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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—VO2peak), VO2peak was < 90% of predicted value in patients. VO2peak 
was notably below normal even in the long-term. Given the available evidence, the contribution of respiratory function 
to low VO2peak 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 VO2peak 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 low VO2peak. More data are required, however. The findings of this review do not support deconditioning as 
the primary mechanism of low VO2peak post-COVID-19. Post-COVID-19 sequelae are multifaceted and require individual 
diagnosis and treatment.
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Key Points 

Exercise intolerance post-COVID-19 may likely have 
several causes and is not solely explained by decondi-
tioning.

Peripheral followed by cardiovascular factors as well 
as lung diffusion limitations are central to long-term 
sequelae.

This work will improve the understanding of possible 
underlying mechanisms of low cardiorespiratory fitness 
post-COVID-19 and at the same time promote cardio-
pulmonary exercise testing as a valuable diagnostic tool 
in patients post-COVID-19. Based on this, more targeted 
rehabilitation programmes could be developed in the 
future.
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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 
(CRF, herein defined as peak oxygen uptake—V̇O2peak), 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, V̇O2peak is inversely associated with 
the risk of severe COVID-19 and hospitalisation [7].

V̇O2peak represents the maximal oxidative metabolic 
capacity or maximal oxygen supply dependent on the aero-
bic fitness and health status of an individual [8, 9]. V̇O2peak 
relies on the interplay between the three gears—pulmonary 

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 
V̇O2peak. It also helps to explain the origin of impaired V̇
O2peak (see Fig. 1).

Recent studies have focused on uncovering potential 
underlying mechanisms of short- to long-term consequences 
of COVID-19 for V̇O2peak. 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 V̇O2peak.

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 V̇O2peak 
and possible underlying mechanisms, while secondarily 

Fig. 1  The figure illustrates leverage points through which COVID-
19 could directly and/or indirectly induce low V̇O2peak 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-

minants of V̇O2peak is available in Wasserman [9]. a-vO2 diff arterio-
venous oxygen difference. CO cardiac output, COVID-19 coronavirus 
disease 2019, CRF cardiorespiratory fitness, FEV1 forced expiratory 
volume in 1 s, FVC forced vital capacity, Hb haemoglobin, HR heart 
rate, SV stroke volume, V̇O2peak peak oxygen uptake
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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 V̇O2peak 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 V̇O2peak, 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, V̇O2peak of patients was < 90% of predicted. 
Figure 2A illustrates that V̇O2peak is markedly low shortly 
after hospital discharge. Furthermore, it is remarkable that 
even in the long term V̇O2peak is noticeably low. Interest-
ingly, there seems to be no change in V̇O2peak 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 
V̇O2peak may have been low. Regardless of whether V̇O2peak 
is low due to a past COVID-19 infection or if patients with 
lower V̇O2peak are more likely to have more severe disease 
progression, improving V̇O2peak 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 V̇O2peak.

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 V̇
O2peak 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  (FEV1), forced vital capac-
ity (FVC) and the ratio of the two  (FEV1/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  FEV1 were 14%, 12% and 7%, respectively 
[28]. These findings are in line with the studies summarised 
in Tables 1, 2, 3 that reported low V̇O2peak [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 V̇O2peak [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 V̇O2peak 
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 V̇O2peak, 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 
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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 V̇O2peak in some 
patients [49]. The association between V̇O2peak 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 

[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 V̇O2peak but 
does not rule out impaired lung diffusion capacity.

The ventilatory equivalent (measured as V̇E/V̇CO2) is a 
widely studied parameter of CPET [56] and a marker for 
ventilatory efficiency. A V̇E/V̇CO2 > 35 is often considered 
an indicator of ventilatory inefficiency which is a hallmark 
of pulmonary arterial hypertension (although not specific 
to this condition) [56]. V̇E/V̇CO2 has thus been suggested 
as a valuable marker of early cardiovascular disease [56]. 

Fig. 2  Medians of V̇O2peak 
(A), DLCO (B) and V̇E/V̇CO2 
(C) weighted by sample size 
of respective studies or study 
visits in case a cohort was 
tested several times. Bubble 
area represents the sample 
size of studies. Bubble colour 
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, V̇E/V̇CO2 
ventilatory efficiency, V̇O2peak 
peak oxygen uptake
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Notably, ventilatory inefficiency does not correspond well 
with reduced breathing reserve [57]. Ventilatory inefficiency 
may thus be present even with normal breathing reserve 
[57].

As apparent in Tables 1, 2, 3, the prevalence of venti-
latory inefficiency up to 3 months post-hospital discharge 
ranged between 15 and 32% [32, 43], and remained around 
10–29% thereafter [32–34, 38, 55, 58]. However, in 94% of 
studies, the mean of V̇E/V̇CO2 was < 35 (see Table 1 and 
Fig. 2C). We hypothesise that one of the mechanisms lead-
ing to ventilatory inefficiency may be induced by impaired 
pulmonary endothelial function and not respiratory limi-
tations per se [56]. The thereby elicited changes such as 
pulmonary arterial obstruction, increased mean pulmonary 
arterial pressure, as well as a reduced capillary bed, may, in 
turn, lead to ventilation/perfusion mismatching [56]. This 
may ultimately result in dyspnoea and reduced V̇O2peak [56]. 
Consequently, examinations of ventilatory perfusion would 
provide valuable information regarding the involvement of 
the pulmonary vasculature.

Dysfunctional breathing is another aspect that should 
be discussed in light of the prevalence of ventilatory inef-
ficiency as a potential contributing factor to exercise intoler-
ance as well as post-COVID-19 symptoms such as dyspnoea 
or fatigue [42]. Skjørten et al. [5] found 3 months post-
discharge that in those with ventilatory inefficiency (15% 
of the cohort), around 45% of cases could be attributed to 
dysfunctional breathing followed by circulatory (38%) and 
ventilatory limitations (17%). Motiejunaite et al. [43] like-
wise reported exercise hyperventilation as the main limita-
tion in 16% of patients and a potential cause of dyspnoea. 
These studies show that dysfunctional breathing deserves 
investigation in patients post-COVID-19.

3.3  Cardiovascular System (Gear 2)

The cardiovascular system is essential for the supply of oxy-
genated haemoglobin in the blood to the working muscles. 
Cardiovascular limitations can be identified via CPET by 
maximum heart rate being below the lower limit of normal, 
an abnormal increase of oxygen uptake or  O2-pulse in rela-
tion to work rate, reduced ventilatory threshold 1 (VT1), or 
an abnormal heart rate/V̇O2 slope (panels 2, 3, 4, 5 in the 
original Wasserman 9-panel graph) [27].

The supply capacity of  O2 by the cardiovascular system 
is aside from the haemoglobin concentration in the blood 
reflected by cardiac output (stroke volume [SV] × heart 
rate) in Fick’s equation [9]. The majority of included studies 
reported  O2-pulse as an estimate for SV calculated as oxygen 
uptake/heart rate at that stage [59]. Importantly,  O2-pulse 
is equal to SV × arteriovenous oxygen difference [27]. It 
thus needs to be considered that in contrast to SV,  O2-pulse 
may be altered by changes in the  O2-carrying capacity of the Ta
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blood,  O2 uptake or heart rate when interpreting this param-
eter [59].  O2 uptake and heart rate can therefore directly 
impact the calculation of  O2-pulse. A better capability of 
the mitochondria to utilise  O2 would raise oxygen uptake 
and thereby lead to a higher  O2-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  O2-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  O2-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  O2-pulse 
[24]. Intriguingly, cardiac output did not differ between 
patients (n = 18) and controls despite lower  O2-pulse and 
mild chronotropic incompetence in patients [24]. However, 
this was accompanied by a lower arterial blood  O2-content 
than in controls [24]. While this demonstrates the difficulty 
of using  O2-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 V̇O2peak [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  O2-pulse [17, 24, 32, 43, 54]. While in Jahn 
et al. [31],  O2-pulse was normal in the full sample, it was 
significantly lower when comparing patients stratified by 
low versus ‘normal’ V̇O2peak (defined as V̇O2peak > 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  O2-pulse 
had normalised in most studies (see Table 2). The revers-
ibility of low  O2-pulse was further demonstrated by one 
longitudinal study [17], which showed that mean  O2-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  O2 content × 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 V̇O2peak [58]. Noticeable in 
this study was the pronounced reduction in V̇O2peak (70% 
of predicted) [58] compared with other studies ranging 
between 81 and 88% of predicted. However, small sample 
sizes and the choice of  O2-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 V̇O2peak, 
another study reported 46% of patients being below 80% of 
predicted  O2-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  O2-pulse 
was solely due to low SV [37]. Additionally to a low SV, a 
reduced maximum heart rate could impact the calculation of 
 O2-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 V̇O2peak. 
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 
 O2 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 V̇O2peak in patients with chronic fatigue syndrome [62]. 
These findings might thus have implications for patients 
post-COVID-19.

The V̇O2/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 V̇O2/work rate slope [6, 32, 34, 44, 
64]. Considering 10–11 mL  min−1  W−1 as normal [63], 
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results were inconsistent. In one study, V̇O2/work rate 
slope was markedly reduced 3  months post-discharge 
(5.6 mL  min−1  W−1, 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−1  W−1 
at 3 months to 9 months post-discharge) [6, 32, 34, 43]. 
Although most studies reported a V̇O2/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 V̇O2peak. Again, the reader should be aware that V̇
O2/work rate slope may also be impacted by peripheral 
factors (discussed in Sect. 3.4) [27, 63].

VT1 is the point of exercise V̇O2 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 V̇CO2 in relation to V̇O2 or the inflection point of the V̇
E/V̇O2 curve in relation to work rate [16]. It provides an 
indication of  O2 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 V̇O2peak or percentage of predicted V̇O2peak 
[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 V̇O2peak, VT1 as percentage of V̇O2peak may be normal 
but VT1 as percentage of predicted V̇O2peak is reduced sim-
ply because of the lower measured V̇O2peak. Alternatively, 
a reduced VT1 as percentage of V̇O2peak would always be 
accompanied by a reduced VT1 as percentage of predicted 
V̇O2peak independent of the level of V̇O2peak. Most studies 
reported normal VT1 that was on average above 40% of 
V̇O2peak. This also seemed to be the case for studies that 
reported VT1 as percentage of predicted V̇O2peak consider-
ing their actual V̇O2peak [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 V̇
O2peak, 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 V̇O2peak via 
reduced SV diminishes within a rather short time frame 
of 4 months. Because low V̇O2peak is prevalent up to 1 year 
post-infection, deconditioning alone is unlikely to be the 
only reason for low V̇O2peak 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 V̇O2peak 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 V̇O2peak in a 
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 V̇CO2 kinetics 
throughout exercise, a shallower increase of V̇O2/work rate 
ratio, or reduced VT1 during CPET (panels 3, 5, 8 in the 
original Wasserman 9-panel graph) [27].

As discussed earlier on, V̇O2/work 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 V̇O2/
work rate ratio and VT1 suggest a possible contribution of 
peripheral factors (i.e. peripheral-vascular or mitochondrial 
components) to low V̇O2peak in some patients. V̇O2/work rate 
ratio and VT1, however, seem too unspecific to quantify the 
contribution of peripheral factors to low V̇O2peak. 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 V̇O2/work rate 
ratio and VT1 [5, 31, 32]. Also, in some studies definitions 
for deconditioning seem to differ. Skjørten 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 V̇O2peak.

In the absence of  O2 supply limitations, arteriovenous 
oxygen difference (a-vO2-diff) reflects the metabolic oxida-
tive capacity, which is the ability of the mitochondria to 
utilise oxygen [9]. Measuring a-vO2-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 V̇O2 
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-vO2-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 V̇O2peak even 1 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 V̇O2peak, 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 V̇O2peak [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 V̇O2peak [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 V̇O2peak 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 V̇O2peak [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 V̇O2peak in severe COVID-19 
and an underestimation in mild COVID-19 severity. COVID-
19 vaccination status of patients might also affect V̇O2peak. We 
previously demonstrated that physical activity, an important 
moderator of V̇O2peak, differed between unvaccinated and fully 
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vaccinated adults [80]. Finally, different methods to determine 
V̇E/V̇CO2 are available [56, 81]. However, the exact methods 
used were often not reported. Thus, we pooled V̇E/V̇CO2 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 V̇O2peak. Thirdly, as recently shown, individuals with low 
V̇O2peak seem to be more prone to greater COVID-19 sever-
ity than those with high V̇O2peak [7]. Simultaneously, the data 
from this review suggested a detrimental effect of COVID-19 
on V̇O2peak. Based on the available data, both are likely true, 
but it is unclear to which extent each factor contributes to low 
V̇O2peak. 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 V̇
O2peak [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 V̇O2peak, 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 V̇O2peak. Studies incorporating all parts of the 
gear system are thus needed to better understand the interplay 
of the three gears on low V̇O2peak. 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 V̇O2peak. 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 
V̇O2peak [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 V̇
O2peak 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 V̇O2peak. To confirm this 
hypothesis, future studies using CPET need to determine 
muscle mass, muscle strength, muscle perfusion, mito-
chondrial function as well as a-vO2 diff.

The evidence presented in this review strongly sug-
gests that it is not justified to declare deconditioning 
as the sole mechanism of low V̇O2peak 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 V̇O2peak 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 V̇O2peak 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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