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1. Introduction 

oronavirus disease 2019 (COVID-19) is a pandemic 

infectious disease that has been observed all around 

the world (1, 2). Individuals infected by COVID-19 often 

show a plethora of symptoms at cardiorespiratory (3) and the 

central nervous system level (4). For instance, patients with 

COVID-19 individuals compared with healthy controls had 

lower maximal oxygen uptake (3) and signs of 

polyneuropathy and myopathy (5). In addition, social 

distancing and /or quarantine result in reduced levels of 

physical activity, which in turn induce losses in muscle 

mass, strength, and power (6). In another study (7), 
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Objective: Despite the prevalence of chronic symptoms of COVID-19 and 

pathological changes that may affect gait and functional mobility in people with a 

history of COVID-19. No studies have investigated the ground reaction force 

frequency in recreational runners with history of COVID-19 differed compared to 

healthy controls. 

Methods and Materials: The study involved 14 female adults with history of 

COVID-19 and 14 healthy age-matched controls. Ground reaction forces were 

recorded during barefoot walking (~ 1.2 m/s) and running (~ 3.2 m/s) at constant 

speed.  

Findings: Significant differences in key frequency components in the anterior-

posterior direction were observed between the COVID-19 and healthy groups during 

running (p=0.036).  Also, Significant differences in key frequency components in 

the medio-lateral direction were observed between the COVID-19 and healthy 

groups during walking (p=0.005). 

Conclusion: Lower essential number of harmonics in the medio-lateral direction 

during walking and higher essential number of harmonics in anterior-posterior 

direction during running may be attributed to decreased muscle membrane 

excitability, slowing of nerve conduction velocities, and axonal degeneration directly 

impacting skeletal muscle activation, and in turn its function. 

Keywords: Covid-19, Gait, Frequency, Kinetics. 
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researchers analyzed clinical details of 125 individuals with 

COVID-19 who had neurological or psychiatric effects. Of 

these, 62% experienced damages to the brain’s blood supply, 

such as strokes and haemorrhages, and 31% had altered 

mental states, such as confusion or prolonged 

unconsciousness - sometimes accompanied by encephalitis 

(7). Intensive-care patients with severe COVID-19 showed 

a 30% decrease in cross-sectional area of the rectus femoris, 

with a reduction in thickness of the anterior compartment of 

the quadriceps muscle of almost 20% after 10 days (8). 

Taken together, COVID-19 related symptoms and with low 

physical activity levels may affect running and walking 

kinetics and muscle activities in individuals who recovered 

from COVID-19. 

Jafarnezhadgero et al. (2022) demonstrated higher peak 

vertical and medial ground reaction forces (GRFs) during 

push-off phase in individuals with history of COVID 

compared with controls (9). Moreover, higher peak lateral 

GRFs were found during heel contact in the COVID group 

(9). COVID-19 individuals showed a shorter time-to-reach 

the peak vertical and posterior GRFs during heel contact (9). 

Also, in terms of muscle activity during running, the COVID 

group exhibited higher gastrocnemius and lower vastus 

medialis activities at heel contact (9). The COVID group had 

higher gluteus medius activity during the late stance phase 

and lower tibialis anterior and vastus medialis activity during 

the late stance phase than that healthy ones (9). 

The frequency content of Ground Reaction Forces (GRF) 

is relevant in gait analysis as it provides crucial information 

about movement variability and stability,  Also, it identifies 

differences in motor patterns across individuals with 

neurological disorders or post-COVID-19.  In particular, 

information can be obtained about eventual collisions (10) 

or running-related injuries (11, 12). Also, GRF frequency 

content may be representative of frequency domain 

characteristics of many anatomical components such as 

joints, muscles, and nerves during walking (13). 

Furthermore, it seems that the frequency content of GRFs 

during gait can provide an important role in clinical 

treatment (11, 14). For example, 99.5% power of the GRF 

signal can be a measure of tremor and instability of the 

movement pattern (15). In that, the higher the frequency 

content of data, the higher the tremor and the instability. 

Other common variables include the frequency and the 

number of harmonics essential for reconstructing the GRF 

data at a certain accuracy level (16). Adults with knee joint 

disease require a lower number of harmonics than healthy 

peers (17), whereas children with cerebral palsy need a 

higher number of harmonics when reconstructing the data at 

95% of the total amplitude (16). The frequency 

corresponding to 99% or 99.5% of the GRF total power was 

found to be lower in clinical populations than in healthy 

controls (18-20). Stergiou et al. (2002) investigated the 

frequency domain in older adults and found significantly 

lower frequency content in the anterior–posterior direction 

compared to the healthy young controls (21). This was 

attributed to decreased forward speed which is common 

among elderly ambulators. Giakas et al. (1996) examined the 

frequency domain of GRFs in scoliosis patients (22). Their 

study also examined common time-dependent measures. 

They found significantly higher frequency domain content 

in all three planes with the largest effect in the medial– 

lateral direction. They found no significant differences in the 

time dependent measures. This is valuable considering 

scoliosis is a tri-planar spinal deformity that seems to affect 

balance and walking in all three planes and yet common 

time-dependent measures could not detect any differences 

(22). No previous studies have examined the frequency 

domain of the GRFs during both walking and running 

activities in in individuals who recovered from COVID-19. 

Thus, it is possible that frequency analysis of GRFs may 

be useful in individuals with history of COVID-19 as it can 

be used to detect relevant features in gait mechanics of these 

patients that could in turn reflect functional abnormalities. 

To the best of our knowledge, there are no studies that 

examined frequency content of GRFs during both walking 

and running in individuals with a history of COVID-19 and 

low-dose running rehabilitation protocol versus healthy 

controls. Thus, the purpose of this study was to compare 

GRFs frequency content in individuals with history of 

COVID-19 versus healthy control ones during both walking 

and running activities. We hypothesized that three 

dimensional GRFs frequency content were greater in 

individuals with COVID-19 compared with healthy controls 

during both walking and running activities. 

2. Methods and Materials 

2.1 Study Design and Participants 

Thirty-five young recreational female runners (average 

weekly mileage: ~16 km) were enrolled in this study (Table 

1) (23, 24).  A gender-specific approach was adopted due to 

previously reported differences in biomechanical 

characteristics between females and males (25, 26). Twenty-

one runners with a history of COVID-19 hospitalization 

volunteered to participate in this study. Seven participants 

https://jpsad.com
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were excluded following a clinical examination conducted 

by a cardiologist. The participants were hospitalized for 

about 18 days (15-23 days) and they participated in the 

present study after about 17 days (14-21 days) post-

discharge. An inclusion criterion 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 ~17 km. Nine participants 

from each group used a forefoot striking pattern while the 

remaining participants used a rear foot striking pattern. 

Participant characteristics are shown in Table 1.  

Overall, disease severity at the time of hospitalization was 

“mild-to-moderate” for COVID-19 individuals based on the 

American Thoracic Society Guidelines for community-

acquired pneumonia (27). 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) (28).  

Leg dominance was determined using the kicking ball 

test. The dominant leg was analyzed. Written informed 

consent was provided from all participants prior to the start 

of the study.  

2.2 Experimental Protocol 

Initially, participants performed 4 minutes of stretching 

and 2 minutes of warm-up in the form of jogging. 

Participants were asked to run and walk barefoot at a 

constant speed of ~3.2 m/s  and 1.2 m/s over a 18-m over 

ground straight walkway with an embedded force plate (29). 

The average running and walking speed were computed by 

dividing the running and walking distance (i.e., 18 m) by the 

running and walking time which was assessed using a 

chronometer.  

2.3 Ground Reaction Force Recordings 

Vertical, medio-lateral, 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 and walking, defined as the interval from 

ground contact (vertical GRF>10 N) 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) (30). All ground reaction 

forces were normalized to the individual’s body weight 

(xBW). 

2.4 Data analysis 

The three orthogonal components of the GRF (Fx, Fy, Fz) 

were analyzed. Fourier analysis, as described below, was 

performed on the GRFs of dominant limb in all subjects. The 

frequency component of the greatest magnitude contained in 

99.5% of the power spectrum density plot was chosen as the 

criterion to represent frequency content. This choice was 

made in order to identify subtle features of the GRFs 

patterns, such as the heel strike impulsive load in the vertical 

force, usually described by high frequency harmonics. The 

MATLAB program used a fast Fourier transform to extract 

frequency content of the GRF data (30). The detailed 

presentation of Fourier series of GRF can be found 

elsewhere (16, 22). Based on previous studies, two 

frequency-domain indexes were used for further analysis for 

the vertical, anterior–posterior, and medio-lateral GRF of 

each trial (21, 31). The first index was frequency with power 

of 99.5% (F99.5%), which indicates the frequency that has 

99.5% of the signal power or, in other words 99.5% of signal 

power is lower than that such frequency (Eq. (1)) (32). 

 

∫ ∫  
𝑓99.5

0
 𝑃 (𝑓) 𝑑𝑓 = 0.995 ×  ∫  

𝑓𝑚𝑎𝑥

0
×  𝑃( 𝑓)𝑑𝑓                                 

(1) 

 

Where P is the integral power of frequency against 

amplitude curve, fmax is the maximum frequency of the 

signal, and P (f) is the power at frequency f (32). 

According to the method described by Schneider and 

Chao, the second index was the essential number of 

harmonics (ne) that are required to reconstruct the original 

data to 99.5%. This variable was defined as the number of 

harmonics satisfying the condition that the sum of the 

relative amplitudes of each harmonic over the total 

amplitude is less than or equal to 0.995 (Eq. 2) (33). 

 

 (2) 

 

where n is the harmonic number, An and Bn are the 

Fourier coefficients. The fifth index was the amplitude of 

each harmonic (Hi), where i is the number of each harmonic. 
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2.5 Statistical analysis 

Normal distribution of data was confirmed using Shapiro-

Wilk test. Homogeneity of variance was examined by a 

Levene test. Descriptive data were expressed as mean (SD) 

for both groups. Independent sample Students’t-test was 

used for statistical analysis. To calculate an effect size, 

Cohen's d was used: d≤0.2 was considered small, >0.8 large, 

and between these values moderate (34). The significance 

level was set at p< 0.05. All analysis were done using SPSS 

v. 27. 

3. Results 

The anthropometric characteristics of participants are 

presented in Table 1. 

Table 1. Participant characteristics according to group allocation (m±SD). 

Characteristic Healthy group Covid-19 group P-value 

Age (years) 23.4±1.9 22.3±1.5 0.834 

Height (cm) 171.4±6.7 169.0±85 0.366 

Mass (kg) 63.2±10.9 60.0±7.1 0.357 
Body mass index (kg/m2) 21.3±2.3 20.9±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. 
 

Significant differences in essential harmonics in the 

anterior-posterior direction were observed between the 

COVID-19 and healthy groups during running (P=0.036, 

large effect). As detailed in Table 2. No statistically 

significant differences were observed between groups for 

other variables (P>0.05). 

Table 2. Mean and standard deviation of the frequency content of ground reaction force values during running. 

Directions Variables Healthy group Covid-19 group P-value Effect size 

Medio-lateral Power 99.5 % 17.40 ± 5.24 14.30 ± 4.53 0.094 0.63 

 

Essential number of harmonics  

16.17 ± 4.28 13.92 ± 2.95 0.105 0.62 

Anterior-posterior Power 99.5 % 14.20 ± 4.28 11.47 ± 3.35 0.063 0.71 

 

Essential number of harmonics 

19.75 ± 3.40 22.81 ± 4.15 0.036* 0.81 

Vertical Power 99.5 % 8.97 ± 2.24 8.83 ± 1.02 0.822 0.09 

 

Essential number of harmonics 

15.37 ± 3.63 15.76 ± 2.32 0.823 0.13 

 

Significant differences in essential harmonics in the 

medio-lateral direction were observed between the COVID-

19 and healthy groups during walking (P=0.005, large 

effect). As detailed in Table 3. No other variables showed 

statistically significant between-group differences (P>0.05) 

Table 3. Mean and standard deviation of the frequency content of ground reaction force values during walking. 

Directions Variables Healthy group Covid-19 group p-value Effect size 

Medio-lateral Power 99.5 % 15.53 ± 5.22 15.23 ± 5.01 0.874 0.06 

 

Essential number of harmonics 

15.16 ± 2.85 12.36 ± 2.13 0.005 1.12 

Anterior-posterior Power 99.5 % 14.28 ± 3.86 14.78 ± 4.80 0.756 0.12 

 

Essential number of harmonics 

20.93 ± 3.68 21.41 ± 4.05 0.735 0.12 

Vertical Power 99.5 % 10.00 ± 2.24 9.86 ± 3.52 0.903 0.05 

 

Essential number of harmonics 

16.78 ± 2.69 17.85 ± 3.71 0.376 0.33 

 

4. Discussion and Conclusion 

Our results demonstrated a greater essential number of 

harmonics in the anterior-posterior direction in the COVID-

19 group during running compared to the healthy group. The 

use of frequency content analysis in gait measures allows for 

a more comprehensive analysis of the entire walking cycle 

instead of discrete points or events in the cycle (14). 

https://jpsad.com
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Neuromuscular complications, commonly acquired in 

intensive care units, affect approximately 40% of patients 

(35), and are characterized by decreased muscle membrane 

excitability (36). This causes a prolonged duration of the 

compound muscle action potential and a reduction of motor 

conduction velocities (36). Decreased muscle membrane 

excitability, slowing of nerve conduction velocities, and 

axonal degeneration directly impact skeletal muscle 

activation, and in turn its function (37). As such, it is likely 

that peripheral nerve damage contributes to a lower 

voluntary muscle activation in patients with Covid-19 (38) 

and may be lead to greater essential number of harmonics in 

the anterior-posterior direction in the Covid-19 group. 

However, further study is needed to better clarify this issue. 

Stergiou et al. reported that reduction in anterior–posterior 

GRFs frequency content may be due to the differences in the 

walking or running velocity [39]. They stated that walking 

and running are sagittal plane movements and speed 

differences will be reflected mostly in the anterior–posterior 

component (21). However, in the present study running 

speed was constant in both groups. Therefore, other factors 

may affect essential number of harmonics in the anterior-

posterior direction in the Covid-19 group during running. It 

is currently unknown whether essential number of 

harmonics in the anterior-posterior direction, the frequency  

content components, the duration that signal power occurs 

during running, and/or some other frequency characteristic 

has the greatest effect on running injury development (11). 

Moreover, there were not statistically significant differences 

between groups in power 99.5 % during running. These 

parameters contain information about the entire waveform; 

with an accuracy level of 99.5% they are useful in 

encapsulating GRFs data without arbitrarily restricting the 

analysis to selected points of the force-time curves. 

Consistently with our results, previous studies demonstrated 

that vertical GRFs frequency content exhibit less variability 

than that in the anterior–posterior and horizontal directions 

(39, 40). 

The number of essential harmonics in the medio-lateral 

direction was 22.7% lower in the Covid-19 group compared 

to the healthy group during walking. Moreover, there were 

no statistically significant between-groups differences in 

frequency with power of 99.5%. In the meantime, a fewer 

number of harmonics in the Covid-19 group implies that 

anatomic components with higher oscillatory frequencies, 

particularly in the related motor neurons and neural 

pathways, may not be used at the same level as in the Covid-

19 group (41). The defective neuromuscular system in 

persons with Covid-19 group has been revealed by a delayed 

onset of muscle activation, predominance of co-contraction 

pattern, and a lack of appropriate motor preparation in motor 

performance (7, 8). Jafarnezhadgero et al. (2022) showed 

different running kinetics and muscle activities were found 

in COVID-19 individuals versus healthy controls. So that 

COVID-19 individuals showed greater peak vertical and 

medio-lateral GRFs during the heel contact and push-off 

phases and shorter time to reach peak of vertical and 

posterior GRFs at heel contact and greater medial 

gastrocnemius and lower vastus medialis activities during 

the early stance phase of running (9). However, there were 

no statistically significant differences in power 99.5% 

during both walking and running.  

This study has limitations that should be considered while 

interpreting results. First, the sample size was relatively low. 

However, our results showed an acceptable statistical power. 

Second, only females included in the present study. 

Therefore, in principle findings could not be generalized to 

the males as well. Third, walking and running speed were 

recorded with chronometer in the present study. This method 

measures only the average speed and the center of mass 

speed during foot contact with the force plate may be 

different. Finally, we only evaluated frequency content of 

GRF data. Therefore, further study using kinematic and 

electromyography data were needed to better establish this 

issue.  

Overall, our results showed COVID-19 disease could 

possibly affect ground reaction force frequency content 

while gait. These findings could be used for designing 

rehabilitation protocols for individuals with  history of 

COVID-19. 

Authors’ Contributions 

All authors equally contributed to this study. 

Declaration 

In order to correct and improve the academic writing of 

our paper, we have used the language model ChatGPT. 

Transparency Statement 

Data are available for research purposes upon reasonable 

request to the corresponding author. 

Acknowledgments 

https://jpsad.com
https://jpsad.com


Jafarnezhadgero et al.                                                                                         International Journal of Sport Studies for Health, 2025, VOL. 8, NO. 2, 40-46 

 

  45 

We would like to express our gratitude to all individuals 

helped us to do the project. 

Declaration of Interest 

The authors report no conflict of interest. 

Funding 

According to the authors, this article has no financial 

support. 

Ethical Considerations 

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). 

References 

1. Mon-López D, García-Aliaga A, Bartolomé AG, Solana 

DM. How has COVID-19 modified training and mood in 

professional and non-professional football players? Physiology & 

behavior. 2020;227:113148. [PMID: 32858031 ] [PMCID: 

PMC7445487] [DOI]  

2. Grazioli R, Loturco I, Baroni BM, Oliveira GS, Saciura 

V, Vanoni E, et al. Coronavirus disease-19 quarantine is more 

detrimental than traditional off-season on physical conditioning of 

professional soccer players. The Journal of Strength & 

Conditioning Research. 2020;34(12):3316-20. [PMID: 33136774] 

[DOI]  

3. López-Bueno R, Calatayud J, Andersen LL, Casaña J, 

Ezzatvar Y, Casajús JA, et al. Cardiorespiratory fitness in 

adolescents before and after the COVID-19 confinement: A 

prospective cohort study. European Journal of Pediatrics. 

2021;180:2287-93. [DOI]  

4. Alomari SO, Abou-Mrad Z, Bydon A. COVID-19 and 

the central nervous system. Clinical neurology and neurosurgery. 

2020;198:106116. [PMID: 32828027 ] [PMCID: PMC7402113] 

[DOI]  

5. Van Aerde N, Van den Berghe G, Wilmer A, Gosselink 

R, Hermans G. Intensive care unit acquired muscle weakness in 

COVID-19 patients. Intensive care medicine. 2020;46:2083-5. 

[PMID: 32986233] [PMCID: PMC7520507] [DOI]  

6. Tuzun S, Keles A, Yildiran T, Palamar D. Assessment of 

musculoskeletal pain, fatigue and grip strength in hospitalized 

patients with COVID-19. 2020. [DOI]  

7. Varatharaj A, Thomas N, Ellul MA, Davies NW, Pollak 

TA, Tenorio EL, et al. Neurological and neuropsychiatric 

complications of COVID-19 in 153 patients: a UK-wide 

surveillance study. 2020;7(10):875-82. [PMID: 32593341] 

[PMCID: PMC7316461] [DOI]  

8. Andrade-Junior MCd, Salles ICDd, de Brito CMM, 

Pastore-Junior L, Righetti RF, Yamaguti WPJFiP. Skeletal muscle 

wasting and function impairment in intensive care patients with 

severe COVID-19. 2021;12:640973. [PMID: 33776796 ] [PMCID: 

PMC7991788] [DOI]  

9. Jafarnezhadgero AA, Hamlabadi MP, Sajedi H, 

Granacher U. Recreational runners who recovered from COVID-

19 show different running kinetics and muscle activities compared 

with healthy controls. Gait & Posture. 2022;91:260-5. [PMID: 

34775229 ] [PMCID: PMC8584715] [DOI]  

10. Gruber AH, Boyer KA, Derrick TR, Hamill JJJos, 

science h. Impact shock frequency components and attenuation in 

rearfoot and forefoot running. 2014;3(2):113-21. [DOI]  

11. Gruber AH, Edwards WB, Hamill J, Derrick TR, Boyer 

KA. A comparison of the ground reaction force frequency content 

during rearfoot and non-rearfoot running patterns. Gait & posture. 

2017;56:54-9. [PMID: 28499137] [DOI]  

12. Matijevich ES, Branscombe LM, Scott LR, Zelik KE. 

Ground reaction force metrics are not strongly correlated with tibial 

bone load when running across speeds and slopes: Implications for 

science, sport and wearable tech. PloS one. 2019;14(1):e0210000. 

[PMID: 30653510 ] [PMCID: PMC6336327] [DOI]  

13. Wu J, Beerse M, Ajisafe T. Frequency domain analysis 

of ground reaction force in preadolescents with and without Down 

syndrome. Research in developmental disabilities. 

2014;35(6):1244-51. [PMID: 24685940] [DOI]  

14. Giakas G, Baltzopoulos V, Dangerfield PH, Dorgan JC, 

Dalmira S. Comparison of gait patterns between healthy and 

scoliotic patients using time and frequency domain analysis of 

ground reaction forces. Spine. 1996;21(19):2235-42. [PMID: 

8902968] [DOI]  

15. Giakas G, Baltzopoulos V. Optimal digital filtering 

requires a different cut-off frequency strategy for the determination 

of the higher derivatives. Journal of biomechanics. 1997;30(8):851-

5. [PMID: 9239572] [DOI]  

16. White R, Agouris I, Fletcher E. Harmonic analysis of 

force platform data in normal and cerebral palsy gait. Clinical 

Biomechanics. 2005;20(5):508-16. [PMID: 15836938] [DOI]  

17. Schneider E, Chao EJJob. Fourier analysis of ground 

reaction forces in normals and patients with knee joint disease. 

1983;16(8):591-601. [PMID: 6643531] [DOI]  

18. McGrath D, Judkins TN, Pipinos II, Johanning JM, 

Myers SAJCB. Peripheral arterial disease affects the frequency 

response of ground reaction forces during walking. 

2012;27(10):1058-63. [PMID: 22967739 ] [PMCID: 

PMC3501537] [DOI]  

19. Stergiou N, Giakas G, Byrne JE, Pomeroy VJCb. 

Frequency domain characteristics of ground reaction forces during 

walking of young and elderly females. 2002;17(8):615-7. [PMID: 

12243722] [DOI]  

20. Wurdeman SR, Huisinga JM, Filipi M, Stergiou NJCb. 

Multiple sclerosis affects the frequency content in the vertical 

ground reaction forces during walking. 2011;26(2):207-12. [PMID: 

21035929 ] [PMCID: PMC3034792] [DOI]  

21. Stergiou N, Giakas G, Byrne JE, Pomeroy V. Frequency 

domain characteristics of ground reaction forces during walking of 

young and elderly females. Clinical Biomechanics. 

2002;17(8):615-7. [PMID: 12243722] [DOI]  

22. Giakas G, Baltzopoulos V. Time and frequency domain 

analysis of ground reaction forces during walking: an investigation 

of variability and symmetry. Gait & Posture. 1997;5(3):189-97. 

[DOI]  

23. Clermont CA, Benson LC, Osis ST, Kobsar D, Ferber R. 

Running patterns for male and female competitive and recreational 

runners based on accelerometer data. Journal of sports sciences. 

2019;37(2):204-11. [PMID: 29920155] [DOI]  

24. Madonna R, Angelucci S, Di Giuseppe F, Doria V, Giricz 

Z, Görbe A, et al. Proteomic analysis of the secretome of adipose 

tissue-derived murine mesenchymal cells overexpressing 

telomerase and myocardin. Journal of Molecular and Cellular 

Cardiology. 2019;131:171-86. [PMID: 31055035] [DOI]  

25. Jakobsen MD, Sundstrup E, Andersen CH, Bandholm T, 

Thorborg K, Zebis MK, et al. Muscle activity during knee‐

extension strengthening exercise performed with elastic tubing and 

https://jpsad.com
https://jpsad.com
https://pubmed.ncbi.nlm.nih.gov/32858031
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7445487
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7445487
https://doi.org/10.1016/j.physbeh.2020.113148
https://pubmed.ncbi.nlm.nih.gov/33136774
https://doi.org/10.1519/JSC.0000000000003890
https://doi.org/10.1007/s00431-021-04029-8
https://pubmed.ncbi.nlm.nih.gov/32828027
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7402113
https://doi.org/10.1016/j.clineuro.2020.106116
https://pubmed.ncbi.nlm.nih.gov/32986233
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7520507
https://doi.org/10.1007/s00134-020-06244-7
https://doi.org/10.21203/rs.3.rs-56548/v1
https://pubmed.ncbi.nlm.nih.gov/32593341
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7316461
https://doi.org/10.1016/S2215-0366(20)30287-X
https://pubmed.ncbi.nlm.nih.gov/33776796
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7991788
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7991788
https://doi.org/10.3389/fphys.2021.640973
https://pubmed.ncbi.nlm.nih.gov/34775229
https://pubmed.ncbi.nlm.nih.gov/34775229
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8584715
https://doi.org/10.1016/j.gaitpost.2021.11.002
https://doi.org/10.1016/j.jshs.2014.03.004
https://pubmed.ncbi.nlm.nih.gov/28499137
https://doi.org/10.1016/j.gaitpost.2017.04.037
https://pubmed.ncbi.nlm.nih.gov/30653510
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6336327
https://doi.org/10.1371/journal.pone.0210000
https://pubmed.ncbi.nlm.nih.gov/24685940
https://doi.org/10.1016/j.ridd.2014.03.019
https://pubmed.ncbi.nlm.nih.gov/8902968
https://pubmed.ncbi.nlm.nih.gov/8902968
https://doi.org/10.1097/00007632-199610010-00011
https://pubmed.ncbi.nlm.nih.gov/9239572
https://doi.org/10.1016/S0021-9290(97)00043-2
https://pubmed.ncbi.nlm.nih.gov/15836938
https://doi.org/10.1016/j.clinbiomech.2005.01.001
https://pubmed.ncbi.nlm.nih.gov/6643531
https://doi.org/10.1016/0021-9290(83)90109-4
https://pubmed.ncbi.nlm.nih.gov/22967739
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3501537
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3501537
https://doi.org/10.1016/j.clinbiomech.2012.08.004
https://pubmed.ncbi.nlm.nih.gov/12243722
https://pubmed.ncbi.nlm.nih.gov/12243722
https://doi.org/10.1016/S0268-0033(02)00072-4
https://pubmed.ncbi.nlm.nih.gov/21035929
https://pubmed.ncbi.nlm.nih.gov/21035929
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3034792
https://doi.org/10.1016/j.clinbiomech.2010.09.021
https://pubmed.ncbi.nlm.nih.gov/12243722
https://doi.org/10.1016/S0268-0033(02)00072-4
https://doi.org/10.1016/S0966-6362(96)01083-1
https://pubmed.ncbi.nlm.nih.gov/29920155
https://doi.org/10.1080/02640414.2018.1488518
https://pubmed.ncbi.nlm.nih.gov/31055035
https://doi.org/10.1016/j.yjmcc.2019.04.019


 Jafarnezhadgero et al.                                                                                          International Journal of Sport Studies for Health, 2025, VOL. 8, NO. 2, 40-46 

 

 46 
 

isotonic resistance. International Journal of Sports Physical 

Therapy. 2012;7(6):606.  

26. Sundstrup E, Jakobsen MD, Andersen CH, Bandholm T, 

Thorborg K, Zebis MK, et al. Evaluation of elastic bands for lower 

extremity resistance training in adults with and without musculo‐

skeletal pain. Scandinavian journal of medicine & science in sports. 

2014;24(5):e353-e9. [PMID: 25138624] [DOI]  

27. Metlay JP, Waterer GW, Long AC, Anzueto A, Brozek 

J, Crothers K, et al. Diagnosis and treatment of adults with 

community-acquired pneumonia. An official clinical practice 

guideline of the American Thoracic Society and Infectious 

Diseases Society of America. American journal of respiratory and 

critical care medicine. 2019;200(7):e45-e67. [PMID: 31573350 ] 

[PMCID: PMC6812437] [DOI]  

28. Simpson S, Kay FU, Abbara S, Bhalla S, Chung JH, 

Chung M, et al. Radiological Society of North America expert 

consensus document on reporting chest CT findings related to 

COVID-19: endorsed by the Society of Thoracic Radiology, the 

American College of Radiology, and RSNA. Radiology: 

Cardiothoracic Imaging. 2020;2(2):e200152. [PMID: 33778571 ] 

[PMCID: PMC7233447] [DOI]  

29. Willems T, Witvrouw E, Delbaere K, De Cock A, De 

Clercq D. Relationship between gait biomechanics and inversion 

sprains: a prospective study of risk factors. Gait & posture. 

2005;21(4):379-87. [PMID: 15886127] [DOI]  

30. Winter DA. Biomechanics and motor control of human 

movement: John wiley & sons; 2009.  

31. Wurdeman SR, Huisinga JM, Filipi M, Stergiou N. 

Multiple sclerosis affects the frequency content in the vertical 

ground reaction forces during walking. Clinical biomechanics. 

2011;26(2):207-12.  

32. McGrath D, Judkins TN, Pipinos II, Johanning JM, 

Myers SA. Peripheral arterial disease affects the frequency 

response of ground reaction forces during walking. Clinical 

Biomechanics. 2012;27(10):1058-63. [PMID: 22967739 ] 

[PMCID: PMC3501537] [DOI]  

33. Schneider E, Chao E. Fourier analysis of ground reaction 

forces in normals and patients with knee joint disease. Journal of 

biomechanics. 1983;16(8):591-601. [PMID: 6643531] [DOI]  

34. Liu XS. Statistical power analysis for the social and 

behavioral sciences: Basic and advanced techniques: Routledge; 

2013.  

35. Maramattom BV, Bhattacharjee SJAoIAoN. 

Neurological complications with COVID-19: a contemporaneous 

review. 2020;23(4):468-76. [PMID: 33223662 ] [PMCID: 

PMC7657269] [DOI]  

36. Allen DC, Arunachalam R, Mills KRJM, Medicine 

NOJotAAoE. Critical illness myopathy: further evidence from 

muscle‐fiber excitability studies of an acquired channelopathy. 

2008;37(1):14-22. [PMID: 17763454] [DOI]  

37. Mohammadi B, Schedel I, Graf K, Teiwes A, Hecker H, 

Haameijer B, et al. Role of endotoxin in the pathogenesis of critical 

illness polyneuropathy. 2008;255:265-72. [PMID: 18283402] 

[DOI]  

38. Soares MN, Eggelbusch M, Naddaf E, Gerrits KH, van 

der Schaaf M, van den Borst B, et al. Skeletal muscle alterations in 

patients with acute Covid‐19 and post‐acute sequelae of Covid‐19. 

2022;13(1):11-22. [PMID: 34997689 ] [PMCID: PMC8818659] 

[DOI]  

39. White R, Schuren J, Wardlaw D, Diamandopoulos Z, 

Anderson R. Biomechanical assessment of gait in below-knee 

walking casts. Prosthetics and orthotics international. 

1999;23(2):142-51. [PMID: 10493142] [DOI]  

40. White R, Agouris I, Selbie R, Kirkpatrick M. The 

variability of force platform data in normal and cerebral palsy gait. 

Clinical biomechanics. 1999;14(3):185-92. [PMID: 10619106] 

[DOI]  

41. Wu J, Beerse M, Ajisafe TJRidd. Frequency domain 

analysis of ground reaction force in preadolescents with and 

without Down syndrome. 2014;35(6):1244-51. [PMID: 21035929 

] [PMCID: PMC3034792] [DOI]  

 
 

https://jpsad.com
https://jpsad.com
https://pubmed.ncbi.nlm.nih.gov/25138624
https://doi.org/10.1111/sms.12187
https://pubmed.ncbi.nlm.nih.gov/31573350
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6812437
https://doi.org/10.1164/rccm.201908-1581ST
https://pubmed.ncbi.nlm.nih.gov/33778571
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7233447
https://doi.org/10.1148/ryct.2020200152
https://pubmed.ncbi.nlm.nih.gov/15886127
https://doi.org/10.1016/j.gaitpost.2004.04.002
https://pubmed.ncbi.nlm.nih.gov/22967739
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3501537
https://doi.org/10.1016/j.clinbiomech.2012.08.004
https://pubmed.ncbi.nlm.nih.gov/6643531
https://doi.org/10.1016/0021-9290(83)90109-4
https://pubmed.ncbi.nlm.nih.gov/33223662
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7657269
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7657269
https://doi.org/10.4103/aian.AIAN_596_20
https://pubmed.ncbi.nlm.nih.gov/17763454
https://doi.org/10.1002/mus.20884
https://pubmed.ncbi.nlm.nih.gov/18283402
https://doi.org/10.1007/s00415-008-0722-0
https://pubmed.ncbi.nlm.nih.gov/34997689
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8818659
https://doi.org/10.1002/jcsm.12896
https://pubmed.ncbi.nlm.nih.gov/10493142
https://doi.org/10.3109/03093649909071626
https://pubmed.ncbi.nlm.nih.gov/10619106
https://doi.org/10.1016/S0268-0033(99)80003-5
https://pubmed.ncbi.nlm.nih.gov/21035929
https://pubmed.ncbi.nlm.nih.gov/21035929
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3034792
https://doi.org/10.1016/j.clinbiomech.2010.09.021

