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Abstract

OBJECTIVES: The aim of the present study was to investigate the level of cardiorespiratory
fitness and neuromuscular function of intensive care unit (ICU) survivors after Covid-19 and

to examine whether these outcomes are related to ICU stay/mechanical ventilation duration.

DESIGN: Prospective non-randomized study.

SETTING: Patients hospitalized in ICU for Covid-19 infection.

PATIENTS: 60 patients hospitalized in ICU (mean duration: 31.9+18.2 days) were recruited 4

to 8 weeks post-discharge from ICU.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: Patients visited the laboratory on two separate
occasions. The first visit was dedicated to quality of life questionnaire, cardiopulmonary
exercise testing while measurements of the knee extensors neuromuscular function were
performed in the second visit. Maximal oxygen uptake (VO2max) was 18.3+4.5 mL-min*-kg?,
representing 49+12% of predicted value, and was significantly correlated with ICU
stay/mechanical ventilation (MV) duration (R=-0.337 to -0.446, P<0.01 to 0.001), as were
maximal voluntary contraction and electrically evoked peak twitch. VO,max (either predicted
or in mL-mintkg) was also significantly correlated with key indices of pulmonary function
such as predicted forced vital capacity or predicted forced expiratory volume in 1-s (R=0.430
to 0.465, P < 0.001)] and neuromuscular function. Both cardiorespiratory fitness and
neuromuscular function were correlated with self-reported physical functioning and general

health status.
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CONCLUSIONS: VO,max was on average only slightly above the 18 mL-mint-kg?, i.e. the cut-
off value known to induce difficulty in performing daily tasks. Overall, although low physical
capacities at admission in ICU Covid-19 patients cannot be ruled out to explain the association
between VO;max or neuromuscular function and ICU stay/MV duration, altered
cardiorespiratory fitness and neuromuscular function observed in the present study may not

be specific to Covid-19 disease but seem applicable to all ICU/MV patients of similar duration.

KEYWORDS: Covid-19, cardiorespiratory fitness, muscle, respiration artificial, intensive care

unit, quality of life.
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Introduction

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2 virus), primarily affects the
respiratory system, although other organ systems are also involved (for details about the
pathophysiology, see (1)). While the majority of people infected with Covid-19 will present no
to mild-moderate symptoms, more severe disease is experienced by elderly populations and
people with comorbidities. It has been estimated that around 30% of people infected with
Covid-19 will require hospitalization and of those hospitalized, 20% will be admitted to an

Intensive Care Unit (ICU) (2).

The negative effects of Covid-19 on the respiratory system, combined with the known
effects of prolonged immobilization and mechanical ventilation (MV) on cardiorespiratory
function, are likely to have severe implications for cardiorespiratory fitness (CRF). Assessment
of CRF is most commonly performed through the measurement of maximal oxygen uptake
(VO2max), which measures the upper limit of O, transport and utilization during exercise.
Lower levels of aerobic capacity are associated with reduced independence during activities
of daily living (3). For instance, it has been observed that individuals with a VO,max lower than
18 ml'-mintkg?! report significant difficulty in performing daily tasks (4). Clinical
cardiopulmonary exercise testing is the established clinical tool for assessing CRF in response

to incremental exercise (5).

Physical function and fitness have been reported to be impaired following SARS-CoV
infection (6). These functional limitations are important because people with SARS-CoV may
experience residual impairments in physical function up to 1-2 years after the infection (2).
Similarly, when considering patients with acute respiratory distress syndrome, 69%

experienced declines in physical status (Medical Research Council score and/or 6-min walk
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test) from their post-discharge state over a 5-year follow-up period (7). In Covid-19
hospitalized patients tested 6 months post-infection, those who were more severely ill during
their hospital stay had more severely impaired pulmonary diffusion capacities (8). However,
in this study, only 4% of patients were admitted to ICU, and any potential effects of impaired
pulmonary function on CRF was not assessed. Thus, objective physical function measures in

Covid-19 patients admitted to ICU have yet to be thoroughly investigated.

In addition to CRF, lower muscle strength during early adulthood was associated with
a higher risk of hospitalization, admission in ICU and mortality (9). These data, combined with
the fact that ICU stay induces muscle deconditioning, particularly in ventilated patients (10)
make the investigation of neuromuscular function in Covid-19 ICU survivors extremely
relevant. Neuromuscular function encompasses both the central and the peripheral
components. The central component (neural command) assesses the existence of a potential
neural deficit, i.e. whether motor units are fully recruited. The peripheral component focuses
on the muscle, independently of the neural drive. Maximal strength is the combination of the
two components. To the best of our knowledge, such data do not exist in Covid-19 patients.
The aim of this study was thus to thoroughly evaluate the level of CRF and lower limbs
neuromuscular function in ICU survivors after Covid-19 and to better understand the etiology

of both CRF (e.g. pulmonary/muscle causes) and neuromuscular function limitations.

Methods

Patients and eligibility

The study cohort comprised 60 patients (8 women; age: 64.51+9.8 yr; height: 172.6+8.0 cm;

body mass: 79.1+11.7 kg; body mass index (BMI): 26.5+3.7 kg-m-2) hospitalized in ICU for
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Covid-19 infection recruited in 6 ICUs of University hospitals and private clinics in Saint-
Etienne, Lyon and Grenoble (France) between May 2020 and August 2021. Time from
discharge was 51.7+15.4 d, ICU stay duration was 31.9+£18.2 d, days spent on MV was
22.8414.9 d and the sequential organ failure assessment score (SOFA) was 5.7+2.7. This
prospective non-randomized study was conducted according to the Declaration of Helsinki
and received approval from a Committee on Human Research (n° 200405, Comité de
Protection des Personnes 8 lle de France - ClinicalTrials.org: NCT04363606). Written
informed consent was obtained from all patients. Inclusion and exclusion criteria are

presented in Figure 1.

Patients, for whom sequential organ failure assessment (SOFA) and simplified acute
physiology score (SAPS 2) were assessed, visited the laboratory on two separate occasions to
complete the protocol. Pre-ICU status was determined using Clinical Frailty Score, Charlson
Comorbidity Index, and BMI at admission. The first visit was dedicated to questionnaires,
cardiopulmonary exercise testing and familiarization to electrical stimulation and force
measurements used in visit #2. The second visit, performed 6.7+2.5 days after visit #1, was
dedicated to the neuromuscular function measurements. Out of the 60 patients, 10 were not
allowed to participate to visit #2 or had adverse effects during the cardiopulmonary exercise
testing performed in visit #1. The reasons are detailed in Supplemental Material. To avoid
attrition bias, all subjects participating in the study were included in the statistical analysis. To
minimize assessment bias, the same experimenter administered all the neuromuscular tests.
The assessments were made blinded to the knowledge of ICU stay duration. To avoid selection

bias, the study was proposed to all consecutive volunteers who met the inclusion criteria.
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Health-related quality of life (visit #1)

Health-related quality of life was assessed using the French version of the SF-36 questionnaire
(11). A score between 0 and 100 is assigned to various domains, and aggregate into physical
and mental components. The questionnaire includes assessments of bodily pain, general
health, vitality, limitations in physical function, limitations in usual role activities due to
physical problems, limitations in usual role activities due to emotional problems, limitations

in social activities, and mental health.

Cardiopulmonary exercise testing (visit #1)

Spirometric tests were completed in all patients to determine forced vital capacity, forced

expiratory volume in one second, and maximum voluntary ventilation.

A maximal incremental cardiopulmonary exercise test using a cycle ergometer was conducted
using a standard ramp-incremental protocol. Patients were seated on a standard bicycle
ergometer with 12-lead electrocardiogram and gas exchange monitoring. Details of protocol
and equipment are presented in Supplementary Material. Peripheral oxygen saturations
(Sp02) and non-invasive blood pressure were monitored throughout the test. Desaturation
during exercise was considered as significant when the difference in SpO; from baseline was

> 4% (12).

The highest rolling 30-s average for VO,, minute ventilation (Ve) and respiratory
exchange ratio were calculated. VO.max was expressed as absolute values (L-mint), and
relative to body mass (mL-mint-kg'). To describe the cardiorespiratory fitness of our sample,

we also compared each participant's VO,max with reference values based on age and sex (i.e.
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VO>max percent predicted values) (13). Ventilatory limitation to exercise was defined as

previously suggested (12).

Quadriceps neuromuscular function (visit #2)

Patients sat on an isometric dynamometer (ARS dynamometry; SP2, Ltd., Ljubljana, Slovenia).
Details about the position and the equipment can be found elsewhere (14). After a
standardized warm-up, patients performed the neuromuscular assessment. They first
performed one maximal voluntary contraction with no stimulation. Subsequently, patients
performed two maximal voluntary contractions (separated by 60 s) with single peripheral
nerve stimulation delivered during the maximal voluntary contraction plateau followed by a
single stimulation within 2 s of relaxation, for the calculation of maximal voluntary activation

as an index of maximal central drive, as follows:

1-superimposed Twitch
Peak Twitch

Voluntary Activation = [ ] x 100

where peak twitch, also used as an index of muscle function, is the amplitude of the
potentiated twitch. Maximal voluntary contraction torque was defined as the highest value.

Peak twitch is expressed absolute values (in Nm) or relative to body mass (Nm-kgt).

Comparison with other cohorts

To compare maximal voluntary contraction of our patients with healthy subjects, we used data
from previous studies performed in our laboratory (n=77; age 51.8+12.1 yr; body mass

77.1416.2 kg) and collected on the same isometric dynamometer. We also compared our

10
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patients with a small cohort (n=33, age 50.3+12.8 yr; body mass 75.6+7.6 kg) of non-ICU Covid-

19 patients.

Statistical analysis

To assess the effects of ICU stay, MV duration and disease severity on CRF and
neuromuscular function, Pearson's product moment correlations were performed against
the objective variables of the study. Pearson’s correlations were also used to test the
relationships between indices of health-related quality of life and the objective variables and
between VO2max and pulmonary and NM functions. An unpaired t-test was used to test the
characteristics of patients with and without adverse events during the cardiopulmonary
exercise testing. No imputation of missing values was performed. The alpha level was set at
0.05. To compare our cohort with both healthy subjects (for maximal voluntary contraction)
and Covid-19 patients who have not stayed in ICU (for CRF), a multiple linear regression to
understand the effect of ICU stay, sex, age and body mass on different outcomes was used.
All the possible interactions up to the 4t order were tested, using likelihood ratio test and a

backward heuristic approach.

Results

Before admission, 42% of our patients were considered as obese (BMI>30 kg/m?). On average,
patients had a Clinical Frailty Score of 2+1 and a Charlson Comorbidity Index of 2.9+1.5. There

was no correlation between the pre-comorbid status (i.e. Charlson Comorbidity Index, Clinical

11
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Frailty Score or Pre-BMI) and the ICU stay duration, MV duration, SOFA or SAPS2 scores.

Median and range of ICU stay duration was 29 days and [6-80 days], respectively.

The main parameters for lung function and at peak exercise during incremental
cardiopulmonary exercise testing are presented in Tables 2 and 3, respectively. Most
ventilatory and CRF outcomes were below the normative values. Fixing the values of all the
other relevant explanatory variables (i.e. age, sex, body mass), forced vital capacity, forced
expiratory volume in 1-s, and VO,max were significantly lower in ICU than non-ICU Covid-19
patients (P <0.001 to 0.019). No difference was found between the two groups for maximal

voluntary ventilation.

The Charlson Comorbidity Index was negatively correlated with maximal voluntary
contraction relative to body mass (R=-0.322, P=0.024) but there were no correlations between
the Charlson Comorbidity Index and relative (R=-0.117, P=0.392) or absolute (R=-0.135,

P=0.322) VO2max.

The percentage of patients put in prone positioning, receiving extracorporeal
membrane oxygenation, neuromuscular blocking drugs and corticosteroids were 84%, 7%,
89% and 40%, respectively. There was a significant correlation (R=-0.303; P=0.031) between
Wmax and the SOFA score but not with SAPS2. No other correlations were found between

SOFA and any of the CRF or neuromuscular function variables measured in the present study.

ICU stay duration was significantly correlated with VO2max expressed in mL-mint-kg
body mass (R=-0.446, P<0.001, Figure 2A) as well as with maximal voluntary contraction in
both absolute (R=-0.504, P<0.001) and relative to body mass (R=-0.449, P=0.001) values and
absolute peak twitch (R=-0.334, P=0.033). Similarly, MV duration was significantly correlated

with VO,max expressed in percent predicted values (R=-0.320, P=0.016). MV duration was also

12
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correlated with several indices of strength such as maximal voluntary contraction in absolute
values (R=-0.429, P=0.002). Maximal voluntary contraction was significantly lower in Covid-19
ICU survivors compared to healthy subjects (P<0.001) [fixing the values of all the others

relevant explanatory variables (i.e. ICU stay, age, sex and body mass)].

There were significant correlations between VO,max and indices of muscle strength,
either expressed both in absolute values (i.e. in L'-mint and Nm: R=0.696, P<0.001) or in
relative values (i.e. mL-min-t-kg"* body mass and Nm-kg* body mass: R=0.675, P<0.001, Figure
2B). Relative VOmax was also correlated to relative peak twitch (R=0.693, P<0.001, Figure

20).

Forced vital capacity, forced expiratory volume in 1-s and maximum voluntary
ventilation were 83.7+18.6%, 89.4+19.6% and 96.7+20.2% of predicted values. There were
significant correlations between VO.max either in percent predicted values or in mL-min--kg"
1body mass and indices of lung function, i.e. predicted forced vital capacity (R=0.491, P<0.001
and R=0.430, P=0.001), predicted forced expiratory volume in 1-s (R=0.520, P<0.001 and
R=0.465, P<0.001) and maximum voluntary ventilation (R=0.440, P<0.001 and R=0.249,

P=0.072).

Significant desaturation during exercise from baseline levels was observed in 41.7% of the
patients (mean desaturation ~5%). Minimum SpO; during the cardiopulmonary exercise
testing was significantly correlated with predicted forced vital capacity, and forced expiratory
volume in 1-s (R=0.614, R=0.579, R=0.561, respectively; all P<0.001). Based on the criteria
defined by Benington et al. (12), 29% of the patients were classified as having pulmonary
limitations to exercise. Removing these patients did not change VO2max (18.2+4.4 mL-min
Lkgl). At VOomax, respiratory exchange ratio was 1.14+0.11. Three minutes after task failure,

finger blood capillary lactatemia was found to be 7.0+2.0 mmol/L.

13
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Finally, indices of health-related quality of life (see Table 3) were correlated with
objective CRF and neuromuscular function outcomes. In particular, VO2max (relative to body
mass) was correlated with PF, RP, and GH (R<0.385-408 and P<0.004). Similarly, maximal
voluntary contraction and peak twitch (relative to body mass) were correlated with RP and GH

(R<0.325-388 and P<0.028).

Discussion

The present study aimed to investigate the cardiorespiratory and neuromuscular
characteristics of ICU survivors after Covid-19 and to examine whether these outcomes were
related to ICU stay/ventilation duration. The main results are that mean VO.max was (i)
slightly above the 18 mL-min--kg! cut-off value known to induce difficulty in performing daily
tasks (e.g. climbing stairs will require an aerobic capacity close to this value, i.e. 5 METS), (ii)
negatively correlated to ICU stay/MV duration, (iii) correlated with key indices of pulmonary
and neuromuscular functions and (iv) associated with limitations in self-reported physical
function. The present results also showed that muscle strength and quality of life was

deteriorated when compared to a healthy control population.

VO.max: effects of Covid-19 vs ICU stay

In the present study, VO,max was directly assessed 4 to 8 weeks post-ICU and was found to
be very low, i.e. 18.3 mL-min-kg™? or 49% of predicted values. Braga et al. (2022) assessed
CRF a median of 25 days after discharge in hospitalized Covid-19 patients and reported a

VO,peak of 18.7 mL-mint-kg™. This is similar to the present study, despite their patients being

14
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less severely ill, since not all (58%) were admitted in ICU and only 18% needed invasive MV,
probably because their patients were tested following a shorter time lapse after discharge (25
days vs 52 days post-discharge in the present study). Our data are also similar to another study
with a smaller cohort showing that Covid-19 ICU patients had 57% of predicted values (15)
compared to 49% in the present study. In our own comparison with non-ICU Covid-19 patients,
we found that, when normalizing to other relevant explanatory variables (i.e. age, sex, body
mass), VO2max was significantly higher in non-ICU than in ICU Covid-19 patients. It has also
been reported that non-Covid-19 ICU survivors tested 24114 days after hospital discharge had
VO2max of 13.8 mL-min-t-kg* (12). Since ICU stay or MV duration were comparable in the two
cohorts, the higher values in ICU Covid-19 patients of the present study could be due to the
fact that our patients were tested following a longer time lapse after discharge. ICU Covid-19
patients may have had low VO,max before going to the hospital (16). However (i) the Clinical
Frailty Score (2 + 1) and Charlson Comorbidity Index (2.9 £ 1.5) show that the patients were
not fragile and did not have major comorbidities at admission and (ii) the Charlson
Comorbidity Index was not correlated to VO,max. Overall, this suggests that the deteriorated
CRF is not specific to ICU Covid-19 patients (despite their ventilatory limitations, see below)

but is applicable to all ICU/MV patients.

Three quarter of the patients hospitalized due to Covid-19 (not only ICU patients)
have been shown to have persistent pulmonary symptoms, in particular breathlessness (17).
VO2max was significantly correlated with predicted forced vital capacity and forced expiratory
volume in 1-s in the present study. Altogether the present results may suggest that the
pulmonary limitations are significant during exercise in patients with severe forms of Covid-
19. However, we speculate that this correlation was related to the effects of ICU stay/MV

duration on both VO,max and spirometry parameters rather than to the effects of Covid-19

15
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per se. Only one patient demonstrated significant desaturation during exercise from baseline
levels (> 4%) in Benington et al. (12) compared to 42% in the present study and 23% in Skjorten
et al. (18). However, removing the patients with pulmonary limitations in the present study
did not change VO2max so that they cannot fully explain the low CRF of our patients, as

previously suggested in SARS patients (19).

Importantly, VO,max was also associated with self-reported limitations in physical
function as well as limitations in usual activities due to physical problems in the present
experiment (two items of the SF-36 questionnaire). This is in line with data showing that lower
levels of aerobic capacity are associated with deteriorated functional independence during
activities of daily living (2). Glimelius Petersson et al. (20) reported mental and physical
components of the SF-36 collected two months after (non-Covid-19 patients) ICU discharge of
43129 and 32+24, respectively, thatis in line with our findings of 42+17 and 43116. In contrast,
when comparing our data with normative values for a similar age (21), it is clear that our

patients are below those of healthy subjects.

Neuromuscular function

Maximal voluntary contraction, i.e. the combination of both central drive (assessed by
maximal voluntary activation) and muscle function (assessed by peak twitch), was significantly
lower in Covid-19 ICU survivors compared to healthy subject. VO.max correlated with muscle
(i.e. peripheral component) strength, including when both VO.max and peak twitch were
normalized to body mass. One possibility is that muscle limitations may have contributed to

impaired CRF. Alternatively, it could be argued that the physical function (including both
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maximal strength and CRF) was negatively impacted by ICU duration or that people with a

higher VO,max were more active, and as a result had greater muscle strength.

Importantly, ICU acquired weakness has been reported as a major symptom in ICU
patients (22, 23). For example, over one quarter of patients develops significant muscle
wasting (10) and weakness (24) during ICU stay, particularly in the lower limb muscle groups.
ICU acquired weakness was reported to be 27% at hospital discharge post-ICU due to Covid-
19 (25). The present study did not allow to ascertain the existence of ICU acquired weakness
since no Medical Research Council scores were performed and it has been shown that muscle
strength was associated with the risk of Covid-19 hospitalization (9, 26) so that the patients
may have been weak before admission. Yet, it is worth reporting that significant correlations
were found in the present study between indices of muscle function and self-reported
limitations in physical function as well as limitations in usual role activities due to physical
problems. Maximal voluntary activation (87+8%) was found to be in normal range of values
for healthy population (e.g. 87+9% in endurance-trained athletes, (27)). Still, voluntary
activation was correlated with self-reported limitations in usual role activities due to physical
problems. Both VO,max and indices of neuromuscular function were thus correlated with the
general health status and limitations in usual role activities due to physical problems in the
present study. Altogether, the neuromuscular function data presented in the present study
reinforce the need for tailored rehabilitation in this population, as recently suggested (25, 28,

29).

Effects of ICU stay and MV duration

17
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In the present study, significant correlations were found between the length of the ICU stay
and VO;max. There are two possible explanations for this finding. Firstly, a negative
relationship between VO,max and hospitalization following Covid-19 infection has previously
been demonstrated (16). Accordingly, it is possible that patients with a lower VO,max prior to
Covid-19 infection had a greater risk of more severe symptoms, and thus a longer ICU stay.
Conversely, given that inactivity is associated with reductions in VO,max in a dose-response
manner (30), the more prolonged ICU stay would be expected to induce more severe
deconditioning and reductions in VO2max. This could be partly due to longer usage of sedative
medications and neuromuscular blockades. Regardless of the cause, these results highlight
the necessity of also providing structured aerobic training interventions in ICU Covid-19
patients. Based on the association between VO,max and ICU stay, we suggest that this is
particularly important for people who have stayed more than 32 days in ICU. Those data agree
with a recent paper arguing that cardiopulmonary exercise testing shows great promise in the

guidance of rehabilitation in functionally limited ICU survivors (31).

The same reasoning as above applies to neuromuscular function. Indeed, as mentioned
above, muscle strength has been found to be associated with the risk of Covid-19
hospitalization (26) and immobility induces muscle deconditioning (23). Significant
correlations were found in the present study between maximal strength/peak twitch and ICU
stay/MV duration. This is in line with a previous study showing that patients with ICU acquired
weakness post-Covid-19 had longer ICU stays than their non-ICU acquired weakness
counterparts (30 vs 19 days) (25). It has also been suggested that the rate of limb muscle
weakness found in Covid-19 ICU patients was higher than in non-Covid-19 ICU patients,
potentially due to the longer MV duration (32). We also found a strong correlation between

VO2max and maximal voluntary contraction (both absolute et relative to body mass) and peak
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twitch (an index of muscle function), both variables being correlated with ICU stay and MV
durations as discussed above. This suggests that resistance training may also be beneficial to

VO,max in these patients.

Limitations

We cannot exclude the possibility that the ICU Covid-19 survivors who made themselves
available for testing were not representative of all the survivors (12) or, on the contrary, that
some fragile patients (e.g. with neuromyopathy) were not able to be recruited for the present
study, so some degree of bias could have thus been present. It is also unclear whether the
findings from the present study are generalizable to all Covid-19 patients from different
demographic and cultural backgrounds, or for all variants. Cardiopulmonary exercise testing
was performed with testing filters that have an inherent resistance to flow which in most
circumstances are unlikely to limit ventilation and impact exercise performance (5). Despite
that these filters are not recommended when performing cardiopulmonary exercise testing,

they were used for safety reasons (33).

Conclusion

Cardiorespiratory fitness of Covid-19 patients after 32 days in ICU was extremely low as shown
by the mean VO2max being less than 50% of predicted values and just above the cut-off value
known to induce difficulty in performing daily tasks. This low VO,max was associated with self-
reported limitations in physical function and general health status. Other important findings

of the present study are that key indices of pulmonary and neuromuscular functions were
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associated with VO.max and that were both correlated with ICU stay and mechanical
ventilation duration. These data emphasize the need for tailored (aerobic or resistance or
combined training) rehabilitation programs for severe Covid-19 patients, particularly those
who have stays at ICU over a month. However, these findings may not be specific for Covid-

19 patients but be applicable to all ICU/mechanically ventilated patients for a similar duration.

Acknowledgements

The authors would like to than Florianne Rambaud, Kévin Guillemin and Bernard Januel for

their help in collecting the data.

References

1. Yuki K, Fujiogi M, Koutsogiannaki S: COVID-19 pathophysiology: A review. Clin Immunol 2020;
215:108427

2. Rooney S, Webster A, Paul L: Systematic Review of Changes and Recovery in Physical
Function and Fitness After Severe Acute Respiratory Syndrome-Related Coronavirus Infection:
Implications for COVID-19 Rehabilitation. Physical therapy 2020; 100(10):1717-1729

3. Arnett SW, Laity JH, Agrawal SK, et al: Aerobic reserve and physical functional performance in
older adults. Age Ageing 2008; 37(4):384-389

4, Morey MC, Pieper CF, Cornoni-Huntley J: Is there a threshold between peak oxygen uptake
and self-reported physical functioning in older adults? Medicine and science in sports and exercise
1998; 30(8):1223-1229

5. Faghy MA, Sylvester KP, Cooper BG, et al: Cardiopulmonary exercise testing in the COVID-19

endemic phase. Br J Anaesth 2020; 125(4):447-449

20



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

6. Manocha S, Walley KR, Russell JA: Severe acute respiratory distress syndrome (SARS): a
critical care perspective. Crit Care Med 2003; 31(11):2684-2692

7. Pfoh ER, Wozniak AW, Colantuoni E, et al: Physical declines occurring after hospital discharge
in ARDS survivors: a 5-year longitudinal study. Intensive Care Med 2016; 42(10):1557-1566

8. Huang C, Huang L, Wang Y, et al: 6-month consequences of COVID-19 in patients discharged
from hospital: a cohort study. Lancet 2021; 397(10270):220-232

9. Af Geijerstam A, Mehlig K, Borjesson M, et al: Fitness, strength and severity of COVID-19: a
prospective register study of 1 559 187 Swedish conscripts. BMJ Open 2021; 11(7):e051316

10. Puthucheary ZA, Rawal J, McPhail M, et al: Acute skeletal muscle wasting in critical illness.
JAMA 2013; 310(15):1591-1600

11. McHorney CA, Ware JE, Jr., Lu JF, et al: The MOS 36-item Short-Form Health Survey (SF-36):
lll. Tests of data quality, scaling assumptions, and reliability across diverse patient groups. Med Care
1994; 32(1):40-66

12. Benington S, McWilliams D, Eddleston J, et al: Exercise testing in survivors of intensive care--
is there a role for cardiopulmonary exercise testing? Journal of critical care 2012; 27(1):89-94

13. Kaminsky LA, Arena R, Myers J: Reference Standards for Cardiorespiratory Fitness Measured
With Cardiopulmonary Exercise Testing: Data From the Fitness Registry and the Importance of
Exercise National Database. Mayo Clin Proc 2015; 90(11):1515-1523

14. Brownstein CG, Espeit L, Royer N, et al: Reductions in motoneuron excitability during
sustained isometric contractions are dependent on stimulus and contraction intensity. J Neurophysiol
2021; 125(5):1636-1646

15. Blokland IJ, Ilbrink S, Houdijk H, et al: [Exercise capacity after mechanical ventilation because
of COVID-19: Cardiopulmonary exercise tests in clinical rehabilitation]. Ned Tijdschr Geneeskd 2020;
164

16. Brawner CA, Ehrman JK, Bole S, et al: Inverse Relationship of Maximal Exercise Capacity to

Hospitalization Secondary to Coronavirus Disease 2019. Mayo Clin Proc 2021; 96(1):32-39

21



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

17. Arnold DT, Hamilton FW, Milne A, et al: Patient outcomes after hospitalisation with COVID-19
and implications for follow-up: results from a prospective UK cohort. Thorax 2020

18. Skjorten I, Ankerstjerne OAW, Trebinjac D, et al: Cardiopulmonary exercise capacity and
limitations 3 months after COVID-19 hospitalisation. Eur Respir J 2021

19. Ong KC, Ng AW, Lee LS, et al: Pulmonary function and exercise capacity in survivors of severe
acute respiratory syndrome. Eur Respir J 2004; 24(3):436-442

20. Glimelius Petersson C, Jakobsson L, Westergren A, et al: Factors and health-related quality of
life associated with participation in a post-ICU follow-up. A register study. Acta anaesthesiologica
Scandinavica 2021; 65(7):902-911

21. Jenkinson C, Coulter A, Wright L: Short form 36 (SF36) health survey questionnaire:
normative data for adults of working age. BMJ (Clinical research ed) 1993; 306(6890):1437-1440

22. Batt J, Herridge M, Dos Santos C: Mechanism of ICU-acquired weakness: skeletal muscle loss
in critical iliness. Intensive Care Med 2017; 43(12):1844-1846

23. Vanhorebeek I, Latronico N, Van den Berghe G: ICU-acquired weakness. Intensive Care Med
2020; 46(4):637-653

24, De Jonghe B, Sharshar T, Lefaucheur JP, et al: Paresis acquired in the intensive care unit: a
prospective multicenter study. JAMA 2002; 288(22):2859-2867

25. Van Aerde N, Van den Berghe G, Wilmer A, et al: Intensive care unit acquired muscle
weakness in COVID-19 patients. Intensive Care Med 2020; 46(11):2083-2085

26. Cheval B, Sieber S, Maltagliati S, et al: Muscle strength is associated with COVID-19
hospitalization in adults 50 years of age or older. J Cachexia Sarcopenia Muscle 2021

27. Besson T, Parent A, Brownstein CG, et al: Sex Differences in Neuromuscular Fatigue and
Changes in Cost of Running after Mountain Trail Races of Various Distances. Med Sci Sports Exerc
2021; in press

28. Belli S, Balbi B, Prince I, et al: Low physical functioning and impaired performance of activities

of daily life in COVID-19 patients who survived hospitalisation. Eur Respir J 2020; 56(4)

22



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

29. Al Chikhanie Y, Veale D, Schoeffler M, et al: Effectiveness of pulmonary rehabilitation in
COVID-19 respiratory failure patients post-ICU. Respir Physiol Neurobiol 2021; 287:103639

30. Huang G, Wang R, Chen P, et al: Dose-response relationship of cardiorespiratory fitness
adaptation to controlled endurance training in sedentary older adults. Eur J Prev Cardiol 2016;
23(5):518-529

31. Whittle J, San-Millan I: Objective assessment of metabolism and guidance of ICU

rehabilitation with cardiopulmonary exercise testing. Current opinion in critical care 2021; 27(4):390-

398

32. Medrinal C, Prieur G, Bonnevie T, et al: Muscle weakness, functional capacities and recovery

for COVID-19 ICU survivors. BMC anesthesiology 2021; 21(1):64

33. Venturelli M, Ce E, Paneroni M, et al: Safety procedures for exercise testing in the scenario of

COVID-19: a position statement of the Societa Italiana Scienze Motorie e Sportive. Sport Sci Health

2020:1-7

23



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

Figures Legends

Fig. 1. Flowchart of the study.

Fig. 2. Relationship between ICU stay duration and VO,max (panel A, n=56), between VO2max
and maximal voluntary contraction (panel B, n=49) and between VO,max and peak twitch

(panel C, n=41). All parameters are expressed relative to body mass.
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Table 1 R1 clean

Table 1. Characteristics of patients without and with adverse events during the clinical

cardiopulmonary exercise testing.

Non-adverse Adverse events All

Characteristic events (n=50) (n=10) (n=60)
Age (y) 63.5+9.9 69.5+8.0 64.5+9.8
Females (%) 12% 20% 14%
Height (cm) 1723175 173.7 £10.5 172.6 £8.0
Body mass at admission (kg) 87.2+12.6 84.8+14.4 86.8+12.8
BMI at admission (kg-m™) 29.5+t4.2 27.7+t4.1 29.2+4.2
Body mass at visit #1 (kg) 79.4+11.6 78.1+13.1 79.1+11.7
BMI at visit #1 (kg-m™) 26.8 3.7 25.5+3.8 26.5+3.7
TFD (d) 51.3+15.6 54.0+15.1 51.7+15.4
ICU stay duration (d) 30.0+16.5 43.7+23.1 31.9+18.2
Days spent on MV (d) 21.9+15.2 29.7+13.9 22.8+14.9
SOFA Score 58128 52+23 57127
SAPS II 37.4+12.0 43.2+17.1 38.3+13.0
Charlson Comorbidity Index 28+1.5 36+13 29+15

BMI: body mass index, TFD: time from discharge, i.e. delay between ICU discharge and inclusion visit; MV:
mechanical ventilation. SOFA: sequential organ failure assessment; SAPS II: simplified acute physiology score.



Table 2 R1 clean

Table 2. Selected parameters of lung function at rest (all n = 57, except slow vital capacity: n =

39).

Mean + SD Range
FVC (L) 3.22+0.31 1.33-4.83
FVC (% pred. values) 83.7+18.6 41-123
FEV1 (L) 2.68+0.75 1.23-4.06
FEV1 (% pred. values) 89.4£19.6 38-136
MVV (L-min) 109.6 + 31.6 49.3-186.0
MVV (% pred. values) 96.7 £20.2 50-146

FVC: forced vital capacity; FEV1: forced expiratory volume in one second, MVV: maximum voluntary
ventilation.



Table 3 R1 Clean

Table 3. Selected parameters at peak exercise during incremental cardiopulmonary exercise
and main parameters of the neuromuscular function, blood parameters and quality of life.

Mean + SD Range
Cardiopulmonary exercise testing (all n=56, except lactatemia: n = 40)
VO;max (L-min?) 1.446 £ 0.4 0.813-2.860
VOmax (mL-mint-kg?) 18.3+4.5 10.5-32.9
VO,max (% pred. values) 49 +12% 27%-80%
Wmax (W) 97 +32 30-190
Wmax (W-kg?) 1.24 +0.41 0.40-2.33
Vemax (L:‘min) 74.9 £ 20.2 41.0-126.5
Breathing reserve (L-min) 35+ 26 -23-106
SpO; at rest (%) 98.5+1.9 91.0-100.0
SpO2 min (%) 93,755 80.0-100.0
RER 1.14+0.11 0.92-1.52
Lactatemia 3 min post-exh (mmol-L?) 7.0£20 4.0-12.6
Neuromuscular function
MVC (Nm) (n = 49) 150.3 +41.8 75.8-244.6
MVC (Nm-kg?) 1.91+0.49 0.95-2.89
PTw (Nm) (n = 41) 51.9+21.3 21.5-121.5
PTw (Nm-kg?) 0.66 +0.26 0.27-1.55
VA (n=39) 87 +£8% 59%-99%
Quality of life (SF-36) (n = 57)
Physical component 43 +16 13-82
Mental component 42 +17 18 - 82
Physical functioning 59+24 0-100
Limitations due to physical problems 17+ 31 0-100
Limitations due to emotional problems 26 + 39 0-100
Vitality 44 + 20 6—94
Mental health 41+13 15-70
Social functioning 58 +21 13-100
Bodily pain 42 +28 0-100
General health 56+ 14 30-90

VO:max: maximal oxygen uptake, Pred: predicted, Wmax: maximal aerobic power, Vemax: maximal ventilation,
SpO:: arterial saturation in oxygen, RER: respiratory exchange ratio, exh: exhaustion, MVC: maximal voluntary
contraction, PTw: peak twitch, VA: maximal voluntary activation.
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