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Background: There is evidence that fully recovered COVID-19 patients usually resume
physical exercise, but do not perform at the same intensity level performed prior to
infection. The aim of this study was to evaluate the impact of COVID-19 infection and
recovery as well as muscle fatigue on cardiorespiratory fithess and running biomechanics
in female recreational runners.

Methods: Twenty-eight females were divided into a group of hospitalized and recovered
COVID-19 patients (COV, n = 14, at least 14 days following recovery) and a group of
healthy age-matched controls (CTR, n = 14). Ground reaction forces from stepping on a
force plate while barefoot overground running at 3.3 m/s was measured before and after a
fatiguing protocol. The fatigue protocol consisted of incrementally increasing running
speed until reaching a score of 13 on the 6-20 Borg scale, followed by steady-state
running until exhaustion. The effects of group and fatigue were assessed for steady-state
running duration, steady-state running speed, ground contact time, vertical instantaneous
loading rate and peak propulsion force.

Results: COV runners completed only 56% of the running time achieved by the CTR (p <
0.0001), and at a 26% slower steady-state running speed (p < 0.0001). There were
fatigue-related reductions in loading rate (o = 0.004) without group differences. Increased
ground contact time (p = 0.002) and reduced peak propulsion force (o = 0.005) were found
for COV when compared to CTR.

Conclusion: Our results suggest that female runners who recovered from COVID-19
showed compromised running endurance and altered running kinetics in the form of longer
stance periods and weaker propulsion forces. More research is needed in this area using
larger sample sizes to confirm our study findings.

Keywords: hospitalization, running mechanics, ground reaction forces, virus infection, COVID-19
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1 INTRODUCTION

Previously infected SARS-CoV-2 patients may wish to return to
normal life and sports practice as soon as possible. However,
return-to-sports following SARS-CoV-2 might be challenging, as
the disease substantially compromises cardiorespiratory fitness
(Bansal, 2020). Recent studies have shown that COVID-19 causes
arrhythmia, myocarditis, acute myocardial injury (Babapoor-
Farrokhran et al., 2020; Guzik et al., 2020; Sapp et al., 2020),
myalgia and arthralgia (Guan et al., 2020). There is evidence that
different exercise types are effective as prevention and adjuvant
therapy in patients with COVID-19 such as traditional Chinese
(Yangetal,, 2021). Further studies on the effects of exercise-based
treatments on the post-COVID-19 syndrome are required to
provide knowledge for practitioners and clinicians about the type
of exercise that is particularly effective in the treatment of
COVID-19 symptoms (Jimeno-Almazan et al., 2021). A recent
review article suggested that a 10-months moderate aerobic
training with three weekly sessions improves immune
responses to influenza or pneumonia vaccination in older
adults (Song et al.,, 2020). Due to the impact of COVID-19 on
different body systems, several health agencies (e.g., National
Strength and Conditioning Association and Collegiate Strength
and Conditioning Coaches Association Joint committee)
recommend a gradual and conservative return-to-sports
approach, involving weeks of low-level activity following
absence of symptoms (Caterisano et al, 2019; Salman et al,
2021). Therefore, COVID-19 infections may negatively affect
sports performance even after full recovery. At the muscle
level, the relatively short half-life of mitochondrial proteins
(~1week) (Hood, 2001) may cause decrements in
mitochondrial function and capacity after a short period of
training cessation. In line with this, decrements in muscle
oxidative capacity (Gjovaag and Dahl, 2008) and reductions in
mitochondrial enzyme activities (Wibom et al., 1992) have been
found after few days/weeks of training cessation. Due to
interindividual heterogeneity of detraining and training effects,
it is important to perform a battery of sport-specific tests aimed at
evaluating the individual detraining status for planning an
effective and safer return to sport activities (Girardi et al., 2020).

Running is a popular physical exercise, as it requires little
equipment, is time-efficient and health beneficial (Mehl et al,
2011). Accordingly, there is evidence that running exercise can
improve cardiorespiratory fitness and bone strength (Lee et al,
2017), brain function (Vivar and van Praag, 2017) and
psychological well-being (Nezlek et al., 2018). At the same
time, running is a demanding exercise for the
cardiorespiratory system, and compromised energy supply
and/or oxygen transport to the muscles might accelerate the
fatigue process during exercising. Muscle fatigue has been defined
as a decrease in maximal force or power production in response to
contractile muscle activity, which affects performance of
prolonged daily life activities and sports practice (Gandevia,
2001). Fatigue is multi-factorial, with components related to
peripheral muscle contractile function, as well as central
factors related to the descending drive to the active muscles
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(Bigland-Ritchie et al, 1978; Gandevia, 2001; Wan et al,
2017). It has been suggested that COVID-19 affects oxygen
transport to the skeletal muscles (Alayash, 2021; Boning et al.,
2021), likely influencing the fatigue process. Some of the
mechanisms of reduced oxygen availability are 1) the reduced
hypercapnia/CO, retention that causes “happy hypoxemia” in
patients with COVID-19 (Dhont et al., 2020); 2) the infection of
0O,-sensing glomus cells by SARS-CoV-2, which affects central
breathing regulation (Boning et al., 2021), and 3) the reduced
hemoglobin concentration during the course of COVID-19 (Liu
etal,, 2020a; Kumar et al., 2020; Vogel et al., 2020). Thus, previous
SARS-CoV-2 infections might influence essential mechanisms
related to oxygen delivery to muscle cells during exercise,
potentially accelerating the fatigue process which may lead to
early termination of exercise (Amann and Calbet, 2008; Alayash,
2021).

Fatigue impacts on running kinematics in different ways such
as increased loading on the medial arch of the foot (Fourchet
et al,, 2015), increased dorsiflexion velocity and knee internal
rotation excursion (Radzak et al., 2017), as well as reduced plantar
flexion and knee flexion moments (Radzak et al., 2017). In terms
of kinetics, fatigue-related increases in peak vertical ground
reaction forces (GRF) and loading rates have been reported
during the performance of landing tasks (James et al., 2006;
James et al., 2010) and running exercise (Nicol et al, 1991;
Jafarnezhadgero et al, 2019; Pirscoveanu et al., 2021).
Accordingly, the monitoring of running biomechanics in
fatigued condition is relevant as increased early vertical impact
loading has been associated with an increased risk of sustaining
running-related injuries (Weist et al., 2004). Another external
factor that appears to have an influence on running-related
injuries is whether running is performed in shod condition or
barefooted (Hobara et al., 2012). Of note, barefoot running has
been associated with shorter stride length and higher cadence
compared with rearfoot strike shod running (De Wit et al., 2000).
It is well-known that reduced stride length results in lower
instantaneous vertical loading that may protect runners from
impact-related injuries (Hobara et al., 2012). Thus, barefoot
running can be used as an experimental condition to test
fatigued running. There is evidence that females have
significantly greater knee abduction, knee internal rotation and
ankle eversion angles compared with males (Sinclair et al., 2012).
Males have greater hip flexion (Sinclair et al., 2012). In females,
sex-specific anatomical (e.g., pelvic width), morphological (e.g.,
steroid hormones level), and biomechanical characteristics (e.g.,
ankle eversion) (Sinclair et al., 2012) appear to increase the risk of
sustaining running-related injuries (Griffin et al, 2006).
Accordingly, female runners were examined in this study.

It is likely that any type of hospitalization may lead to
compromised performance when exercising shortly after
recovery. Nonetheless, investigating the potential influence of
COVID-19 infection on running performance is highly relevant,
as COVID-19 might substantially affect cardiorespiratory fitness
and running mechanics (Bansal, 2020). In fact, recovered SARS-
CoV-2 patients showed increased peak lateral forces during initial
contact, concomitant with a higher activation of the medial
gastrocnemius and a lower activation of the vastus lateralis
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TABLE 1 | Participant characteristics according to group allocation (controls =
CTR, COVID-19 = COV).

Characteristics CTR cov p-value
Age (years) 225 +1.9 223 +15 0.834
Height (cm) 1714 £ 6.7 169.0 + 85 0.366
Body mass (kg) 63.2 + 10.9 60.0 + 7.1 0.357
Body mass index (kg/m?) 21.3+23 209+ 1.3 0.560
Weekly mileage (km) 16.2 + 1.8 16.3 + 1.5 0.941

p-values indicate between group differences in the respective parameters. NA stands for
not applicable.

muscle (Jafarnezhadgero et al., 2021). However, the effect of
running-induced fatigue on running mechanics in recovered
COVID-19 patients has not been scientifically investigated.
Moreover, there is evidence that fully recovered COVID-19
patients usually resume physical exercise, but do not achieve
the same intensity level as prior to infection. More specifically,
~50% of recovered COVID-19 patients reduce their exercise
intensity level compared with that before infection (Garrigues
et al, 2020), likely due to impaired cardiorespiratory fitness.
Impaired cardiorespiratory fitness following COVID-19
infection might lead to reduced adherence to physical exercise,
potentially leading to increased physical inactivity and/or an
inability to exercise at health promoting intensity zones.
Therefore, the aim this study was to investigate the effects of
fatigue and/or COVID-19 on cardiorespiratory fitness and
running mechanics during barefoot running in female
recreational runners. With reference to the relevant literature
(Hortobagyi et al., 1993; Bloomfield, 1997; James et al., 2006;
James et al., 2010; Musumeci, 2017; Tuzun et al., 2020; Giraudo
et al., 2021; Jafarnezhadgero et al., 2021), we hypothesized that
recovered COVID-19 patients compared with healthy controls
would fatigue earlier and show impaired running mechanics.

2 METHODS
2.1 Participants

Thirty-five young recreational female runners (average weekly
mileage before COVID infection ~16 km) were enrolled in this
study (Table 1). The World Masters Association age grading
performance tables were used to classify runners’ performance
levels. Recreational runners were classified as runners with an
age-graded score of <60% (Clermont et al., 2019). An age-graded
score was computed via (www.howardgrubb.co.uk/athletics/
wmalookup06.html) according to the age, gender, recent race
performance during the past 6 months (e.g., self-reported best
time of 10 km, half-marathon or marathon race), and years of
running practice (Liu et al., 2020b).

Twenty-one runners with a history of COVID-19
hospitalization were recruited for this study from the local
rehabilitation centers, Ardabil city. Seven participants were
excluded after clinical examination by a cardiologist because
they showed signs of hypertension, thyroid disease,
cardiovascular and cerebrovascular disease, malignancy, and
chronic kidney disease and rheumatologic diseases. The
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remaining 14 participants of the COVID-19 group (COV)
stayed on average 18 * 3days (range: 15-23days) in
pulmonary and cardiovascular hospitals. Participants were
recruited for study participation during their final day of
hospital stay. An inclusion criteria was the engagement in
recreational long-distance running for at least 2 years prior to
COVID-19 hospitalization. The average weekly mileage
before the COVID infection was 16 + 2 km. If participants
engaged in other systematic training (dancing, team sports
and/or racket sports), they were not included in this study (Lun
et al., 2004). All participating individuals were familiar and
experienced with barefoot running. Nine participants from
each group used a forefoot striking pattern while the
remaining participants used a rear foot striking pattern.
Forefoot strikers generate only one peak value in the
vertical force (the active peak), whereas rearfoot strikers
generate an early impact peak and the active peak. The
striking pattern was determined post-hoc using the ground
reaction force data.

Four participants from COV received mechanical
ventilation. Overall, disease severity at the time of
hospitalization was “mild-to-moderate” for COV individuals
based on the American Thoracic Society Guidelines for
community-acquired pneumonia (Metlay et al, 2019).
COVID-19 infection was defined as a positive result on real-
time reverse-transcription polymerase chain reaction analysis of
throat swab specimens, and/or radiologic assessments including
chest computer tomography according to the classification of
the Radiological Society of North America (RSNA) (Simpson
et al, 2020; World Health Organization, 2020). COVID
individuals received rehabilitation including low-dosed
running protocols as they left hospital (Caterisano et al.,
2019). An experienced physiotherapist from the hospital staff
provided instructions on the low-dose running protocols upon
hospital discharge. The conditioning volume for the first week
was reduced by at least 50% of the normal exercise load,
followed by 30%, 20%, and 10% in the following 3 weeks if
COVID individuals felt comfortable at the end of each week
(Caterisano et al., 2019). The exercise load was defined using a
combination of the parameters “running distance” and
“intensity”. A researcher of this study contacted COVID
patients on the final day of their hospital stay and asked
them whether they would be willing to participate in this
study. Compliance with the low-dose training was verified by
asking the study participants before testing. Biomechanical
testing of COVID-19 participants took place between 14 and
21 days after hospitalization.

A control group (CTR, #n = 14) consisting of age, body height,
and weekly mileage matched runners with no history of COVID-
19 infection was also investigated. Examiners were blinded for
group allocation to avoid research bias. Leg dominance was
determined using the kicking ball test. The right leg was the
dominant limb for all subjects. Written informed consent was
provided from all participants prior to the start of the study. The
study was conducted in accordance with the latest version of the
Declaration of Helsinki. Ethical approval was obtained from the
local ethical committee (IR UMA.REC.1400.078).
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FIGURE 1 | lllustration of the experimental protocol involving barefoot running before (pre-fatigue) and after (post-fatigue) the application of a fatigue protocol.

2.2 Experimental Protocol
Initially, participants performed 4 min of stretching and 2 min of

warm-up in the form of jogging. Before and after the fatigue
protocol, participants were asked to run barefoot at a constant
speed of ~3.3 m/s over an 18 m overground straight walkway with
an embedded force plate. The proposed running speed was chosen
following previous studies investigating running-related injury risk
factors (Willems et al., 2005; Anbarian and Esmaeili, 2016). The
average running speed was computed by dividing the running
distance (i.e., 18 m) by the running time which was assessed using a
chronometer. To reach ~3.3 m/s, participants were expected to run
the 18 m in 5.6 s. To reach this speed consistently or within a 10%
variability in time, participants were familiarized with the walkway
by performing several trials prior to data recording. Participants
were instructed to ideally land with their right foot on the middle of
the force plate (Jafarnezhadgero et al., 2019) to minimize the risk
that participants step outside the limits of the force platform. After
participants were familiarized with running speed and foot
placement on the force plate, five running trials were
performed. Trials were repeated if the runner did not step on
the force plate, altered their stride to hit the force plate, or if the
running speed was above or below 10% of the targeted speed.
Figure 1 illustrates the experimental protocol.

2.3 Heart Rate Measurements

The heart rate (Polar RS100, Polar Electro Oy, Woodbury, NY)
was monitored continuously during the fatigue protocol.
Maximum heart rate was determined using the Tanaka
equation as follows: 208-(0.7 x Age) (Tanaka et al.,, 2001).

2.4 Ground Reaction Force Recordings

Vertical and anterior-posterior ground reaction forces were recorded
using a force plate (Bertec Corporation, Columbus, 4060-07 Model,
OH, United States). The force plate recorded data at a 1,000 Hz
sampling frequency. Kinetic data were analyzed during the stance
phase of running, defined as the interval from ground contact
(vertical GRF>10N) to toe off (vertical GRF<10 N). Kinetic data
were filtered using a fourth-order low-pass Butterworth filter with a
cutoff frequency of 20 Hz (determined by residual analysis) (Winter,

2009). All ground reaction forces were normalized to the individual’s
body weight (xBW).

2.5 Fatigue Protocol

The fatigue protocol consisted of running on a motorized
treadmill with no inclination (Horizon Fitness, Omega GT,
United States), while the heart rate was monitored
continuously (Polar RS100, Polar Electro Oy, Woodbury, NY).
Participants started the test at 6 km/h, and the treadmill speed
was increased 1km/h every 2min. The rating of perceived
exertion was collected from participants at the end of each
stage using the 6-20 Borg scale (Borg, 1998). As soon as
participants reported a perceived exertion of 13 or higher, the
treadmill speed was fixed to allow steady-state running until
exhaustion. Throughout the steady-state period, rating of
perceived exertion and heart rate were collected every 30s.
The fatigue protocol was terminated after 2 minutes of steady-
state running beyond 17 on the Borg scale or >80% of the
maximum heart rate (Koblbauer et al., 2014).

2.6 Data Analyses

As dependent variables, we measured steady-state running
duration and speed during the fatigue protocol and heart rate
at the end of the steady-state running period. The vertical force
component provided the ground contact time, representing the
time period between ground contact and toe-off. Moreover, the
vertical force provided the active peak (defined as the higher
vertical force value) and the impact peak (defined as the first peak
in the vertical force). The time to reach the impact peak was
computed from ground contact to the time of impact peak. If no
impact peak was present in the vertical force, the force value at
13% of the stance period was used as reference for calculating the
vertical loading rate (Oliveira and Pirscoveanu, 2021). The
vertical average loading rate (LR) was computed as the average
slope from 20% to 80% of the impact peak force (Jafarnezhadgero
etal., 2019; Oliveira and Pirscoveanu, 2021). The vertical impulse
was calculated by extracting the area under the vertical force
curve. In addition, peak braking and propulsion forces were
recorded from the anterior-posterior force measurement. The
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FIGURE 2 | Means and standard deviations for running speed (A) and duration (B) during the fatigue protocol and the steady-state running period. (C) illustrates
the heart rate at the end of the steady-state running period. Data were extracted from the control group (CTR, blue bars) and hospitalized COVID-19 runners (COV, red
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% max heart rate

Ccov CTR

cov

time-to-peak braking and propulsion forces were computed from
the ground contact times until the occurrence of the peak events.
All running variables averaged across five trials
(Jafarnezhadgero et al., 2019).

were

2.7 Statistical Analyses

The sample of this study was a convenience sample due to the
availability of incoming COVID-19 patients. Our post-hoc power
analysis for the parameter loading rate with eta squared = 0.146
(Cohen’s f = 0.413) demonstrated 98% power with the applied
characteristics of our study design (28 subjects). The Shapiro-Wilk-
Test confirmed normal data distribution. Accordingly, data were
presented as group mean values and standard deviations. The effect
of group (CTR vs. COV) as between-subject factor and fatigue (Pre
vs. Post) as within-subject factor were assessed with a mixed-model
2-way ANOVA with repeated measures. Sphericity was confirmed
using a Mauchly’s test and homogeneity was confirmed using the
Levene’s test. The following variables were evaluated using this
ANOVA model: Ground contact time, loading rate, impact peak,
time to impact peak, active peak, vertical impulse, peak and time-
to-peak braking force, peak and time-to-peak propulsion force. In
addition, between group differences were assessed using a 2-tailed
Student t-tests for independent samples for the fatiguing exercise
duration and the maximum heart rate achieved during the
fatiguing exercise. Cohen’s d effect sizes were estimated for the
paired comparison. The significance level was set at p < 0.05. The
Statistical Package for Social Sciences (SPSS) version 27.0 was used
to calculate inferential statistics.

3 RESULTS

3.1 Fatiguing Exercise

Also, we quantified perceived exertion using the 6-20 Borg scale
(Borg, 1998). During the fatiguing task, CTR perceived a score of
13 on the 6-20 Borg scale (which determined the steady-state
running period) while running at a ~25% higher speed (p <

0.0001, d = 1.8, Figure 2A). In addition, the steady-state running
period was significantly longer (p < 0.0001, d = 1.89, ~56%,
Figure 2B) in CTR when compared to COV. However, the heart
rate at the end of the steady-state running period was not different
between the two groups (p > 0.05, Figure 2C).

3.2 Ground Reaction Force Parameters

The COV group presented greater ground contact time when
compared to CTR (p = 0.002, d = 1.58, Table 2). Significant main
effects of fatigue in the form of reductions were found for loading
rate (p = 0.004, d = 1.45) and impact peak (p = 0.015, d = 1.19).
Moreover, the time-to-reach the impact peak was greater for
COV when compared to the CTR (p = 0.049, d = 0.93). The
variables active peak and vertical impulse showed no effects of
fatigue or group. No fatigue-by-group interactions were found for
any of the above-mentioned parameters.

3.3 Braking and Propulsion Forces

Significant group-by-fatigue interactions were detected for peak
braking force (p = 0.04, d = 0.93, Figure 3A) and time-to-reach
the braking force (p = 0.03, d = 1.04, Figure 3B). The post-hoc
analyses revealed that both parameters were greater pre compared
with postfatigue for CTR as well as to the Pre- and Post-
measurement from COV (p < 0.001, d = 1.00-1.78). In addition,
COV compared with CTR presented lower peak propulsion force
(p = 0.005, d = 1.39, Figure 3C). Regarding fatigue, both groups
showed after the fatigue protocol lower peak propulsion force (p =
0.025, d = 1.09) and time to peak propulsion force (p = 0.046, d =
0.95, Figure 3D). No fatigue-by-group interaction was found for
time to peak propulsion forces (p > 0.05).

4 DISCUSSION

The aim of this study was to evaluate the impact of COVID-19
infection and recovery as well as muscle fatigue on
cardiorespiratory fitness and running biomechanics in female
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TABLE 2| Means and standard deviations for ground reaction force parameters extracted from the control and the COVID-19 group before (Pre) and after fatigue (Post). The
significance level (p) and effect size (partial eta-squared, np?) illustrate main effects of fatigue, group and the fatigue-by-group interactions. Significant effects are

expressed in bold.

CTR cov Significance (np?)
Pre Post Pre Post Fatigue Group Group x
fatigue
Ground contact time (s) 0.295 + 0.020 0.313 + 0.031 0.335 + 0.024 0.338 + 0.024 0.089 (0.138) 0.002 (0.384) 0.192 (0.084)
Loading rate (N.kg™".s™") 77.84 + 37.39 62.72 + 29.43 49.54 + 21.80 45.41 + 21,57 0.004 (0.344) 0.061 (0.165) 0.079 (0.146)
Impact peak (xBW) 1.288 + 0.392 1.095 + 0.251 1.134 £ 0.251 1.096 + 0.178 0.015 (0.264) 0.489 (0.024) 0.090 (0.137)
Time to impact peak (ms) 18.54 + 7.408 20.56 + 6.529 25.85 + 10.69 28.03 + 10.38 0.220 (0.074) 0.049 (0.179) 0.961 (0.000)
Active peak (xBW) 2.083 £ 0.219 2.031 £ 0.238 1.937 + 0.149 1.947 £ 0.152 0.238 (0.069) 0.165 (0.094) 0.083 (0.142)
Vertical impulse (xBW.s™") 0.376 + 0.029 0.383 + 0.029 0.388 + 0.038 0.382 + 0.032 0.862 (0.002) 0.693 (0.008) 0.250 (0.066)
Peak braking force B TTP - braking force
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FIGURE 3| Means and standard deviations for peak braking force (A), time-to-peak (TTP) braking force (B), peak propulsion force (C) and time-to-peak propulsion
force (D) from the control (CTR, blue bars) and hospitalized COVID-19 runners (COV, red bars) before (Pre) and after the fatigue protocol (Post). *denotes significant
difference in relation to the CTR group (p < 0.05); tdenotes significant difference in relation to Pre from the same group (p < 0.05); fdenotes significant difference in
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recreational runners. The main findings of this study were that
fatigue induced larger decrements in running speed (26%) and
running duration (56%) in female runners previously
hospitalized due to COVID-19 compared with healthy age-
matched controls. Moreover, these previously hospitalized
runners presented increased foot contact time and peak
braking force concomitant with reduced peak propulsion
forces. However, the effects of fatigue were similar for running

mechanics between groups, with reductions in loading rate and
peak propulsion force for both groups.

4.1 Physiological Aspects of Running

Performance
Our results demonstrated that runners from the COVID-19
group performed the steady-state running for a shorter period
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despite achieving lower running speed. Nonetheless, these
runners achieved similar peak heart rate at the end of the
exercise. Altogether, these results demonstrated the substantial
deficit in cardiorespiratory capacity of previous COVID-19
runners shortly after the disappearance of disease symptoms.
Athletes recovered from COVID-19 might present an overall low
risk of pericardial/myocardial disorders, arrhythmias and sudden
cardiac arrest/sudden cardiac death (Babapoor-Farrokhran et al.,
2020; Guzik et al., 2020; Sapp et al., 2020; van Hattum et al., 2021),
myalgia and arthralgia (Guan et al., 2020). Moreover, diffusion
capacity is the most common abnormality of lung function in
discharged COVID-19 patients, followed by restrictive
ventilatory defects, which are both associated with the severity
of the disease (Mo et al., 2020).

The premature termination of the underperformed running
test reflects the physiological impact of the disease in trained
individuals. The previously referred impaired blood oxygen
transportation in runners from the COVID-19 group might
explain the compromised running capacity, in which elevated
heart rates and perceived effort can be related to an early
transition to anaerobic metabolism (Alayash, 2021; Boning
et al, 2021). Therefore, our results highlight the significant
drop in endurance capacity caused by COVID-19 in
recreational runners, with an augmented effort perception
caused by the deteriorated physiological status. In practice,
these results corroborate the recommendations to avoid
exercising within 2weeks from the end of quarantine.
Moreover, it may be suggested that the return to running
practice should take into account the difficulty in performing
moderate-to-intense exercises.

4.2 Running Biomechanical Parameters
Our results demonstrated that the effects of fatigue were similar
between groups, with reductions in loading rate during barefoot
running. Literature shows agreement (Willson and Kernozek,
1999) and disagreement (Nicol et al., 1991; Jafarnezhadgero et al.,
2019) with respect to our findings of increased early vertical
impact forces with fatigue during running.

The peculiar fatiguing conditions exhibited by the runners
recovered from COVID-19 demonstrate that they were close to
exhaustion without performing either a very intense or long
exercise. Therefore, usual factors associated with fatigue, such
as metabolite accumulation, reduced pH and others may not be as
influenced as for the control group (Wan et al, 2017). Such
distinct fatigue state may help explain divergent results from
running kinetics (e.g., loading rate) between our study and the
literature. As mentioned above, the reasons for disagreement may
be due to methodological differences (e.g., barefoot running
versus shod running (Nicol et al., 1991; Jafarnezhadgero et al,,
2019), running intensity during fatiguing
(Jafarnezhadgero et al., 2019), type of fatigue protocol
(marathon race versus running on a motorized treadmill)
(Nicol et al, 1991), and the type disorders [pronated feet
runners (Jafarnezhadgero et al, 2019) or healthy marathon
runners (Nicol et al, 1991) versus COVID runners]
(Jatarnezhadgero et al., 2019) between the studies. It is
noteworthy that the fatigue in our study has been exacerbated

exercise
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by the highly compromised cardiorespiratory capacity rather
than peripheral fatigue (metabolites accumulation in lower
limb muscles etc.). Moreover, our running protocol involved
barefoot trials instead of shod running, which may cause
mechanical modifications of running patterns (Divert et al,
2005). It has been demonstrated that the main role of running
shoes is to attenuate the foot-ground impact by adding damping
material (Divert et al., 2005). However, these changes may lead to
a decrease of the storage and restitution of elastic energy capacity
which could explain the lower net efficiency reported in shod
running (Divert et al., 2005).

It was found that previously hospitalized runners presented
increased foot peak braking force concomitant to reduced peak
propulsion force. Changes in anterior-posterior ground reaction
forces are highly relevant to modulating forward running speed
(Nummela et al., 1994; Luo et al., 2019), as increases in braking
force and reductions in propulsion force may cause slower
running speed. In addition to the fact that these runners
presented increased time to reach the peak braking force and
increased foot contact time at similar running speed, it is evident
that there were adjustments to their motor patterns to run
following the COVID-19 hospitalization. Limitations in
cardiorespiratory capacity influences muscle activation due to
compromised oxygen delivery (Alayash, 2021; Boning et al,
2021), potentially influencing runners to achieve optimal
running style even in non-fatigued conditions. Since the
fatigue protocol was substantially shorter for the recovered
runners, no relevant fatigue-related differences in running
biomechanics were found. In other words, the running
performance of runners recovered from COVID-19 was
already compromised without the fatiguing exercise. This
result is further supported by the fatigue-by-group interactions
found for the peak braking force and time-to-peak braking force,
in which the COVID-19 group has similar performance when
compared to the control group post-fatigue. Therefore, the
compromised cardiorespiratory function in runners recovered
from COVID-19 might directly influence running technique,
elevating the effort to maintain the exercise and causing more
fatigue during shorter periods of time.

There are some limitations that should be acknowledged the
future studies. Firstly, the control group in this study consisted of
healthy individuals. It is plausible that any hospitalization caused
by viral infections might affect cardiorespiratory function,
subsequently deteriorating running performance shortly after
the absence of symptoms. Therefore, our results are not able
to demonstrate that COVID-19 infection induces greater or lower
effects than other types of viral infections, or other types of
hospitalizations in general. Future studies comparing COVID-19
patients and patients affected by other types of viral infections
and/or hospitalization causes are necessary to elucidate this issue.
Secondly, the previously hospitalized runners performed an
intense exercise shortly after being clinically recovered from
the disease. The conduction of this protocol was only possible
due to the previous clinical examination assuring medical
clearance to perform exercises. It is not recommended that
runners perform similar running protocols following COVID-
19 infection/hospitalization ~without performing clinical
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examinations. Third, running kinematics were not investigated
in this study. Future studies could analyze kinematic
parameters to clarify the impact of COVID-19 or other viral
infections on running kinematics. Future studies are needed to
elucidate the physiological mechanisms responsible for
performance decrements in recreational runners who are
fully recovered from COVID infection. Combining the
investigation of biomechanical and physiological parameters
would provide greater knowledge on the timeline of the
recovery of runners following COVID-19 infection.
Overground running speed was accessed by simply dividing
the running distance by the running duration, which is a
method prone to measurement errors. Ideally, future studies
should access running speed using a motion capture system or
timing gates. Finally, runners were instructed to land with their
right foot in the middle of the force place, potentially requiring
subtle adjustments of foot position prior to landing. Trials
presenting such type of adjustments were discarded by the
experimenters.

5 CONCLUSION

In summary, this study demonstrated that fatigue has a major
impact on cardiorespiratory fitness and rating of perceived
exertion but not on running mechanics of female runners
previously hospitalized due to COVID-19 compared with
healthy controls. More specifically, irrespective of fatigue,
runners who recovered from COVID-19 presented longer foot
contact time and peak braking forces concomitant with reduced
peak propulsion forces, suggesting a shift in the running style
towards a poorer technique. Therefore, our results suggest that
COVID-19 infections compromise cardiorespiratory fitness and
perceived effort, which may lead to a sub-optimal running style.
The gathered knowledge will help to better program return-to-
sport protocols following SARS-CoV-2 infections, as well as other
viral infections.
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