St
ud

ie
sT

ha
tI

nc
lu

de
d

Ca
rd

io
pu

lm
on

ar
y

Ex
er

ci
se

Te
st

in
g

(C
PE

T)
M

or
e

Th
an

3
M

on
th

sA
ft

er
SA

RS
-C

oV
-2

In
fe

ct
io

n

So
ur

ce
Re

po
rt

ty
pe

St
ud

y
de

si
gn

,s
am

pl
in

g,
an

d/
or

re
cr

ui
tm

en
t

N
o.

w
ith

SA
RS

-C
oV

-2
in

fe
ct

io
n

H
os

pi
ta

liz
ed

w
ith

in
fe

ct
io

n,
N

o.
/t

ot
al

N
o.

(%
)

Pr
ev

al
en

t
sy

m
pt

om
s

co
ns

is
te

nt
w

ith
LC

,
N

o.
/t

ot
al

N
o.

(%
)

Ti
m

e
si

nc
e

in
fe

ct
io

n,
da

Pr
im

ar
y

an
al

yt
ic

co
m

pa
ris

on
s

Ab
da

lla
h

et
al

,4
5

20
21

Re
se

ar
ch

le
tt

er
Pr

os
pe

ct
iv

e
co

ho
rt

63
25

/6
3

(4
0)

34
/4

9
(6

9)
12

5
(1

6)
H

os
pi

ta
liz

ed
vs

no
nh

os
pi

ta
liz

ed
4

5

an
d

fa
tig

ue
vs

no
fa

tig
ue

5
8

b

Al
ba

et
al

,4
2

20
21

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
Re

tr
os

pe
ct

iv
e

co
ho

rt
re

fe
rr

ed
fo

r
CP

ET
fr

om
LC

cl
in

ic
18

3/
18

(1
7)

18
/1

8
(1

00
)

25
7.

5
(1

49
-3

22
)

PA
SC

vs
co

nt
ro

ls

Am
br

os
in

o
et

al
,5

5
20

22
Pe

er
-r

ev
ie

w
ed

pu
bl

is
he

d
re

po
rt

Pu
lm

on
ar

y
re

ha
bi

lit
at

io
n

af
te

r
se

ve
re

CO
VI

D-
19

36
36

/3
6

(1
00

)
36

/3
6

(1
00

)
N

R
N

or
m

al
vs

re
du

ce
d

ex
er

ci
se

ca
pa

ci
ty

Ap
ar

is
ie

ta
l,4

7
20

21
Pe

er
-r

ev
ie

w
ed

pu
bl

is
he

d
re

po
rt

Pr
os

pe
ct

iv
e

co
ho

rt
po

st
ho

sp
ita

liz
at

io
n

70
70

/7
0

(1
00

)
41

/7
0

(5
9)

18
1

(4
2)

Pe
rs

is
te

nt
dy

sp
ne

a
vs

no
re

si
du

al
dy

sp
ne

a
Ba

rb
ag

el
at

a
et

al
,3

8
20

22
Pe

er
-r

ev
ie

w
ed

pu
bl

is
he

d
re

po
rt

Re
tr

os
pe

ct
iv

e
EH

R
re

vi
ew

of
in

di
vi

du
al

sr
ef

er
re

d
fo

rc
lin

ic
al

CP
ET

20
0

39
/2

00
(2

0)
11

2/
20

0
(5

6)
80

(2
1)

LC
vs

no
LC

Bl
um

be
rg

et
al

,2
8

20
22

Pr
ep

rin
t

Cr
os

s-
se

ct
io

na
ls

tu
dy

43
N

R
N

R
11

9
(2

4)
Va

cc
in

at
ed

vs
un

va
cc

in
at

ed

Bo
rr

eg
o

Ro
dr

ig
ue

z
et

al
,5

9
20

21
Co

nf
er

en
ce

ab
st

ra
ct

N
on

ho
sp

ita
liz

ed
he

al
th

ca
re

w
or

ke
rs

57
0

57
/5

7
(1

00
)

>9
0

Pe
ak

V̇O
2

>1
00

%
vs

<1
00

%
of

pr
ed

ic
te

d
le

ve
ls

Br
ow

n
et

al
,4

4
20

22
Pe

er
-r

ev
ie

w
ed

pu
bl

is
he

d
re

po
rt

Pr
os

pe
ct

iv
e

ho
sp

ita
liz

ed
co

ho
rt

w
ith

ou
tI

CU
st

ay
,m

yo
ca

rd
ia

li
nj

ur
y,

or
co

m
or

bi
di

tie
s

40
40

/4
0

(1
00

)
20

/4
0

(5
0)

M
ed

ia
n,

10
6

Se
lf-

re
po

rt
ed

no
rm

al
ex

er
ci

se
ca

pa
ci

ty
vs

re
du

ce
d

ex
er

ci
se

ca
pa

ci
ty

vs
co

nt
ro

ls
Ca

ss
ar

et
al

,2
7

20
21

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
Pr

os
pe

ct
iv

e
co

ho
rt

af
te

rC
O

VI
D

ho
sp

ita
liz

at
io

n
42

42
/4

2
(1

00
)

N
R

(8
9%

ov
er

al
l)

18
0

(1
80

-2
04

)
Ch

an
ge

in
CP

ET
fr

om
2-

3
m

o
to

6
m

o
an

d
vs

co
nt

ro
ls

Cl
av

ar
io

et
al

,6
8

20
21

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
Pr

os
pe

ct
iv

e
co

ho
rt

af
te

rC
O

VI
D

ho
sp

ita
liz

at
io

n
20

0
20

0/
20

0
(1

00
)

16
0/

20
0

(8
0)

10
7

(8
3-

18
9)

N
or

m
al

vs
re

du
ce

d
ex

er
ci

se
ca

pa
ci

ty

de
Bo

er
et

al
,4

0
20

22
Re

se
ar

ch
le

tt
er

Re
tr

os
pe

ct
iv

e
ca

se
se

rie
so

f
cl

in
ic

al
ly

re
fe

rr
ed

fo
rC

PE
T

50
5/

50
(1

0)
50

/5
0

(1
00

)
18

0
(1

20
)

Fa
tt

y
ac

id
an

d
la

ct
at

e
pr

od
uc

tio
n

in
PA

SC
vs

pu
bl

is
he

d
co

ho
rt

s
De

be
au

m
on

te
ta

l,3
0

20
21

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
Re

tr
os

pe
ct

iv
e

ca
se

se
rie

so
f

ho
sp

ita
liz

ed
pa

tie
nt

sw
ith

CO
VI

D-
19

re
fe

rr
ed

fo
rC

PE
T

23
23

/2
3

(1
00

)
23

/2
3

(1
00

)
18

0
W

ar
d

vs
IC

U

Do
re

lli
et

al
,4

9
20

21
Re

se
ar

ch
le

tt
er

Pr
os

pe
ct

iv
e

co
ho

rt
po

st
ho

sp
ita

liz
at

io
n

w
ith

ou
t

co
m

or
bi

di
tie

s

28
28

/2
8

(1
00

)
N

R
16

9
(2

8)
Ex

er
ci

se
ve

nt
ila

to
ry

in
ef

fic
ie

nc
y

vs
ef

fic
ie

nc
y

Du
rs

te
nf

el
d

et
al

,2
6

20
22

Pr
ep

rin
t

Pr
os

pe
ct

iv
e

co
ho

rt
w

ith
ou

t
ca

rd
io

va
sc

ul
ar

di
se

as
e

39
7/

39
(1

8)
23

/3
9

(5
9)

52
5

(4
65

-5
52

)
Ca

rd
io

pu
lm

on
ar

y
sy

m
pt

om
sv

sn
o

sy
m

pt
om

s
Ev

er
se

ta
l,5

4
20

22
Pe

er
-r

ev
ie

w
ed

pu
bl

is
he

d
re

po
rt

Re
tr

os
pe

ct
iv

e
ca

se
se

rie
so

fp
at

ie
nt

s
re

fe
rr

ed
fo

rp
os

t–
CO

VI
D-

19
ex

er
ci

se
lim

ita
tio

n
or

dy
sp

ne
a

30
21

/3
0

(7
0)

30
/3

0
(1

00
)

M
ea

n,
12

9
Ch

an
ge

fr
om

CP
ET

as
se

ss
m

en
t1

to
2

Fr
és

ar
d

et
al

,5
0

20
22

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
Re

tr
os

pe
ct

iv
e

co
ho

rt
of

cl
in

ic
al

CP
ET

am
on

g
pa

tie
nt

sr
ef

er
re

d
fo

rL
C

an
d

pe
rs

is
te

nt
dy

sp
ne

a

51
36

/5
1

(7
1)

51
/5

1
(1

00
)

11
9

(8
9)

Dy
sf

un
ct

io
na

lb
re

at
hi

ng
vs

no
rm

al
br

ea
th

in
g

Go
di

nh
o

an
d

Fr
ee

m
an

,6
1

20
21

Co
nf

er
en

ce
ab

st
ra

ct
Ca

se
se

rie
so

fn
on

ho
sp

ita
liz

ed
pa

tie
nt

sw
ith

pe
rs

is
te

nt
ex

er
ci

se
lim

ita
tio

ns

9
0

9/
9

(1
00

)
Ra

ng
e,

18
0-

36
0

De
sc

rip
tiv

e

Ja
hn

et
al

,6
2

20
21

Re
se

ar
ch

le
tt

er
Ca

se
se

rie
so

fp
at

ie
nt

sw
ith

se
ve

re
CO

VI
D-

19
pn

eu
m

on
iti

sa
tt

en
di

ng
po

st
ho

sp
ita

liz
at

io
n

pu
lm

on
ar

y
re

ha
bi

lit
at

io
n

35
35

/3
5

(1
00

)
N

R
90

Im
pa

ire
d

vs
no

rm
al

pe
ak

V̇ O
2

Jo
hn

se
n

et
al

,6
3

20
21

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
Ca

se
se

rie
so

fp
os

t–
CO

VI
D-

19
cl

in
ic

re
fe

rr
al

sf
or

CP
ET

fo
rs

ym
pt

om
s

31
N

R
(6

0%
ov

er
al

l)
N

R
(6

7%
ov

er
al

l)
90

N
on

ho
sp

ita
liz

ed
vs

ho
sp

ita
liz

ed

Ke
rs

te
n

et
al

,5
3

20
21

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
Ca

se
se

rie
so

fp
os

t–
CO

VI
D-

19
cl

in
ic

re
fe

rr
al

sf
or

CP
ET

if
in

iti
al

te
st

re
su

lts
no

tr
ev

ea
lin

g

36
N

R
(8

%
ov

er
al

l)
N

R
12

1
(7

7)
De

sc
rip

tiv
e

(c
on

tin
ue

d)

JAMA Network Open | Cardiology Use of Cardiopulmonary Exercise Testing to Evaluate Long COVID-19 Symptoms in Adults

JAMA Network Open. 2022;5(10):e2236057. doi:10.1001/jamanetworkopen.2022.36057 (Reprinted) October 12, 2022 5/17

Downloaded From: https://jamanetwork.com/ by Oscar Bottasso on 10/13/2022



Ta
bl

e
1.

Su
m

m
ar

y
of

St
ud

ie
sT

ha
tI

nc
lu

de
d

Ca
rd

io
pu

lm
on

ar
y

Ex
er

ci
se

Te
st

in
g

(C
PE

T)
M

or
e

Th
an

3
M

on
th

sA
ft

er
SA

RS
-C

oV
-2

In
fe

ct
io

n
(c

on
tin

ue
d)

So
ur

ce
Re

po
rt

ty
pe

St
ud

y
de

si
gn

,s
am

pl
in

g,
an

d/
or

re
cr

ui
tm

en
t

N
o.

w
ith

SA
RS

-C
oV

-2
in

fe
ct

io
n

H
os

pi
ta

liz
ed

w
ith

in
fe

ct
io

n,
N

o.
/t

ot
al

N
o.

(%
)

Pr
ev

al
en

t
sy

m
pt

om
s

co
ns

is
te

nt
w

ith
LC

,
N

o.
/t

ot
al

N
o.

(%
)

Ti
m

e
si

nc
e

in
fe

ct
io

n,
da

Pr
im

ar
y

an
al

yt
ic

co
m

pa
ris

on
s

La
dl

ow
et

al
,3

1
20

22
Pe

er
-r

ev
ie

w
ed

pu
bl

is
he

d
re

po
rt

Pr
os

pe
ct

iv
e

co
ho

rt
of

ac
tiv

e
m

ili
ta

ry
pe

rs
on

ne
l

11
3

35
/8

7
(3

1)
61

/8
7

(7
0)

15
9

(7
)

Co
m

pa
ris

on
sb

y
ho

sp
ita

liz
at

io
n

an
d

pe
rs

is
te

nt
sy

m
pt

om
sc

om
pa

re
d

w
ith

co
nt

ro
ls

Li
u

et
al

,5
2

20
21

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
Pr

os
pe

ct
iv

e
po

st
ho

sp
ita

liz
at

io
n

co
ho

rt
41

41
/4

1
(1

00
)

N
R

21
9

(1
1)

Pu
lm

on
ar

y
fib

ro
si

sv
sn

o
fib

ro
si

s

M
an

ci
ni

et
al

,4
3

20
21

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
Ca

se
se

rie
so

fL
C

cl
in

ic
re

fe
rr

al
sf

or
CP

ET
fo

rs
ym

pt
om

s
41

9/
41

(2
2)

41
/4

1
(1

00
)

26
7

(9
9)

De
sc

rip
tiv

e

M
ar

ga
lit

et
al

,3
7

20
22

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
N

es
te

d
ca

se
-c

on
tr

ol
st

ud
y

w
ith

in
CO

VI
D

re
co

ve
ry

co
ho

rt
14

1
14

/1
41

(1
0)

66
/1

41
(4

7)
24

0
(7

5)
Fa

tig
ue

vs
no

si
gn

ifi
ca

nt
fa

tig
ue

M
oh

re
ta

l,4
1

20
21

Re
se

ar
ch

le
tt

er
Ca

se
se

rie
so

fp
os

t–
CO

VI
D-

19
cl

in
ic

re
fe

rr
al

sf
or

CP
ET

fo
rd

ys
pn

ea
10

6/
10

(6
0)

10
/1

0
(1

00
)

M
ea

n,
11

5
De

sc
rip

tiv
e

M
ot

ie
ju

na
ite

et
al

,4
6

20
21

Re
se

ar
ch

le
tt

er
Pr

os
pe

ct
iv

e
co

ho
rt

11
4

10
4/

11
4

(9
1)

58
/1

14
(5

1)
90

(7
1-

10
6)

DL
CO

>7
5

vs
≤7

5

M
ou

ls
on

et
al

,5
7

20
22

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
Ca

se
se

rie
so

fy
ou

ng
at

hl
et

es
re

fe
rr

ed
fo

rs
ym

pt
om

s
21

N
R

21
/2

1
(1

00
)

90
(6

3)
Yo

un
g

sy
m

pt
om

at
ic

at
hl

et
es

vs
hi

st
or

ic
al

co
nt

ro
ls

Pa
rk

es
et

al
,6

4
20

21
Pr

ep
rin

t
Re

tr
os

pe
ct

iv
e

co
ho

rt
of

pa
tie

nt
s

un
de

rg
oi

ng
cl

in
ic

al
CP

ET
12

9/
12

(7
5)

12
/1

2
(1

00
)

18
2

(1
11

)
De

sc
rip

tiv
e

Pl
eg

ue
zu

el
os

et
al

,5
6

20
21

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
Su

rv
iv

or
so

fA
RD

S
du

e
to

bi
la

te
ra

l
CO

VI
D-

19
pn

eu
m

on
ia

re
qu

iri
ng

m
ec

ha
ni

ca
lv

en
til

at
io

n
an

d
tr

ac
he

os
to

m
y

15
15

/1
5

(1
00

)
N

R
N

R
M

ec
ha

ni
ca

le
ff

ic
ie

nc
y,

pe
ak

V̇ O
2

,
an

d
po

w
er

ou
tp

ut
in

pa
tie

nt
sw

ith
CO

VI
D-

19
vs

3
co

nt
ro

lg
ro

up
s

Ri
be

iro
Ba

pt
is

ta
et

al
,3

6
20

22
Pe

er
-r

ev
ie

w
ed

pu
bl

is
he

d
re

po
rt

Pr
os

pe
ct

iv
e

co
ho

rt
w

ith
se

ve
re

CO
VI

D-
19

re
qu

iri
ng

ho
sp

ita
liz

at
io

n
>7

d
an

d
ox

yg
en

10
5

10
5/

10
5

(1
00

)
N

R
90

d
af

te
rd

is
ch

ar
ge

N
or

m
al

vs
re

du
ce

d
ex

er
ci

se
ca

pa
ci

ty

Ri
na

ld
o

et
al

,3
5

,6
5

20
21

Re
se

ar
ch

le
tt

er
Pr

os
pe

ct
iv

e
co

ho
rt

po
st

ho
sp

ita
liz

at
io

n
75

75
/7

5
(1

00
)

39
/7

5
(5

2)
97

(2
6)

N
or

m
al

vs
re

du
ce

d
ex

er
ci

se
ca

pa
ci

ty

Ro
m

er
o-

O
rt

un
o

et
al

,3
2

20
22

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
Cr

os
s-

se
ct

io
na

ls
tu

dy
of

sy
m

pt
om

at
ic

in
di

vi
du

al
sw

ith
in

a
pr

os
pe

ct
iv

e
co

ho
rt

80
14

/8
0

(1
7)

80
/8

0
(1

00
)

M
ed

ia
n,

32
0

(r
an

ge
,

39
-6

55
)

At
ta

in
in

g
>8

5%
of

pr
ed

ic
te

d
m

ax
im

um
he

ar
tr

at
e

Si
ng

h
et

al
,3

9
20

22
Pe

er
-r

ev
ie

w
ed

pu
bl

is
he

d
re

po
rt

Pr
os

pe
ct

iv
e

co
ho

rt
re

fe
rr

ed
fo

r
CP

ET
fr

om
LC

cl
in

ic
fo

ru
ne

xp
la

in
ed

ex
er

ci
se

in
to

le
ra

nc
e

w
ith

ne
ga

tiv
e

in
iti

al
fin

di
ng

so
fw

or
ku

p

10
1/

10
(1

0)
10

/1
0

(1
00

)
33

0
(3

0)
LC

vs
co

nt
ro

ls

Sk
jø

rt
en

et
al

,3
3

20
21

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
M

ul
tic

en
te

rp
ro

sp
ec

tiv
e

co
ho

rt
po

st
ho

sp
ita

liz
at

io
n

15
6

15
6/

15
6

(1
00

)
59

/1
56

(3
8)

10
4

(9
0-

13
9)

CO
VI

D-
19

vs
re

fe
re

nc
e

po
pu

la
tio

n
no

rm
sa

nd
no

dy
sp

ne
a

(m
M

RC
,0

)v
s

dy
sp

ne
a

(m
M

RC
,1

-4
)

Sz
ek

el
y

et
al

,2
9

20
21

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
Pr

os
pe

ct
iv

e
co

ho
rt

of
in

di
vi

du
al

s
ev

al
ua

te
d

at
th

e
em

er
ge

nc
y

de
pa

rt
m

en
tf

or
ac

ut
e

CO
VI

D-
19

71
N

R
48

/7
1

(6
8)

91
(2

6)
CO

VI
D-

19
vs

co
nt

ro
l;

as
ym

pt
om

at
ic

vs
sy

m
pt

om
at

ic
;s

ev
er

ity
of

ac
ut

e
ill

ne
ss

Va
nn

in
ie

ta
l,6

6
20

21
Re

se
ar

ch
le

tt
er

Pr
os

pe
ct

iv
e

co
ho

rt
po

st
ho

sp
ita

liz
at

io
n

41
41

/4
1

(1
00

)
29

/4
1

(7
1)

18
0

Se
ve

rit
y

of
ac

ut
e

ill
ne

ss
an

d
pe

ak
V̇O

2
<8

0%
vs

≥8
0%

vo
n

Gr
ue

ne
w

al
dt

et
al

,5
1

20
22

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
Re

tr
os

pe
ct

iv
e

co
ho

rt
of

cl
in

ic
al

CP
ET

20
8/

20
(4

0)
20

/2
0

(1
00

)
21

7
(1

33
-3

29
)

N
or

m
al

vs
ab

no
rm

al
br

ea
th

in
g

pa
tt

er
n

Vo
nb

an
k

et
al

,3
4

20
21

Pe
er

-r
ev

ie
w

ed
pu

bl
is

he
d

re
po

rt
Pr

os
pe

ct
iv

e
co

ho
rt

10
0

18
/1

00
(1

8)
N

R
M

ed
ia

n,
11

2
Se

ve
rit

y
of

ac
ut

e
in

fe
ct

io
n

Ab
br

ev
ia

tio
ns

:A
RD

S,
ad

ul
tr

es
pi

ra
to

ry
di

st
re

ss
sy

nd
ro

m
e;

D
LC

O
,d

iff
us

io
n

ca
pa

ci
ty

of
ca

rb
on

m
on

ox
id

e;
EH

R,
el

ec
tr

on
ic

he
al

th
re

co
rd

;I
CU

,i
nt

en
siv

e
ca

re
un

it;
LC

,l
on

g
CO

VI
D

-19
;m

M
RC

,m
od

ifi
ed

M
ed

ic
al

Re
se

ar
ch

Co
un

ci
l

D
ys

pn
ea

Sc
al

e;
N

R,
no

tr
ep

or
te

d;
PA

SC
,p

os
ta

cu
te

se
qu

el
ae

of
CO

VI
D

-19
;V̇

O
2,

ox
yg

en
co

ns
um

pt
io

n.
a

Ty
pi

ca
lly

de
fin

ed
as

th
e

tim
e

fr
om

sy
m

pt
om

on
se

to
rp

os
iti

ve
re

su
lts

of
po

ly
m

er
as

e
ch

ai
n

re
ac

tio
n

te
st

in
g;

so
m

e
st

ud
ie

su
se

d
th

e
da

te
of

ad
m

iss
io

n
or

da
te

of
ho

sp
ita

ld
isc

ha
rg

e.
U

nl
es

si
nd

ic
at

ed
ot

he
rw

ise
,d

at
a

ar
e

pr
es

en
te

d

as
m

ea
n

(S
D

)o
rm

ed
ia

n
(IQ

R)
.P

le
gu

ez
ue

lo
se

ta
l56

re
po

rt
ed

tim
e

sin
ce

ho
sp

ita
ld

isc
ha

rg
e

an
d

m
ea

n
ho

sp
ita

liz
at

io
n

of
23

da
ys

bu
tn

ot
tim

e
fr

om
in

fe
ct

io
n

to
ho

sp
ita

liz
at

io
n;

th
er

ef
or

e,
it

w
as

un
cl

ea
rw

he
th

er
in

fe
ct

io
n

oc
cu

rr
ed

m
or

e
th

an
3

m
on

th
sp

re
vi

ou
sly

.W
e

id
en

tif
ie

d
an

ad
di

tio
na

ls
tu

dy
by

La
dl

ow
et

al
6

9
;h

ow
ev

er
,

be
ca

us
e

it
se

em
ed

lik
el

y
th

at
th

er
e

w
er

e
ov

er
la

pp
in

g
pa

rt
ic

ip
an

ts
,w

e
on

ly
in

cl
ud

ed
th

e
m

ai
n

st
ud

y.
b

Re
po

rt
on

sa
m

e
pr

os
pe

ct
iv

e
co

ho
rt

st
ud

y.

JAMA Network Open | Cardiology Use of Cardiopulmonary Exercise Testing to Evaluate Long COVID-19 Symptoms in Adults

JAMA Network Open. 2022;5(10):e2236057. doi:10.1001/jamanetworkopen.2022.36057 (Reprinted) October 12, 2022 6/17

Downloaded From: https://jamanetwork.com/ by Oscar Bottasso on 10/13/2022



Ta
bl

e
2.

St
ud

ie
sR

ep
or

tin
g

Pe
ak

O
xy

ge
n

Co
ns

um
pt

io
n

(V̇
O

2)
Am

on
g

In
di

vi
du

al
sW

ith
an

d
W

ith
ou

tP
re

va
le

nt
Sy

m
pt

om
sC

on
si

st
en

tW
ith

Lo
ng

CO
VI

D
-19

(L
C)

Af
te

rS
AR

S-
Co

V-
2

In
fe

ct
io

na

So
ur

ce
De

fin
iti

on
of

LC
sy

m
pt

om
s

Ag
e,

y

Se
x,

N
o.

(%
)

BM
I

H
os

pi
ta

liz
ed

,
N

o.
(%

)
Ti

m
e

af
te

r
in

fe
ct

io
n,

d

Pa
rt

ic
ip

an
ts

w
ith

LC
sy

m
pt

om
s

Pa
rt

ic
ip

an
ts

w
ith

no
LC

sy
m

pt
om

s

Fe
m

al
e

M
al

e
N

o.
Pe

ak
V̇O

2
,

m
L/

kg
/m

in
Pe

ak
V̇O

2
,%

pr
ed

ic
te

d
N

o.
Pe

ak
V̇O

2
,

m
L/

kg
/m

in
Pe

ak
V̇O

2
,%

pr
ed

ic
te

d
Ap

ar
is

ie
ta

l,4
7

20
21

Pe
rs

is
te

nt
dy

sp
ne

a
vs

no
dy

sp
ne

a
55

(1
2)

45
(6

4)
25

(3
6)

27
(5

)
70

(1
00

)
18

1
(4

2)
41

17
.8

(1
5.

8-
21

.2
)

77
.8

(6
4.

0-
92

.5
)

29
22

.8
(1

8.
8-

27
.7

)
99

(8
8-

10
5)

Ba
rb

ag
el

at
a

et
al

,3
8

20
22

Dy
sp

ne
a

or
fa

tig
ue

pe
rs

is
tin

g
>4

5
d

af
te

r
on

se
t

49
(1

4)
98

(4
9)

10
2

(5
1)

26
(6

)
39

(2
0)

80
(2

1)
11

2
25

.8
(8

.1
)

89
.7

(1
9.

9)
88

28
.8

(9
.6

)
92

.9
(1

8.
7)

Br
ow

n
et

al
,4

4
20

22
Se

lf-
re

po
rt

ed
re

du
ce

d
ex

er
ci

se
ca

pa
ci

ty
52

22
(5

5)
18

(4
5)

28
40

(1
00

)
10

6
20

14
.9

(1
3.

1-
16

.2
)

N
R

20
19

.1
(1

5.
4-

23
.7

)
N

R

Du
rs

te
nf

el
d

et
al

,2
6

20
22

Ch
es

tp
ai

n,
dy

sp
ne

a,
pa

lp
ita

tio
ns

,o
rf

at
ig

ue
52

(4
2-

61
)

18
(3

9)
28

(6
1)

30
7

(1
8)

52
6

(4
64

-5
53

)
23

21
.2

(8
.2

)
89

(2
3)

16
28

.8
(7

.7
)

11
1

(2
0)

La
dl

ow
et

al
,3

1
20

22
≥1

Sy
m

pt
om

39
13

(1
5)

74
(8

5)
29

35
(3

1)
15

9
(7

)
61

32
.4

(6
.7

)
N

R
26

40
.7

(8
.9

)
N

R

M
ar

ga
lit

et
al

,3
7

20
22

Fa
tig

ue
47

(1
3)

83
(5

9)
58

(4
1)

28
(5

)
14

(1
4)

24
0

(7
5)

66
27

.7
(7

.5
)

96
.1

(1
8.

3)
75

30
.7

(7
.5

)
99

.6
(1

7.
4)

Sc
ha

ef
fe

re
ta

l,5
8

20
22

Fa
tig

ue
vs

no
fa

tig
ue

48
23

(4
7)

26
(5

3)
29

25
(4

0)
12

5
(1

6)
34

19
.9

(7
.1

)
74

(2
0)

15
24

.4
(6

.7
)

81
(1

7)

Sk
jø

rt
en

et
al

,3
3

20
21

Dy
sp

ne
a,

m
M

RC
,1

-4
vs

0
56

60
(3

8)
96

(6
2)

28
(5

)
15

6
(1

00
)

10
4

(9
0-

13
9)

59
23

.6
(7

.9
)

N
R

67
31

.9
(9

.3
)

N
R

Sz
ek

el
y

et
al

,2
9

20
21

Pe
rs

is
te

nt
fa

tig
ue

,
dy

sp
ne

a,
m

us
cl

e
w

ea
kn

es
s,

or
pa

in

53
(1

6)
24

(3
4)

47
(6

6)
28

(6
)

N
Rb

91
(2

6)
48

18
.8

(6
.3

)a
nd

1.
5

(0
.5

)L
/m

in
N

R
23

21
.3

(6
.3

)a
nd

1.
7

(0
.5

)L
/m

in
N

R

Ab
br

ev
ia

tio
ns

:B
M

I,
bo

dy
m

as
si

nd
ex

(c
al

cu
la

te
d

as
w

ei
gh

ti
n

ki
lo

gr
am

sd
iv

id
ed

by
he

ig
ht

in
m

et
er

ss
qu

ar
ed

);
m

M
RC

,m
od

ifi
ed

M
ed

ic
al

Re
se

ar
ch

Co
un

ci
lD

ys
pn

ea
Sc

al
e;

N
R,

no
tr

ep
or

te
d.

a
U

nl
es

si
nd

ic
at

ed
ot

he
rw

ise
,d

at
a

ar
e

pr
es

en
te

d
as

m
ea

n
(S

D
)o

rm
ed

ia
n

(IQ
R)

.C
el

ls
w

ith
sin

gl
e

va
lu

es
re

po
rt

th
e

m
ea

n;
SD

sw
er

e
on

ly
re

po
rt

ed
by

su
bg

ro
up

.

b
Al

lp
at

ie
nt

sw
er

e
ev

al
ua

te
d

in
th

e
em

er
ge

nc
y

de
pa

rt
m

en
t,

bu
tt

he
nu

m
be

ro
rp

er
ce

nt
ag

e
ad

m
itt

ed
w

as
no

t
re

po
rt

ed
.

JAMA Network Open | Cardiology Use of Cardiopulmonary Exercise Testing to Evaluate Long COVID-19 Symptoms in Adults

JAMA Network Open. 2022;5(10):e2236057. doi:10.1001/jamanetworkopen.2022.36057 (Reprinted) October 12, 2022 7/17

Downloaded From: https://jamanetwork.com/ by Oscar Bottasso on 10/13/2022



V̇O2
68 or by association between improvement in peak V̇O2 and symptoms27 were excluded for not

reporting peak V̇O2 by symptoms.
Clinical and methodologic variability likely contribute to heterogeneity. Clinical variability may

result from the spectrum of LC severity and symptoms.70 Most studies recruited before widespread
vaccination, but 1 study28 reported lower peak V̇O2 among unvaccinated compared with vaccinated
individuals. In addition, methodologic variability in the definition of LC26,29 and CPET exercise
modality (treadmill, upright cycle ergometer, or supine cycle ergometer) may also contribute. Most
studies suggest higher acuity during acute infection (intensive care unit–treated vs hospitalized vs
nonhospitalized patients) is associated with worse exercise capacity,30-34 although this is not a
universal finding.35,36 Subgroup analyses by proportion hospitalized or time after SARS-CoV-2
infection were not significantly different compared with the overall result (eResults in the
Supplement).

Residual confounding may also contribute to heterogeneity. Age, sex, body mass index, and
prior fitness are highly associated with peak V̇O2 and likely associated with LC, but few studies
addressed confounding. Margalit et al37 reported that age, sex, pre–COVID-19 fitness, body mass
index, and reduction in exercise time per week were similar among those with and without LC.
Barbagaleta et al38 adjusted for sex, cardiovascular history, use of β-blockers, and use of aspirin but
not body mass index or age, and mean estimated peak V̇O2 was 3.2 (95% CI, 0.9-5.5) mL/min/kg
lower in LC. Durstenfeld et al26 estimated that mean peak V̇O2 was 5.9 (95% CI, 2.3-9.6) mL/kg/min
lower in LC adjusted for age, sex, body mass index, time since infection, and hospitalization.

Patterns of Reduced Exercise Capacity
We included 37 studies with at least 714 people with reduced exercise capacity that classified
patterns or limitations or investigated specific mechanisms (Table 3).26,27,29-31,33-66,68,69 Nearly all
studies defined reduced exercise capacity as less than 80% or less than 85% of predicted levels.
Approaches to CPET interpretation may differ, but few studies reported using specific guidelines or
algorithms or their classification approach, so notable differences emerge between studies even with
similar objective findings.

Deconditioning was reported as the most prevalent pattern by 10 studies,27,33,35,36,46,59,61-64

with alterations in muscular oxygen utilization acknowledged as an alternative explanation by some.
Eight studies27,33,35,36,46,62-64 reporting deconditioning included mostly individuals hospitalized for
severe acute COVID-19. Deconditioning may be more common among those hospitalized with other
patterns (peripheral, ventilatory inefficiency) predominant among nonhospitalized patients.31

Muscular and/or peripheral oxygen extraction abnormalities were also commonly reported.
Distinguishing deconditioning from altered oxygen delivery, mitochondrial dysfunction, muscular

Figure 2. Meta-analysis of Peak Oxygen Consumption (V̇O2) Among Studies Comparing Patients With and Without Long COVID-19 (LC) Symptoms

–15 0 5–5–10

Weight, %
No. of participants/mean (SD)
LC symptoms No LC symptomsSource

Mean difference
(95% CI)

8.2234/19.9 (7.1) 15/24.4 (6.7)Schaeffer et al,58 2022 –4.5 (–8.6 to –0.4)
13.0441/17.8 (4) 29/22.8 (6.6)Aparisi et al,47 2021 –5.0 (–7.7 to –2.3)
13.85112/25.8 (8.1) 88/28.8 (9.6)Barbagelata et al,38 2022 –3.0 (–5.5 to –0.5)
12.3820/14.9 (2.3) 20/19.1 (6.1)Brown et al,44 2022 –4.2 (–7.1 to –1.3)
6.2823/21.2 (8.2) 16/28.8 (7.7)Durstenfeld et al,26 2022 –7.6 (–12.6 to –2.6)
9.1261/32.4 (6.7) 26/40.7 (8.9)Ladlow et al,31,69 2022 –8.3 (–12.1 to –4.5)
13.9666/27.7 (7.5) 75/30.7 (7.5)Margalit et al,37 2022 –3.0 (–5.5 to –0.5)
11.8159/23.6 (7.9) 67/31.9 (9.3)Skjørten et al,33 2021 –8.3 (–11.3 to –5.3)
11.3448/18.8 (6.3) 23/21.3 (6.3)Szekely et al,29 2021 –2.5 (–5.6 to 0.6)

Heterogeneity: τ2 = 2.51; I2 = 50.28% –4.9 (–6.4 to –3.4)

Mean difference in peak VO2, mL/kg/min
•

By random-effects meta-analysis of 9 studies that included 464 individuals with LC symptoms and 359 individuals without LC symptoms (as defined by each study), the mean
difference in peak V̇O2 was −4.9 (95% CI, −6.4 to −3.4) mL/kg/min.

JAMA Network Open | Cardiology Use of Cardiopulmonary Exercise Testing to Evaluate Long COVID-19 Symptoms in Adults

JAMA Network Open. 2022;5(10):e2236057. doi:10.1001/jamanetworkopen.2022.36057 (Reprinted) October 12, 2022 8/17

Downloaded From: https://jamanetwork.com/ by Oscar Bottasso on 10/13/2022

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.36057&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.36057


Ta
bl

e
3.

Pa
tt

er
ns

of
Li

m
ita

tio
ns

Am
on

g
In

di
vi

du
al

sW
ith

Re
du

ce
d

Ex
er

ci
se

Ca
pa

ci
ty

M
or

e
Th

an
3

M
on

th
sA

ft
er

SA
RS

-C
oV

-2
In

fe
ct

io
n

So
ur

ce

Re
du

ce
d

ex
er

ci
se

ca
pa

ci
ty

,
N

o.
(%

)

Pa
tt

er
n

of
lim

ita
tio

ns
a

O
th

er
m

ec
ha

ni
sm

s
De

co
nd

iti
on

in
g

Pe
rip

he
ra

l
Ca

rd
ia

c
Ve

nt
ila

to
ry

Ch
ro

no
tr

op
ic

in
co

m
pe

te
nc

e

Dy
sf

un
ct

io
na

l
br

ea
th

in
g

an
d/

or
ve

nt
ila

to
ry

in
ef

fic
ac

y
Ab

da
lla

h
et

al
,4

5
20

21
41

(6
5)

O
th

er
id

en
tif

ie
d

O
th

er
id

en
tif

ie
d

N
R

N
R

Pr
im

ar
y

N
R

N
R

Al
ba

et
al

,4
2

20
21

6
(3

3)
N

A
O

th
er

id
en

tif
ie

d
O

th
er

id
en

tif
ie

d
N

ot
id

en
tif

ie
d

N
R

N
R

N
R

Am
br

os
in

o
et

al
,5

5
20

22
28

(7
8)

O
th

er
id

en
tif

ie
d

O
th

er
id

en
tif

ie
d

N
R

N
R

N
R

O
th

er
id

en
tif

ie
d

En
do

th
el

ia
ld

ys
fu

nc
tio

n

Ap
ar

is
ie

ta
l,4

7
20

21
N

R
N

R
N

A
N

R
N

R
N

R
Pr

im
ar

y
N

A

Ba
rb

ag
el

at
a

et
al

,3
8

20
22

39
(3

5)
N

R
O

th
er

id
en

tif
ie

d
Pr

im
ar

y
O

th
er

id
en

tif
ie

d
N

R
N

R
N

R

Bo
rr

eg
o

Ro
dr

ig
ue

z
et

al
,5

9
20

21
32

(5
6)

Pr
im

ar
y

O
th

er
id

en
tif

ie
d

N
A

N
ot

id
en

tif
ie

d
N

R
N

R
N

R

Br
ow

n
et

al
,4

4
20

22
20

(5
0)

N
R

N
ot

id
en

tif
ie

d
Pr

im
ar

y
N

ot
id

en
tif

ie
d

N
R

N
R

Pr
el

oa
d

fa
ilu

re

Ca
ss

ar
et

al
,2

7
20

21
6

(1
9)

Pr
im

ar
y

O
th

er
id

en
tif

ie
d

N
ot

id
en

tif
ie

d
N

ot
id

en
tif

ie
d

N
R

N
R

Sy
m

pt
om

lim
ita

tio
n

(s
ub

m
ax

im
al

te
st

s)

Cl
av

ar
io

et
al

,6
8

20
21

99
(5

0)
O

th
er

id
en

tif
ie

d
O

th
er

id
en

tif
ie

d
O

th
er

id
en

tif
ie

d
O

th
er

id
en

tif
ie

d
N

R
N

R
N

R

de
Bo

er
et

al
,4

0
20

22
16

(3
2)

N
R

Pr
im

ar
y

O
th

er
id

en
tif

ie
d

N
ot

id
en

tif
ie

d
N

R
N

R
Al

te
re

d
m

et
ab

ol
is

m

De
be

au
m

on
te

ta
l,3

0
20

21
12

(5
2)

O
th

er
id

en
tif

ie
d

N
R

N
R

N
ot

id
en

tif
ie

d
N

R
Pr

im
ar

y
N

R

Do
re

lli
et

al
,4

9
20

21
N

R
N

R
N

R
N

R
N

R
N

R
Pr

im
ar

y
N

R

Du
rs

te
nf

el
d

et
al

,2
6

20
22

15
(3

8)
O

th
er

id
en

tif
ie

d
N

A
O

th
er

id
en

tif
ie

d
N

ot
id

en
tif

ie
d

Pr
im

ar
y

N
R

N
R

Ev
er

se
ta

l,5
4

20
22

11
(3

7)
N

R
Pr

im
ar

y
N

R
N

R
N

R
N

R
N

R

Fr
és

ar
d

et
al

,5
0

20
22

N
R

N
R

O
th

er
id

en
tif

ie
d

N
R

Pr
im

ar
y

(s
)

N
R

Pr
im

ar
y

(m
)

N
R

Go
di

nh
o

an
d

Fr
ee

m
an

,6
1

20
21

5
(5

0)
Pr

im
ar

y
O

th
er

id
en

tif
ie

d
N

R
N

ot
id

en
tif

ie
d

N
R

N
R

N
R

Ja
hn

et
al

,6
2

20
21

19
(5

4)
Pr

im
ar

y
N

R
O

th
er

id
en

tif
ie

d
O

th
er

id
en

tif
ie

d
N

R
N

R
N

R

Jo
hn

se
n

et
al

,6
3

20
21

16
(5

2)
Pr

im
ar

y
N

R
N

R
O

th
er

id
en

tif
ie

d
N

R
N

R
N

R

Ke
rs

te
n

et
al

,5
3

20
21

17
(5

5)
O

th
er

id
en

tif
ie

d
N

R
O

th
er

id
en

tif
ie

d
O

th
er

id
en

tif
ie

d
N

R
N

R
Pu

lm
on

ar
y

va
sc

ul
ar

La
dl

ow
et

al
,3

1
20

22
4

(7
)

O
th

er
id

en
tif

ie
d

(s
)

O
th

er
id

en
tif

ie
d

(m
)

N
R

N
R

N
R

O
th

er
id

en
tif

ie
d

(m
)

N
R

Li
u

et
al

,5
2

20
21

N
R

N
R

N
R

N
R

N
R

N
R

O
th

er
id

en
tif

ie
d

Pu
lm

on
ar

y
fib

ro
si

s

M
an

ci
ni

et
al

,4
3

20
21

24
(5

9)
N

R
O

th
er

id
en

tif
ie

d
O

th
er

id
en

tif
ie

d
N

ot
id

en
tif

ie
d

N
R

Pr
im

ar
y

Pr
el

oa
d

fa
ilu

re
,p

ul
m

on
ar

y
hy

pe
rt

en
si

on

M
ar

ga
lit

et
al

,3
7

20
22

N
R

N
R

N
R

N
R

N
R

Pr
im

ar
y

N
R

N
R

M
oh

re
ta

l,4
1

20
21

8
(8

0)
N

R
Pr

im
ar

y
O

th
er

id
en

tif
ie

d
O

th
er

id
en

tif
ie

d
N

R
N

R
Cr

iti
ca

li
lln

es
sp

ol
yn

eu
ro

pa
th

y

M
ot

ie
ju

na
ite

et
al

,4
6

20
21

86
(7

5)
Pr

im
ar

y
N

R
N

ot
id

en
tif

ie
d

O
th

er
id

en
tif

ie
d

N
R

Pr
im

ar
y

“L
ac

k
of

m
ot

iv
at

io
n”

(s
ub

m
ax

im
al

te
st

s)

M
ou

ls
on

et
al

,5
7

20
22

3
(1

4)
N

R
N

R
N

ot
id

en
tif

ie
d

Pr
im

ar
y

O
th

er
id

en
tif

ie
d

N
R

Ex
er

tio
na

lh
yp

ot
en

si
on

Pa
rk

es
et

al
,6

4
20

21
10

(8
3)

Pr
im

ar
y

N
R

N
R

O
th

er
id

en
tif

ie
d

N
R

Pr
im

ar
y

Pu
lm

on
ar

y
va

sc
ul

ar

Pl
eg

ue
zu

el
os

et
al

,5
6

20
21

N
R

N
R

Pr
im

ar
y

N
R

N
A

N
R

N
R

M
ec

ha
ni

ca
li

ne
ff

ic
ie

nc
y

Ri
be

iro
Ba

pt
is

ta
et

al
,3

6
20

22
37

(3
5)

Pr
im

ar
y

N
R

N
ot

id
en

tif
ie

d
O

th
er

id
en

tif
ie

d
N

R
N

R
N

R

Ri
na

ld
o

et
al

,3
5

,6
5

20
21

41
(5

5)
Pr

im
ar

y
O

th
er

id
en

tif
ie

d
N

R
N

ot
id

en
tif

ie
d

N
R

N
R

N
R

Si
ng

h
et

al
,3

9
20

22
N

R
N

R
Pr

im
ar

y
N

ot
id

en
tif

ie
d

N
R

N
R

Pr
im

ar
y

N
R

Sk
jø

rt
en

et
al

,3
3

20
21

49
(3

1)
Pr

im
ar

y
N

R
O

th
er

id
en

tif
ie

d
O

th
er

id
en

tif
ie

d
N

R
O

th
er

id
en

tif
ie

d
N

R

Sz
ek

el
y

et
al

,2
9

20
21

49
(6

9)
N

A
N

ot
id

en
tif

ie
d

O
th

er
id

en
tif

ie
d

N
ot

id
en

tif
ie

d
Pr

im
ar

y
N

R
In

su
ff

ic
ie

nt
st

ro
ke

vo
lu

m
e

in
cr

ea
se

Va
nn

in
ie

ta
l,6

6
20

21
19

(4
6)

N
ot

id
en

tif
ie

d
N

ot
id

en
tif

ie
d

O
th

er
id

en
tif

ie
d

O
th

er
id

en
tif

ie
d

N
R

N
R

N
R

vo
n

Gr
ue

ne
w

al
dt

et
al

,5
1

20
22

2
(2

0)
N

R
N

R
N

R
N

R
N

R
Pr

im
ar

y
N

R

Vo
nb

an
k

et
al

,3
4

20
21

N
R

N
R

O
th

er
id

en
tif

ie
d

O
th

er
id

en
tif

ie
d

O
th

er
id

en
tif

ie
d

N
R

N
R

N
R

Ab
br

ev
ia

tio
n:

N
A,

no
ta

pp
lic

ab
le

;N
R,

no
tr

ep
or

te
d.

a
D

es
ig

na
tio

n
(s

)i
nd

ic
at

es
a

pa
tt

er
n

no
te

d
am

on
g

pa
tie

nt
sw

ith
se

ve
re

ac
ut

e
ill

ne
ss

;(
m

),
a

pa
tt

er
n

no
te

d
am

on
g

no
nh

os
pi

ta
liz

ed
pa

tie
nt

sw
ith

ac
ut

e
CO

VI
D

-19
.

JAMA Network Open | Cardiology Use of Cardiopulmonary Exercise Testing to Evaluate Long COVID-19 Symptoms in Adults

JAMA Network Open. 2022;5(10):e2236057. doi:10.1001/jamanetworkopen.2022.36057 (Reprinted) October 12, 2022 9/17

Downloaded From: https://jamanetwork.com/ by Oscar Bottasso on 10/13/2022



pathology, and obesity can be challenging with noninvasive CPET without adjunctive testing or
pre–COVID-19 CPET for comparison. Using invasive CPET, Singh et al39 found reduced peripheral
oxygen extraction, and others40,41 reported alterations in metabolism and lactate production.
Importantly, none of the studies that included adjunctive cardiac imaging or right heart
catheterization during exercise testing attributed their findings to deconditioning.29,39,42-44

Cardiac limitations were uncommon, but studies with adjunctive cardiac testing identified
reduced stroke volume augmentation that was likely attributable to preload failure29,43,44; Singh
et al39 did not find evidence of preload failure. Five studies26,29,37,45,69 identified chronotropic
incompetence as a contributor.

Although ventilatory limitations were uncommon, dysfunctional breathing, hyperventilation, or
ventilatory inefficiency (V/Q mismatch) were commonly noted.43,46-51 One study each specifically
reported dysautonomia,69 pulmonary fibrosis,52 pulmonary vascular limitation,53 impaired
microcirculation,54 endothelial dysfunction,55 and loss of mechanical efficiency56 as the primary
cause of reduced exercise capacity. Despite concerns about pulmonary thromboembolism during
acute infection, pulmonary vascular limitations were uncommon.

Longitudinal Trends
Four studies27,54,57,67 performed longitudinal CPET in a subset, including 1 interventional study.
Cassar et al27 reported CPET at 2 to 3 and at 6 months; median peak V̇O2 improved from 18.0 (IQR,
14.4-21.9) to 20.5 (IQR, 17.5-26.1) mL/kg/min but remained lower than that of controls (28.1 [95% CI,
22.1-34.0] mL/kg/min; P � .001 for all). Evers et al54 found no change in peak V̇O2 during 3 months
among 23 individuals with reduced exercise capacity who underwent repeated CPET (mean [SD]
CPET 1: 86% [19%] of predicted levels; CPET 2: 85% [21%] of predicted levels; P = .55). Moulson
et al57 found improved peak V̇O2 among young symptomatic athletes 5 months after the index study,
which correlated with symptom resolution. Barbara et al67 found that mean (SD) peak V̇O2 improved
from 17.8 (4.6) to 20.5 (4.5) mL/kg/min after 8 weeks of cardiac rehabilitation (P < .001).

Discussion

This meta-analysis and systematic review found 38 studies that reported CPET on 2160 individuals
after SARS-CoV-2 infection, including 1228 with prevalent symptoms possibly consistent with LC and
714 with reduced exercise capacity. In our meta-analysis of symptomatic vs recovered individuals
more than 3 months after SARS-CoV-2 infection, we found a modest but consistent effect suggesting
that exercise capacity was reduced among individuals with LC, with very low certainty in the
magnitude of the effect size by GRADE (eResults in the Supplement). Given the low certainty by
GRADE, we identified classifications of exercise limitations without a single conclusive mechanism.
Despite the large number of participants included, the overall quality of the evidence is poor owing to
the small sample size of most studies, selection bias, variability in symptom ascertainment and CPET
interpretation, inadequate methods to address confounding, and lack of appropriate
statistical methods.

Challenges to Estimating the Association of LC With Exercise Capacity
Selection bias was a major challenge; the included studies oversampled hospitalized individuals with
greater acute severity, more comorbidities, and lower baseline fitness. Hospitalization or need for
intensive care during acute infection was associated with reduced peak V̇O2 and with LC,30-34 but
most patients with LC were not hospitalized.71 Differential selection bias may occur among
individuals who are hospitalized, are referred for clinical CPET, or attend CPET after joining a cohort,
which may result in overestimation of the proportion of individuals with reduced exercise capacity.

Few studies addressed confounding; the most commonly used strategies included (1) reporting
the percentage of predicted peak V̇O2 that implicitly adjusts for age, sex, height, and weight; (2)
group matching on age, sex, and weight; and (3) excluding individuals with comorbid cardiac,
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pulmonary, and musculoskeletal conditions. Preinfection fitness was an unmeasured confounder in
all but 1 study37; no studies had preinfection CPET to compare within-individual change. Two
excluded studies among military recruits and professional athletes found reduced peak V̇O2 at 45 to
60 days after infection compared with before infection.72,73 A few studies used stepwise regression
despite small sample sizes and colinear variables, resulting in exclusion of important confounders.
Only 2 studies26,38 estimated an adjusted difference in peak V̇O2 between individuals with and
without LC symptoms.

Using the GRADE framework, we have low confidence in our meta-analysis estimate of the
difference in exercise capacity among individuals with and without LC symptoms. The included
studies provided evidence of a clinically significant, mild to moderate decrease in exercise capacity
among individuals with LC compared with infected individuals without LC symptoms despite
different definitions of LC.

Insights Into Mechanisms of Reduced Exercise Capacity in LC
These studies should provide insight into mechanisms of LC, yet no consistent etiology of reduced
exercise capacity has emerged, likely because of heterogeneity in inclusion criteria, variability in
interpretation (measurement error), and the presence of multiple mechanisms of reduced exercise
capacity in LC. Deconditioning, which occurs to some degree after any illness but especially during
and after hospitalization, was commonly identified. On results of noninvasive CPET, peripheral
mechanisms related to oxygen delivery and/or extraction due to muscular, mitochondrial, or vascular
pathology can be misattributed to deconditioning. Use of invasive CPET, stress echocardiography, or
stress magnetic resonance imaging allows for measurement or approximation of cardiac output,
preload, pulmonary hypertension, and peripheral oxygen extraction and may therefore allow for
more accurate classification. Overall, we found consistent evidence that deconditioning is not the
only explanation of reduced exercise capacity in LC, especially among individuals who were not
hospitalized.

Apart from peripheral mechanisms, other commonly reported patterns include (1)
dysfunctional breathing or hyperventilation unexplained by baseline pulmonary function tests or
findings on cross-sectional imaging, (2) chronotropic incompetence, and (3) preload failure despite
normal resting cardiac function. Ventilatory, pulmonary vascular, and cardiac limitations are
uncommon, suggesting that direct heart or lung damage (especially given other negative testing
results) are not major drivers of exercise limitations in LC. From the diversity of interpretations,
different phenotypes resulting in exertional intolerance seem more likely than a single unifying
mechanism.

Autonomic dysfunction and endothelial dysfunction are possible mechanisms for these findings
and could be caused by SARS-CoV-2 infection of neurons and endothelial cells, chronic inflammation,
or autoimmune mechanisms. One included study found endothelial dysfunction55 and 2 suggested
dysautonomia37,69 to be associated with reduced exercise capacity in LC. Dysfunctional breathing
may also be a manifestation of dysautonomia.69 Autonomic nervous system and endothelial
interaction may regulate peripheral vasomotor tone16; together, they may explain differences in
peripheral extraction and preload failure. Small-fiber neuropathy among individuals who have LC
symptoms with postural orthostatic tachycardia syndrome may be associated with reduced cerebral
blood flow and postural symptoms.74,75 No published studies included comprehensive autonomic
testing, endothelial testing, and CPET.

Comparison With ME/CFS
Myalgic encephalitis/chronic fatigue syndrome is associated with reduced peak V̇O2, lower
ventilatory efficiency, higher perceived exertion, and lower peak heart rates,15 and chronotropic
incompetence may contribute to exercise limitations.14 Alternatively, small-fiber neuropathy causing
peripheral shunting reduces exercise capacity in ME/CFS.16 Postexertional malaise (PEM; recurrence
or worsening of symptoms after exercise) has been reported in LC, similar to ME/CFS.76,77 The
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overlap between ME/CFS and LC and whether LC has similar pathophysiology to ME/CFS
remain unknown.

Recommendations for CPET for LC Clinical Care and Research
Given the heterogeneity of phenotypes of LC and lack of a single mechanism, CPET is clinically useful
to narrow the differential diagnosis of exertional dyspnea in LC. A CPET result within reference range
without cardiopulmonary limitations will reassure some individuals with LC and increase comfort
with physical activity. For those with objective limitations, identifying a cardiac or ventilatory
limitation could provide clues for further diagnostic testing and treatment. Risk of PEM should be
considered in evaluation of the risk-benefit ratio of CPET among individuals reporting PEM.

With regard to research, determining the prevalence of exercise intolerance requires intentional
sampling. Selection of control groups requires particular attention tailored to the research question.
We recommend that CPET be performed as a maximal test that allows for assessment of chronotropy
except for individuals with significant PEM, with adjunctive measures as per local expertise. Careful
postexertional symptom assessment, including after CPET and 2-day CPET protocols, may provide
insights into PEM in individuals with LC symptoms. Correlative data with autonomical testing may
provide mechanistic insights. Given high reproducibility within individuals and reduced exercise
capacity among individuals with LC symptoms, CPET may be a useful objective measure to include in
interventional trials for potential LC therapeutics.

Limitations
This study has some limitations. The search plan was not peer reviewed, and the search was not
limited to peer-reviewed studies. We may have missed studies that met our inclusion criteria,
especially recent preprints. Many included studies were case series, which contributed only to
classification of exercise limitations. Because of selection bias, we could not estimate the prevalence
of reduced exercise capacity. There was moderate heterogeneity in the included studies.
Additionally, we cannot rule out publication bias contributing to exaggeration of effect estimates,
especially because 2 excluded studies did not find an association, although we mitigated this by
including preprints and conference abstracts.

Conclusions

In this meta-analysis and systematic review, we found evidence that exercise capacity is reduced
after SARS-CoV-2 infection among individuals who have symptoms consistent with LC, with a low
confidence in the effect size. Further research should include longitudinal assessments to
understand the trajectory of exercise capacity. Interventional trials of potential therapies are urgently
needed, including studies of rehabilitation to address deconditioning, as well as further mechanistic
investigation into dysfunctional breathing, autonomic dysfunction, chronotropic incompetence,
impaired oxygen uptake or utilization, and preload failure to identify treatments for LC.
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