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Abstract

Patients recovering from COVID-19 often report symptoms of exhaustion, fatigue and dyspnoea and present with exercise
intolerance persisting for months post-infection. Numerous studies investigated these sequelae and their possible underlying
mechanisms using cardiopulmonary exercise testing. We aimed to provide an in-depth discussion as well as an overview of
the contribution of selected organ systems to exercise intolerance based on the Wasserman gears. The gears represent the
pulmonary system, cardiovascular system, and periphery/musculature and mitochondria. Thirty-two studies that examined
adult patients post-COVID-19 via cardiopulmonary exercise testing were included. In 22 of 26 studies reporting cardiores-
piratory fitness (herein defined as peak oxygen uptake—VO,.,), VOyenx Was <90% of predicted value in patients. VO,e,
was notably below normal even in the long-term. Given the available evidence, the contribution of respiratory function
to low VO, seems to be only minor except for lung diffusion capacity. The prevalence of low lung diffusion capacity
was high in the included studies. The cardiovascular system might contribute to low VO, via subnormal cardiac output
due to chronotropic incompetence and reduced stroke volume, especially in the first months post-infection. Chronotropic
incompetence was similarly present in the moderate- and long-term follow-up. However, contrary findings exist. Peripheral
factors such as muscle mass, strength and perfusion, mitochondrial function, or arteriovenous oxygen difference may also
contribute to Iow VO, More data are required, however. The findings of this review do not support deconditioning as
the primary mechanism of low VO, post-COVID-19. Post-COVID-19 sequelae are multifaceted and require individual
diagnosis and treatment.
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1 Introduction

Coronavirus disease 2019 (COVID-19) constitutes a tre-
mendous burden for health care systems worldwide. Despite
great research efforts and state-of-the-art treatment, approxi-
mately 15% of patients post-COVID-19 present with physi-
ological and psychological symptoms of exhaustion (i.e.
dyspnoea, fatigue, dizziness) persisting for several months
post-infection [1]. These sequelae may be less frequent in
individuals that received at least two doses of a two-dose
COVID-19 vaccine regimen [2]. Cardiorespiratory fitness
(CREF, herein defined as peak oxygen uptake—VOzpeak), a
powerful predictor of mortality and risk factor for the devel-
opment of numerous diseases [3], is commonly below nor-
mal in these patients, even up to 9 months post-infection
[4-6]. Simultaneously, VO2peak is inversely associated with
the risk of severe COVID-19 and hospitalisation [7].
VOZWdk represents the maximal oxidative metabolic
capacity or maximal oxygen supply dependent on the aero-
bic fitness and health status of an individual [8, 9]. VOzpeak
relies on the interplay between the three gears—pulmonary
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Fig. 1 The figure illustrates leverage points through which COVID-
19 could directly and/or indirectly induce low VO2peal< and exercise
intolerance in patients post-COVID-19. Parameters on the left side
of the figure reflect the status quo of the gears (i.e. pulmonary sys-
tem, cardiovascular system and periphery) and are indicative of organ
limitations. The original concept of the gear system explaining deter-

system, cardiovascular system, and periphery/skeletal mus-
culature system and mitochondria [8, 9]. The Gear system
was originally introduced by Wasserman describing the
interdependency of these three gears that together determine
VOzpeak. It also helps to explain the origin of impaired V
Ospeax (see Fig. 1).

Recent studies have focused on uncovering potential
underlying mechanisms of short- to long-term consequences
of COVID-19 for VOzpeak. However, to the best of our knowl-
edge, there is no review providing an in-depth overview for
researchers, clinicians, and healthcare professionals.

Thus, this narrative review aims to fill this research gap.
Furthermore, the aim was to discuss the contribution of the
three gears as well as their alterations to low VOZpeak'

2 Methods

A narrative review with a systematic approach was chosen as
the study design because the aim was to primarily improve
the understanding of COVID-19-related sequelae for VOzpeak
and possible underlying mechanisms, while secondarily

! Short- to long-
' term sequelae
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minants of VOzpeak is available in Wasserman [9]. a-vO, diff arterio-
venous oxygen difference. CO cardiac output, COVID-19 coronavirus
disease 2019, CRF cardiorespiratory fitness, FEVI forced expiratory
volume in 1 s, FVC forced vital capacity, Hb haemoglobin, HR heart
rate, SV stroke volume, VO, peak oxygen uptake



COVID-19 Sequelae and Exercise Capacity

53

constituting an exhaustive summary of pertinent literature.
In systematic reviews, the focus is usually on the latter.

The databases Medline, EMBASE (on Ovid) and Covid-
19 L-OVE by Epistemonikos were searched using the search
strategies presented in Online Resource 1 (see electronic sup-
plementary material [ESM]) through January 2022 to iden-
tify key publications. Furthermore, backwards and forwards
citation tracking was done for all included studies. Relevant
articles had to assess VOZPeak by cardiopulmonary exercise
testing (CPET) in adults. There were no language restrictions.
Case studies/series and conference abstracts were excluded.
For this review, we defined short term as up to 1 month, mod-
erate term as> 1 to 5 months, and long term as > 5 months
after COVID-19 diagnosis or hospital discharge [10].

The searches yielded a total of 139 studies. After dedu-
plication in EndNote X9.3.3 (Clarivate, Philadelphia, USA),
106 studies were screened for eligibility. The Rayyan web
application [11] was used to document the decision of inclu-
sion or exclusion. Twenty studies fulfilled the inclusion cri-
teria. Citation tracking produced 12 additional studies. After
applying the eligibility criteria, we ultimately included 32
studies in this review. Of those, 29 studies included patients
hospitalised due to COVID-19 (at least moderate COVID-
19) [12]. Three studies examined elite athletes. These are
presented in Table 1 but not discussed explicitly as they are
not representative of the general population (i.e. consider-
ably higher VOzpeak» better health status, lower median age)
[13—15]. The total number of patients with CPET data was
1817. Four studies provided longitudinal data [13, 16-18].

3 Results and Discussion
3.1 Cardiorespiratory Fitness

In 22 out of 26 studies (two studies are counted twice as they
reported a second measurement point) examining patients
post-COVID-19, VO2peak of patients was < 90% of predicted.
Figure 2A illustrates that VO, is markedly low shortly
after hospital discharge. Furthermore, it is remarkable that
even in the long term VOZPC‘dk is noticeably low. Interest-
ingly, there seems to be no change in VO, from mid- to
long-term follow-up, which could be due to the following
reasons: (i) inactivity-related effects during the hospital stay
[19, 20], (ii) direct COVID-19-related sequelae [21, 22], (iii)
side effects of drug treatment [23, 24], and (iv) pre-morbid
VO2peak may have been low. Regardless of whether VOzpeak
is low due to a past COVID-19 infection or if patients with
lower VO2peélk are more likely to have more severe disease
progression, improving VO,., Will most likely reduce the
risk of all-cause mortality as well as the risk for non-com-
municable diseases in these patients in the future [3]. The

following sections will discuss the contribution of the three
gears to low VO

3.2 Pulmonary System (Gear 1)

The pulmonary system is a central component in the supply
chain of oxygen delivery to the working muscles [9]. While
the pulmonary system usually is not the limiting factor of V
Ospeax in healthy individuals at sea level [8], it may well be
in certain patient populations such as chronic obstructive
pulmonary disease patients [25]. Ventilatory disorders are
traditionally diagnosed using spirometry at rest measuring
forced expiratory volume in 1 s (FEV,), forced vital capac-
ity (FVC) and the ratio of the two (FEV,/FVC) [26]. Using
CPET, ventilatory and pulmonary-vascular limitations are
recognised by a reduced ventilatory capacity (breathing
reserve at peak exercise), an abnormal ventilatory response,
ventilatory inefficiency, or ventilation/perfusion mismatch-
ing (panels 1, 4, 6, 7, 9 in the original Wasserman 9-panel
graph) [27].

A recent meta-analysis included 894 patients recovering
from COVID-19 and presenting with abnormalities in lung
function [28]. The prevalences of low total lung capacity,
low FVC and low FEV | were 14%, 12% and 7%, respectively
[28]. These findings are in line with the studies summarised
in Tables 1, 2, 3 that reported low VO2peak [4,5,17,29-39].
On the day of hospital discharge, impaired lung function
has been reported in only two studies [24, 40]. Overall,
within the first months post-infection, restrictive lung dis-
ease does not seem to be responsible for low \'/Ozpeak [5,
18, 29-31, 41-44]. A German cohort study performed body
plethysmography in 443 mainly non-hospitalised patients at
a median of 10 months post-infection as well as in healthy
controls [45]. Patients showed somewhat lower total lung
capacity (99.1% vs 102.4% of predicted; p=0.014) and
higher airway resistance (77.3% vs 69.8% of predicted;
p=0.001) than controls [45]. Lung capacity, in contrast
to airway resistance, however, is unlikely to affect VO2peak
due to the overcapacity of human lungs [8, 46]. In addition,
impairments in lung function cannot be ruled out by solely
comparing them to normative data. Thus, pre-infection data
are needed.

In brief, the prevalence of restrictive lung disease seems
to decrease with progressing recovery [4, 5, 17,29-39]. The
presented evidence indicates a negligible role of respiratory
limitations detectable via spirometry to low VOzpeak, which
is true for healthy individuals as well as patients recovering
from COVID-19 (see Tables 1, 2, 3). Nonetheless, routine
spirometry assessments may benefit patients with persistent
restrictive lung disease and/or pre-existing respiratory dis-
orders. Lung diffusion capacity measured by a single breath
of carbon monoxide (DLCO) is of interest as a marker of
diffusive limitations [17, 47]. DLCO may provide additional



F. Schwendinger et al.

54

(1LA
KJ1ea) souewiojrad o1qoIoe MO[ JO

A3ojonee (renosnwr) reroydriod
© 15933ns JyS1w s1ojowered £10)
-e11dsa1 pue deIpIed parsjeun
I PIUIqUIOD WISI[Oqe)out
J1qoIdeUE 0] YO)IMS A[Ted Uy

sajR[YIE
aannadwod Jo 9¢ ¢ ur punoy
QI UONOAUL T-A0D-SYVS Jo
$90uanbasu0d JrIpIR)) "PI}OAIP

suone)u] Areuowrndorpred oN

SIOWIIMS
pauren-fjom jo aouewioyred
2y} 109y Jou pIp Sururenop

WLIO)-1IOYS YIIM UonoJul QIAQD

#0030 %09) 1 1LA

QIN qH) < °s[nd ©Q

(,uxdq 96T sa $871)  *H

& oA1asal uryjearg

& s1orowered Anowondg
(=89 _umu T 695

sa €°L8) & 104
61-ATIAOD

QInoe 19)Je A[JO2IIp PIssSISSy

(& qH) ® 9sd °Q

(‘paxd Jo %06) t *""UH

(" 30 %ES) & TLA

& 0DA/AA

< JAIISAT wﬂﬂ.ﬁﬁnﬁm

& s1gjowrered Answondg

(paid Jo %56) ft & T
61-ATAOD

QINoe 19)Je AJJOIIP PIssISSy

(IN qH) © 9s[nd 0
@ xaENmm

< “0DA/MHA

N yeadg 0 >

:ounuerenb-jsod je passassy

sjuoSe [erAnue
1O PIOIJS YIIM JusuIeal) ‘G|
-AIAQD 0} anp uonesiferrdsoy
‘uonodJuI Anoe ‘ynurwr 1od
syjeaIq (¢ < el Alojendsar
‘aseasIp joeny K1orendsar omof
JO 90uap1Ad oryder3orper 1o
[eOIUT]D ‘%66 S uoneInjes
ua3Axo [eroydrrad ‘asoroxe
pIrur Surmp I0 3SAI Je Y1ediq Jo
ssauyIoys ‘eooudsAp :uorsnjoxyg
uonnadwod
[EUOTIBUIDUI PUE [EUOIIRU UT
jaed Sunye) swe9) [euorssajoid ur
dryszoquiawr :g-A0D-SYV'S 10J
159 YDd-L¥ 2anisod :uorsnjouy

(a3e Jo s1eak 0G <'9'1)

SOJO[YIE UBIOIOA JO UOTIESI[E)

-1dsoy Surimbar uonooyur
QIOARS YIIM SAJ[YIE JUOISN[OXY

61-dIAOD
priw jo onewoldwAse :uorsnjouy

uonnedwod [euoneuIdul

pue [euoneu ur 1xed Sunye) swed)

[euorssajoid ur drysroquiow

T-A0D-SYV'S 10§ 189} Apoqnue
10 YDd-1Y 2Aanisod :uorsnjoug

PIIIN

PIIN

0000

PIIIN

OO0

uonodJul
T-AOD-SYVS JO 20uapIa9 pue
swoydwAs pare[ar-61-AIAOD
INOYIIM SIOTYS AIUNOD-SSOID
Q2 paydlew-AIAndeUl JO SAep

pue xas ‘afe ¢ =N :S[onuo)

AN =s9eqeIp

%0/%0 = Ijous/-xo

AN

ofew %2 KSFIT

SIoNYS %H-EBOU.mmOHO AMP ECI=N

YN =Ss91qe1p
AN = Ioyous/-xa
AN
oew 1L K01 F T
6l
-AIAOD priw 1o onewoydwAse
PIm sARYIe 2Anndwod gg =N
1591 Apoquue 10 YO d-LY
aanisod pue swoydwAs Jnoyiim
SIQWIWIMS [ T = N :S[ONUOD
AN =s93qeIp
AN = Ioyous/-x
AN
arew %06 ‘K €F €2
61-dIAOD
PIIW (LA SIOWWIMS D [ =N

[1] ‘Te 10 orseiseuy

[S1] Te e 181ae)

[€1] 'Te @ Ye[msD

JYD M0[
JIOJ UOSEI [UOISN[OU0d SIOYINY

sawodnQ

BLI)LIO UOISN[IXS/UOTSN[OU]

A)110A938 6T-ATAOD

(p) Aeys Teardsoy (S) UBIPIN
(%)

X3s oreuwr ¢(K) aSe ((S) UBIPIIN
(1) 61-ATAOD-1s0d sjudned

Apmg

(uonoayur

JaSreyosip Teydsoy oours aw £q I9pIO SUIPUIISIP UT PALIOS) 6T-JIAOD JO Se[enbas wiie)-11oys oy} SUTUNUEXS SAIPNIS JO SUOISN[OUOD SIOYINE pue sAWod)no pajrodar ‘sonseloeIey)) | ajqer



55

COVID-19 Sequelae and Exercise Capacity

-reardsoy jou) prrw jussardar JySur 01 139] woxg sjo( :Surpod Imojo)

Ppasea109p APYSIIS ) < ‘pasearour APYSIs | < ‘Tewriou &
‘pasea1nap 1} pasearour |} ‘dnois [onuod wWoiy JuaIeIp APUedyIuSIs # ‘orel iom YA ‘((91] ur pauyap) | pioysary K1oemuaa 774 ‘ayerdn uashxo yead 7% 4 Kousronge A1o1R[nUaA SO A/T
A ‘uonerasp prepuels (7§ ‘paroipaid paud ‘pariodal 1ou Y ‘orer 1eay yead ¥y ‘arel 1resy ewxew ) :
-nip Sunp 07 ‘ssowy A101endsaIopIes L7y ‘Sunsa) 951010x0 AreuowndoIpIed 7740 ‘610 SLISIP SIIARUOIOD 6 7-JIAOD “nuru 1od s1eaq widq 9ouaIolyip UaSAX0 SNoudAOLIIE ffip La-p
Apmys repnonued ay) ur papnout st dnoi3 1y ‘paInojod S11op e JT "A[2A1N0adsal ‘61-AIAQD [BONLIO PUB 9J9AIS ‘dJeIdpow “(Past
-91qissod 1oasuaym [Z]] 2ouepIng wiIul uonesuesiQ YesH PHIOA Ul 01 SUIPIOdJ. pasLIoSaed sem AJLIdAS 6]1-JIAOD

YH ‘OAJ9SAI 9)el JIedY YYH ‘UIqo[Sowey g ‘oprxouowr uoqred Sursn Ajroedes uorsny

(%61) Te[nosea Areuowrng

(%91) TeotueyOW-Areuow|ng

%€ Ul SUOLIBIIWI] SeiIpIes

%€1 Ul SUIIONIPuOdd(

%S ut suonel] oN

opdwresqns-194D

(%0¢ ut paxd Jo %08 >) < 0D1A
(%01 ut "paxd jo

2D Mo[ Jo %08 >) < s1orwered Anowondg
swstueyodw JurAropun [enudjod :93IeyoSIp
Surp1e3a1 suorsn[ouod dy1oads ON  I91Je SABp ()¢ WNWIUIW PISSISSY
(YN

qH) (‘paxd Jo %87) ft osind ©Q
("0 pard o %Lp) € LA
('paxd Jo %28)
sased O/¢ ur parredwt OO1A
& s1vjowered Anowondg
(paad Jo %99) ft ™o
:931eySIp 193Je SAep ()¢ vommom%«
(-paxd jo %69) 1t asind 20
(paxd Jo %¢£6) < T gH
1 s1o3owered Anowondg
(paid Jo %.9) f ™0/
:931eyosIp [endsoy e uommom?w
#1 JIp Con-e
{ < ndo seipre)
#1t osind ¢
#1 Nl
(60T sA 1'8) #ft odoys M><NO>
(43
:adofs ueawr) g < adoys ¢0)
AAA ‘#1 s1rowrered Anowondg
’ ’ Aw~OHuEOO uet) Jomo|
%0¢ pa1d Jo %66) #1h TC0 A
:a31eyosIp Teirdsoy Je passassy

INO PI[NI AIoM SIOIORJ
Kreuownd enx9 pue ‘Aoudoy
-Jour J9jsuen sed ‘quauriredur

Kiojendsar ‘uonounysAp ovipreD)

(ssew 9[osnuw padnpax
2D (91 =) resoydirad ‘(L =u)
K103R[IIUA 5D JO suoneIwuIy

(uonoenxs uadAxo reroydried pue
eruoeue) s10joej [eroydrrad A[urey

uaping woydwAs 9[q
-eydaoorun :ordwresqns uorsnoxg
swoldwAs juysisiad :uorsnjouy

AN

14dD Joj suoned
-IPUTEIIUOD ‘UOTIB[IUSA IO SULI0)

8r=1)
[BO1ILID 0] dJeIdpou (6L =u)
pru ‘(p¢ =u) onewoidwisy

@8O

(S=u) reontmo
‘(7 =1u) 2I9A3S ‘(¢ = U) IRIIPOIN

®8CO

(Te=u)

-Tuow JBIPILd JUTOJUO UOISNOXH [BONLI> 0] 910A3S “(] = 1) AYLISPOI

pasSreyosIp 2q 03 payoadxa
pue d[qels A[[eoIpaul uoIsn[ouy

1ddD

wirojrod 03 9[qeun ‘ouIdIp

2ANIUS09 10 ‘SONIPIqIOWOd

[e1s[ysonosnu o ‘Kroyerrdsax
‘oeIpIed Jumnsixe-axd :uorsnjoxy

eruownaud 61-qIAOD

‘uo3AX0 WOIJ paueom pue
pareay Aqresrurpo pagpnl :uorsnjouyg

@8O

(G=u) [eoNId ‘(¢ =U) AIAIS

L OO0

(¢ =) eonto 01

dJeIopowr ‘(1¢=u) piw Io dneuwr
-o)dwiAse :(9¢ = N) opdwes 194D
%9 = S3rqe1p
%07 =Ioows/-Xd
AN
orew % K ST F 8%
I€C=N

N =Ss3RqeIp
AN/AN = Ioyouws/-xa
AN

sew %0L K LIFIS
0I=N

AN = SaoqeIp
AN/AN = IoYouws/-Xa
skep (4N 1€

Sew %¢8 ‘A (IN) 65
€T=N

PAYDIBW-XIPUI SSBW Apoq
pue -xas ‘-a3e ‘g] =N :S[0NU0D)
%9 = Sa1qe1p
% L1[IN = 1930Ws/-X3
skep (0T) 0€
arew %zL K (12) 99
8I=N

[1+] Te 10 udysioy

[¥S] ‘e 10 ovn

[ov] 'Te 39 puepiorg

[¥2] ‘e 10 opereg

AID Mo[

JI0J UOSEDI :UOISN[OU0D SIOYINy sowodnQO

BLIOJLIO UOISN[OX/UOISN[OU]

Kj1aass 61-AIAOD

(p) K1 [endsoy (QS) UeIPI
(%)

Xas ofew ‘(K) a3e (S) UBIpIN
(u) 61-AIAODIs0d syuaned

Apmg

(Ponunuod) | 3jqeL



56

F. Schwendinger et al.

Fig.2 Medians of VO,
(A), DLCO (B) and VE/VCO, Mild
(C) weighted by sample size

of respective studies or study 105
visits in case a cohort was

tested several times. Bubble 100
area represents the sample

size of studies. Bubble colour 95
reflects COVID-19 severity of
the majority of patients in the
respective study (yellow =mild,
dark red =critical). Grey bub-
bles: classification according

to COVID-19 severity not
possible. DLCO lung diffusion
capacity using carbon monox-
ide, LT long term, MT medium
term, ST short term, VE/VCO,

- .,
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information on pulmonary-vascular limitations in the gear
system [17, 27, 47]. As apparent from Fig. 2B, DLCO seems
to recover slowly. Within the first 4 months post-infection,
DLCO ranged between 69 and 84% of predicted [5, 16, 29,
32,33, 42, 43]. Yet, even in the two studies showing higher
mean values in DLCO (84% and 82%), 20% and 40% of
patients were diagnosed with mild to moderate alterations
[5, 43]. A longitudinal study examining patients 1.6 months
and 6 months post-infection demonstrated that more than
half of those patients without prolonged post-COVID-19
syndrome still had impaired DLCO [17]. Finally, at 6 and
9 months after hospital discharge, DLCO was around 90%
of predicted [38, 39]. The combined evidence indicates that
impairments in DLCO are more prevalent than restrictive
lung disease in patients. This is supported by two meta-
analyses in patients post-COVID-19 [28, 48], which showed
that 6 months after discharge, 43% of patients still had a
DLCO < 80% of predicted [48]. Considering this great frac-
tion of patients with markedly low DLCO, impaired lung
diffusion capacity may contribute to low VO2peak in some
patients [49]. The association between VO, and DLCO
is reported elsewhere [49].

As DLCO is a mathematical product of alveolar carbon
monoxide uptake efficiency and alveolar volume, impair-
ments may be due to either one or both of these param-
eters [50]. Limitations in alveolar carbon monoxide uptake
efficiency may be explained by COVID-19-induced alveo-
lar capillary damage, microvascular involvement or anae-
mia [51]. Restrictions in alveolar volume may be caused
by microvascular injuries followed by the development of
alveolar abnormalities with gradual loss of alveolar spaces

200
105 B 37 c
100
35
95
o
QS 9
[a) 33
ks
3 85 N
: 3
s 80 =3
G w i
[) >
S 75
C
) 29
o
5 70
o
65 97
60
55 25
ST MT LT ST MT LT

[50]. Future studies might consider determining lung diffu-
sion capacity by DLCO and additionally using nitric oxide
(DLNO). DLNO has been suggested to be more sensitive
than DLCO for detecting alterations in gas transport in
patients post-COVID-19 [47, 52]. Gas transport abnor-
malities were proposed to be due to loss of alveolar units
with alveolar membrane damage but relatively preserved
capillary volume [47]. These may only be detected using
nitric oxide [47]. Hyperpolarised xenon magnetic resonance
imaging is a method that has lately been applied in some
studies on COVID-19 [53]. Grist et al. [53] found impaired
pulmonary gas transfer in seven of eleven non-hospitalised
patients post-COVID-19 on average 287 days post-infection.
The patients had normal CT scans [53]. These results and the
strong correlation with DLCO findings suggest that hyperpo-
larised xenon magnetic resonance imaging may be a useful
method to identify potentially undetected lung abnormalities
in patients post-COVID-19 [53].

A normal to increased breathing reserve during exercise
was commonly seen in studies with short-term [24, 40, 54],
middle-term [4, 5, 16, 17, 29, 31-33, 43, 55], and long-term
follow-up [6, 34-36, 38, 39] of patients post-COVID-19.
This argues against respiratory limitations to VO, but
does not rule out impaired lung diffusion capacity.

The ventilatory equivalent (measured as VE/VCO,) is a
widely studied parameter of CPET [56] and a marker for
ventilatory efficiency. A VE/VCO, > 35 is often considered
an indicator of ventilatory inefficiency which is a hallmark
of pulmonary arterial hypertension (although not specific
to this condition) [56]. VE/VCO, has thus been suggested
as a valuable marker of early cardiovascular disease [56].
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blood, O, uptake or heart rate when interpreting this param-
eter [59]. O, uptake and heart rate can therefore directly
impact the calculation of O,-pulse. A better capability of
the mitochondria to utilise O, would raise oxygen uptake
and thereby lead to a higher O,-pulse, although SV may
be indeed unaltered. Similarly, a lower maximum heart rate
(e.g. as a consequence of COVID-19 or exercise training)
would impact the calculation. It is thus not entirely clear
whether the lower O,-pulse truly reflects a decreased SV or
if it may be due to either chronotropic incompetence (fail-
ing to increase heart rate proportionately to work rate) [60],
changes in the oxygen-carrying capacity and thus lower
haemoglobin mass, or peripheral changes (i.e. arteriovenous
oxygen difference) [59].

Up to 4 months post-infection, there were six studies [5,
16,31, 33, 42, 44] reporting normal O,-pulse, of which three
found at least mild chronotropic incompetence (see Tables 1,
2). Another study additionally performed stress-echocardi-
ography, an indirect imaging method to obtain more pre-
cise estimates of cardiac output compared with O,-pulse
[24]. Intriguingly, cardiac output did not differ between
patients (n=18) and controls despite lower O,-pulse and
mild chronotropic incompetence in patients [24]. However,
this was accompanied by a lower arterial blood O,-content
than in controls [24]. While this demonstrates the difficulty
of using O,-pulse as an estimate of SV, it shows that SV
may indeed be (super-)normal since heart rate was below
normal but cardiac output was similar to controls. The
authors speculated that potentially persisting autonomic
imbalance [24, 61] associated with suboptimal distribution
of cardiac output to the working musculature could have
led to low peripheral oxygen extraction [24]. This might, in
turn, impair VOzpeak [24]. These findings should, however,
be interpreted with caution due to the small sample size. In
contrast, lower estimated mean SV was seen in five studies
between hospital discharge and 3.5 months post-infection
by calculating O,-pulse [17, 24, 32, 43, 54]. While in Jahn
et al. [31], O,-pulse was normal in the full sample, it was
significantly lower when comparing patients stratified by
low versus ‘normal’ VO, (defined as VO, > 82% of
predicted). Moreover, one study assessed cardiac function
by using stress-echocardiography 3 months after symptom
onset [4]. Szekely et al. [4] observed lower left ventricular
end-diastolic volume and ejection fraction, lower SV and
lower cardiac output at all stages of exertion in patients
compared with controls. In addition, the prevalence of
chronotropic incompetence in this study was much higher
in patients than in risk factor-matched controls (75% vs 8%)
[4]. Following 4 months post-infection, SV and O,-pulse
had normalised in most studies (see Table 2). The revers-
ibility of low O,-pulse was further demonstrated by one
longitudinal study [17], which showed that mean O,-pulse
significantly improved from 91 to 95% of predicted up to

6 months post-infection. These findings are in line with a
study by Vannini et al. [35] in patients with mild and severe
COVID-19-induced pneumonia as well as acute respiratory
distress syndrome, showing normal to supernormal cardiac
output values at 6 months post-infection. Lastly, 11 months
post-infection, cardiac output and peak oxygen delivery (cal-
culated as arterial O, content X cardiac output) were normal
in a cohort with mainly mild COVID-19 but unexplained
dyspnoea (n=10) [58]. Apart from that, lower biventricular
filling pressures, arguing against cardiovascular decondition-
ing, were apparent [58]. The authors concluded that cardiac
limitations were absent and pointed toward the periphery
as the main reason for impaired VOzpeak [58]. Noticeable in
this study was the pronounced reduction in VO, (70%
of predicted) [58] compared with other studies ranging
between 81 and 88% of predicted. However, small sample
sizes and the choice of O,-pulse as an outcome measure
might have been an issue in these studies. The Hamburg
City Health Study (n =443 patients post-COVID-19) found
a slightly lower left-ventricular ejection fraction determined
by echocardiography that was accompanied by higher levels
of cardiac biomarkers in mostly non-hospitalised patients
compared with controls at 10 months post-infection [45].
However, this difference was not present in cardiac MRI
measures [45]. Interpretation of these results may therefore
require some caution. In combination with low VOzpeak,
another study reported 46% of patients being below 80% of
predicted O,-pulse at 6 months post-discharge [37]. Because
no heart rate data or information on arteriovenous oxygen
difference were presented, it is unclear if the low O,-pulse
was solely due to low SV [37]. Additionally to a low SV, a
reduced maximum heart rate could impact the calculation of
O,-pulse. These studies argue against SV-related long-term
cardiac sequelae. Nonetheless, high-quality studies collect-
ing data> 1 year post-infection using cardiac MRI or echo-
cardiography may be valuable.

Importantly, not only SV but also maximum heart rate
needs to be considered as a potential limitation of VOzpeak.
At least mild chronotropic incompetence was present in ten
studies (one study with two measurement points) with fol-
low-ups exceeding 4 months [4, 6, 16, 32, 33, 36, 38, 39, 55,
58]. While chronotropic incompetence could directly impact
O, supply to the muscle, it is also an independent predictor
of major cardiovascular events and mortality [60]. Interest-
ingly, chronotropic incompetence is also associated with
low VOzpeak in patients with chronic fatigue syndrome [62].
These findings might thus have implications for patients
post-COVID-19.

The VO,/work rate slope is often abnormal in patients
with cardiovascular diseases, thus reflecting limitations
in the supply and/or metabolism of oxygen [27, 63].
Five studies reported VOz/work rate slope [6, 32, 34, 44,
64]. Considering 10-11 mL min~' W~! as normal [63],
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results were inconsistent. In one study, VOZ/work rate
slope was markedly reduced 3 months post-discharge
(5.6 mL min~! W~!, moderate and severe COVID-19) [44].
In the other studies, this parameter was only slightly below
normal or normal (9.3, 9.9, 11.8 and 9.7 mL min~! W
at 3 months to 9 months post-discharge) [6, 32, 34, 43].
Although most studies reported a VO,/work rate slope that
was slightly below the lower limit of the normal range, it
was abnormal at least in a fraction of patients. This sup-
ports the findings of the above-presented parameters sug-
gesting a potential contribution of cardiovascular factors
to low VO, Again, the reader should be aware that V
O,/work rate slope may also be impacted by peripheral
factors (discussed in Sect. 3.4) [27, 63].

VT1 is the point of exercise VO, at which the contribu-
tion of anaerobic pathways to energy production increases
and, in turn, metabolic acidosis leads to a greater breathing
stimulus [65]. VT1 is characterised by a change of slope
of VCO, in relation to VO, or the inflection point of the V
E/VO2 curve in relation to work rate [16]. It provides an
indication of O, supply limitations in the form of cardiac
output, anaemia, pulmonary-vascular or peripheral-vas-
cular factors, or a combination of those [65]. However,
VT1 is not specific for deconditioning (see also Sect. 3.4)
[65]. Eighteen studies presented data on VT1 reported as
percentage of VOZpeak or percentage of predicted VOzpeak
[4-6, 14-17, 29, 32-34, 37-39, 42, 54, 55, 66]. It needs to
be emphasised that the unit reported has important impli-
cations for the interpretation of results. In a patient with a
low VOZpeak’ VT1 as percentage of ‘:/02peak may be normal
but VT1 as percentage of predicted VOzpeak is reduced sim-
ply because of the lower measurqd VOypear- Alternatively,
areduced VT1 as percentage of VO,,.,, would always be
accompanied by a reduced VT1 as percentage of predicted
VO,,eq independent of the level of VO,,,.. Most studies
reported normal VT1 that was on average above 40% of
VOzpeak. This also seemed to be the case for studies that
reported VT1 as percentage of predicted VO, consider-
ing their actual VOzpeak [4, 14-16, 29, 34, 38]. Yet, sev-
eral studies reported abnormally low VT1 in 15-42% of
patients up to 3 months post-infection [5, 32, 42] and in
19% and 20% of patients at 6 months post-discharge [37,
66]. This is again in line with the cardiovascular param-
eters discussed earlier, pointing towards a limitation in
this organ system in a fraction of patients. The underlying
mechanisms for these potential changes in cardiovascular
parameters are still unclear. The harmful consequences of
physical inactivity and especially bed rest during hospitali-
sation are extensively described in the literature [19, 20].
Cardiac performance reflected by SV and cardiac output
has been shown to decline while heart rate increased, with
the recovery of these parameters being delayed following

bed rest [19]. Lower plasma volume, impaired vascular
regulation, and cardiac atrophy may be responsible for
these changes [19, 67]. Medications administered during
the hospital stay such as steroidal treatment might lead to
myopathic changes [23, 24]. Keeping the delayed recovery
of cardiac output in mind, it seems suggestive that low V
O;pear» particularly in the first months post-infection, may
at least partly be explained by deconditioning and treat-
ment-related aspects affecting the cardiovascular system.
The fact that at 4 months post-infection the SV is com-
monly reported to be close to normal (see Table 3) strongly
suggests that the effect of deconditioning on VOZpeak via
reduced SV diminishes within a rather short time frame
of 4 months. Because low VO2peak is prevalent up to 1 year
post-infection, deconditioning alone is unlikely to be the
only reason for low VO2peak after COVID-19. Nonethe-
less, it should be noted that deconditioning may also have
peripheral manifestations [68].

Endothelial involvement caused by COVID-19-induced
chronic inflammation could be another potential cause for
the persisting limited cardiovascular function [21]. A recent
review described the development of chronic inflammation
months after acute COVID-19 infection that accompanies
prolonged symptoms [21]. High levels of systemic inflam-
mation, in turn, create a high risk for multi-organ damage
[69, 70], potentially mediated by endothelial damage [71,
72]. It has been hypothesised that acute endothelialitis in
the pulmonary circulation could extend into the systemic
circulation, leading to myocardial injury as well as impaired
function [72]. This impaired function might become appar-
ent during CPET by reduced SV and/or chronotropic incom-
petence. Because none of the previous studies included an
adequate measure of vascular function, such as flow-medi-
ated dilation [73], this cannot be answered yet and warrants
further investigation.

In conclusion, the contribution of the cardiovascular sys-
tem to low VOZpeak is unclear and the results are inconsist-
ent. It seems that within the first few months post-infection
a limited cardiac function contributes to low VO2peak ina
considerable fraction of patients. In other patients, it appears
that the main limitation lies in the periphery.

3.4 Periphery/Musculature and Mitochondria (Gear
3)

Peripheral limitations are indicated by an abnormal response
in respiratory exchange ratio, abnormal VCO, kinetics
throughout exercise, a shallower increase of VO2/work rate
ratio, or reduced VT1 during CPET (panels 3, 5, 8 in the
original Wasserman 9-panel graph) [27].

As discussed earlier on, VOzlwork rate ratio was abnor-
mal at 3 months post-infection [44] and only slightly reduced
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or normal between 3 and 9 months post-infection (see
Sect. 3.3) [6, 32, 34, 43]. VT1 was, on average, normal in
most studies. However, as mentioned in Sect. 3.3, abnor-
mal VT1 was documented in a fraction of patients up to
6 months post-infection [5, 32, 37, 42, 66]. Abnormal VOZ/
work rate ratio and VT1 suggest a possible contribution of
peripheral factors (i.e. peripheral-vascular or mitochondrial
components) to low VOZpeak in some patients. VO,/work rate
ratio and VT1, however, seem too unspecific to quantify the
contribution of peripheral factors to low VOzpeak. It is also
not possible to attribute abnormalities in these parameters to
deconditioning or inflammation-induced changes that have
distinct aetiologies, for example. However, several studies
infer deconditioning due to abnormalities in VO,/work rate
ratio and VT1 [5, 31, 32]. Also, in some studies definitions
for deconditioning seem to differ. Skjgrten et al. [5] define
deconditioning as the absence of ventilatory and cardiac
exercise limitations, whereas in Rinaldo et al. [32] the defi-
nition also seems to include virus-induced alterations in
muscle tissue. Consistent definitions thus need to be used in
the future to obtain a better understanding of the underlying
factors of low VOZPCak.

In the absence of O, supply limitations, arteriovenous
oxygen difference (a-vO,-diff) reflects the metabolic oxida-
tive capacity, which is the ability of the mitochondria to
utilise oxygen [9]. Measuring a-vO,-diff directly is complex
[74] and thus is usually calculated using Fick’s equation,
which was done in two of the three studies included in this
review (both used stress echocardiography to determine car-
diac output) [4, 24]. Because determining a-vO2-diff from
solving Fick’s equation has severe limitations, such as errors
introduced by indirect estimates of SV or the lag in VO,
during incremental exercise [65], the results of these stud-
ies need to be interpreted with restraint. One study meas-
ured this outcome directly in patients with preserved car-
diac output and in controls at 1 year post-infection. Patients
showed a lower a-vO,-diff and peripheral oxygen extraction
at peak exercise as compared with age- and sex-matched
controls with exercise intolerance unrelated to COVID-
19 [58]. These results indicate that peripheral alterations
may contribute to low VOZP%lk even | year after discharge.
In addition, Clavario et al. [29] evaluated maximal mus-
cular strength using the dominant leg extension exercise.
Based on the finding of muscular strength being indepen-
dently associated with VOZPeak, the authors concluded that
muscle impairment might be responsible for most of the
functional diminishing [29]. However, as mentioned before,
COVID-19-induced inflammation might also contribute to
muscle loss [21]. Thus, it is questionable that the author’s
data support the conclusion that deconditioning is the sole
explanation for functional diminishing. Piotrowicz et al. [22]
recently discussed the pathophysiology of post-COVID-19
acute sarcopenia. In their work, it becomes apparent that

the structural and functional changes associated with sarco-
penia also impact VO, [22]. This is in line with the pro-
posed mechanisms by Singh et al. [58], likewise suggesting
systemic microvascular dysfunction and a skeletal muscle
myopathic process (i.e. sarcopenia) to be involved. To dif-
ferentiate between inactivity- and COVID-19-related causes
of muscle loss, biomarkers of inflammation and protein deg-
radation may be helpful [75]. Muscle loss as a consequence
of inactivity is commonly not accompanied by increased
inflammation or muscle protein degradation as opposed to
disease-induced changes [75]. For more details, the reader
is referred to the review by Evans [75].

Based on the body of evidence, it is probable that both
COVID-19-induced and inactivity-induced changes may
lead to increased mitochondrial dysfunction, myofibrillar
breakdown, reduced mitochondrial biogenesis as well as
muscle synthesis and ultimately foster low VOzpeak [22].
Given the parallels between patients with chronic fatigue
syndrome and those with post-COVID-19, evidence on
mitochondrial involvement in the former group of patients
[76, 77] might be valuable. Although it is unlikely the
primary cause of disease, mitochondrial dysfunction via
immune-inflammatory and oxidative pathways is docu-
mented in chronic fatigue syndrome and closely related to
exercise intolerance [76, 77]. These data may therefore sup-
port the conclusions regarding a peripheral contribution to
low Vozpeak in post-COVID-19. The effects of inactivity/bed
rest on skeletal musculature are described elsewhere [68].
Considering that several studies suggested an underlying
peripheral limitation, it seems to be important to bear these
possible mechanisms of action in mind for further research
as well as rehabilitation. Nonetheless, the extent of periph-
eral involvement in respect to the time post-infection, exact
mechanisms and factors predisposing peripheral involve-
ment are yet to be determined.

3.5 Limitations

This review has some limitations. Raman et al. [78] high-
lighted that the heterogeneity in patient selection and factors
such as virus variants, vaccines and choice of controls might
have added to the variability in reported prevalence estimates.
Indeed, infection with newly emerging SARS-CoV-2 variants
such as Omicron might cause different post-COVID-19 seque-
lae and possibly a differential influence on VOzpeak [79]. Also,
within some of the studies included in this review, there was a
wide heterogeneity in regard to the severity of COVID-19 in
patients. Thus, the data shown in Fig. 2 could have led to an
overestimation of the levels of VO2peak in severe COVID-19
and an underestimation in mild COVID-19 severity. COVID-
19 vaccination status of patients might also affect VOzpeak. We
previously demonstrated that physical activity, an important
moderator of VOzpeak, differed between unvaccinated and fully
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vaccinated adults [80]. Finally, different methods to determine
VE/VCO, are available [56, 81]. However, the exact methods
used were often not reported. Thus, we pooled VE/VCO, data
in Fig. 2C irrespective of the method used. This may have led
to imprecision [81] but we believe this figure still provides a
valuable overview of the data. The reader should be aware of
these aspects.

Furthermore, there are limitations of the individual studies
per se that need to be considered when interpreting the results.
Firstly, the time at which the examinations were conducted
was usually provided as either time since infection or since
hospital discharge. This could have led to imprecision in our
attempt to categorise studies into short, moderate, or long term
as infection and hospital discharge may be separated by weeks
or months. Secondly, all studies used an observational research
design without pre-infection data. This makes it difficult to
disentangle the contributions of pre-existing chronic condi-
tions before the COVID-19 infection and lifestyle factors to
low VOzpeak. Thirdly, as recently shown, individuals with low
VO,peqr S€EM to be more prone to greater COVID-19 sever-
ity than those with high VO, [7]. Simultaneously, the data
from this review suggested a detrimental effect of COVID-19
on Vozpeak. Based on the available data, both are likely true,
but it is unclear to which extent each factor contributes to low
VOzpeak. Fourthly, most studies used normative data or histori-
cal controls for comparisons with cases. This introduces bias
since the comparison was not subject to the potential influence
of COVID-19 pandemic-related restrictions and their substan-
tial impact on physical activity [82], a key determinant of V
Ospeak [19, 20]. Fifthly, the source of reference values remains
unknown in nearly all studies, making it impossible for the
reader to evaluate the generalisability of the results and com-
pare the data across studies. Regarding VOzpeak, considerable
differences between reference values have been shown recently
[83]. Sixthly, most studies included hospitalised patients and/
or those with persistent symptoms, limiting the generalisability
to hospitalised patients with moderate to critical COVID-19.
Seventhly, many studies focused exclusively on single gears,
making it difficult to draw conclusions about potentially limit-
ing factors on VOzpeak- Studies incorporating all parts of the
gear system are thus needed to better understand the interplay
of the three gears on low Vozpeak. To conclude, it is under-
standable that at an early stage of a pandemic, available clini-
cal data are used to provide insights into potential sequelae
quickly. However, to date, high-quality studies are missing.

4 Conclusion

In patients post-COVID-19, as in healthy subjects, respira-
tory function seems to contribute in only a minor way to
low VOzpeak. However, traditional spirometry parameters
are measured at rest and may thus not reflect lung function

during exercise. In contrast, the prevalence of low lung
diffusion capacity, measured by DLCO, is markedly high
in patients post-COVID-19, which might contribute to low
VO2peak [49]. Future studies need to examine lung func-
tion during maximum performance and should include the
combined measurement of DLNO-DLCO.

The cardiovascular system might contribute to low V
O,peax Via subnormal cardiac output due to chronotropic
incompetence and lower SV, especially in the first months
post-infection. At least mild chronotropic incompetence
was similarly present at moderate- and long-term follow-
up. Nonetheless, contrary findings exist. Larger cohort
studies applying adequate methods to measure SV and
consequently CO such as Doppler echocardiography or
pulse contour devices are needed [84].

The fact that studies using CPET report the absence of
major pulmonary or cardiac limitations suggests that the
periphery, including the vasculature as well as muscula-
ture, might be central to impaired VOzpeak. To confirm this
hypothesis, future studies using CPET need to determine
muscle mass, muscle strength, muscle perfusion, mito-
chondrial function as well as a-vO, diff.

The evidence presented in this review strongly sug-
gests that it is not justified to declare deconditioning
as the sole mechanism of low VO2peak as most studies
have done (see Tables 1, 2 and 3). While deconditioning
certainly explains part of the reductions, there are most
likely other factors involved. A combination of COVID-
19-induced and inactivity-induced processes might be
responsible for the alterations in cardiac, vascular and
muscular but also pulmonary function [21, 71, 72]. In
addition, psychological factors may contribute sub-
stantially to the prolonged symptoms fostering exercise
intolerance [85]. Schaeffer et al. [86], for instance, found
lower VOzpeak in patients with post-COVID-19 fatigue
than in those without fatigue. This was accompanied by
greater dyspnoea during exercise [86]. Psychological fac-
tors should thus not be disregarded in research, diagnosis
or therapy/treatment.

The short- and long-term sequelae of COVID-19 are
multifaceted and require diagnosis and treatment specific
to the individual. This aligns well with recently proposed
subtypes of post-COVID-19 syndrome that differ in terms
of systematic manifestations as well as pathophysiological
mechanisms [87]. Thorough testing with particular focus
given to all three gear systems is required to receive a
comprehensive understanding of the underlying causes of
low VO2peak post-COVID-19. Such understanding would
facilitate decision making in terms of diagnosis and treat-
ment decisions. Thus, CPET is of paramount importance.
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