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Persistent neuromuscular disorders
associated with changes in tibialis
anterior and gastrocnemius
lateralis muscle architecture in
long-covid: an observational
longitudinal study

Isabella da Silva AlImeida’2*“, Leandro Gomes de Jesus Ferreira’3, Gerson Cipriano Jr.%,
Rochelle Rocha Costa?, Marco Aurélio Vaz*, Nicolas Babault®, Rita de Cassia Marqueti'3 &
Jodo Luiz Quagliotti Durigan®3**

Long COVID-19 causes complications, affecting quality of life and work capacity. However, its long-
term impact on lower limb neuromuscular function remains unclear. To evaluate neuromuscular
electrophysiological disorders (NEDs) and muscle architecture of the tibialis anterior (TA) and triceps
surae (TS) in individuals with moderate or severe COVID-19 compared to control group over 12
months. Seventy participants were divided into moderate-COVID (n=22), severe-COVID (n=18), and
control (n=30) groups. COVID groups underwent four assessments over one year. NEDs in the TA

and gastrocnemius lateralis (GL) were assessed via stimulus electrodiagnostic testing, while TA and

TS muscle architecture was evaluated using ultrasound. Participants with severe-COVID exhibited
significantly higher chronaxie (p <0.001) in the TA at the first assessment, NEDs were observed in
55.55%, 33.33%, and 16.66% of participants across the first three assessments. GL showed 5.55%
prevalence of NEDs. Echogenicity increased in TA and GL muscles in the severe-COVID group
(p<0.001). An association was found between TA chronaxie and echogenicity in the COVID groups
during the short-term assessment (p <0.001). Severe COVID-19 is associated with higher prevalence of
NEDs in the TA muscle and persistent echogenicity increases, suggesting polyneuromyopathy in the TA
and widespread echogenicity abnormalities in long COVID patients.

Keywords Chronaxie, Echogenicity, Muscle architecture, Long COVID, rehabilitation, clinicians

Neurological disorders and musculoskeletal complications, including a reduction in peripheral nerve conduction
and muscle mass loss, have become increasingly recognized as persistent manifestations of long COVID-19!4,
Although many patients fully recover after the acute phase of the infection, a significant proportion experience
long COVID, which is characterized by symptoms that can persist for weeks or even months*. This new condition
often presents debilitating symptoms, such as muscle fatigue and myalgia®’substantially impacting quality of
life and return-to-work activities, even 12 months after infection®. The mechanism by which the disease affects
nerves is multifactorial and not yet well established®. However, it is hypothesized that the effects associated
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with muscle disuse, may lead to systemic alterations, such as polyneuropathy, contributing to neuromuscular
electrophysiological disorders (NEDs)*~11.

NEDs have been identified in long COVID patients’with a higher prevalence observed among older
individuals'?. These disorders can be assessed using a non-invasive method called the stimulus electrodiagnostic
test (SET), which employs specific parameters of neuromuscular electrical stimulation commonly used by physical
therapists in clinical settings®!1"!%. The SET evaluates nerve and muscle responses by measuring chronaxie, the
shortest pulse duration needed to reach neuromuscular excitability at a current intensity twice the rheobase
value, which refers to the minimal current intensity needed to elicit a muscle response®!*1°. Additionally, the
accommodation index (AI), another key parameter, is the ratio between the threshold amperage of a slowly
rising impulse and the threshold amperage of a suddenly rising rectangular impulse®!*. Chronaxie values of
>1 ms are indicative of a NED'*!, highlighting the SET as a valuable tool for screening and for the initial
assessment in suspected cases of NEDs”!*+1°,

Hospitalization and prolonged bed rest can lead to polyneuropathy, affecting the peripheral nervous system
and muscle structure, and resulting in muscle weakness and functional impairments!"!®-18. In mechanically
ventilated patients, the tibialis anterior (TA) muscle showed a significant prevalence of NED!!. Although
the mechanisms underlying long COVID remain unclear, changes in muscle architecture can contribute to
persistent musculoskeletal symptoms'®?’. Muscle architecture, referring to the arrangement of muscle fibers
with respect to the muscle tendons, directly influences the axis of force generation and overall muscle function,
and can be reliably assessed using B-mode ultrasonography!'>?1:?2, COVID-19 patients exhibited reduced cross-
sectional area (CSA) and muscle thickness (MT) in the quadriceps muscles, along with increased echogenicity,
indicating diminished muscle quality within the first 10 days of hospitalization!®. Similarly, even 6 months after
infection, Appelman et al. (2024) reported a reduction in the CSA of type 1 fibers of the vastus lateralis muscle in
individuals with long COVID?. It is important to highlight that, although previous studies have investigated the
neuromuscular’”’ or muscular consequencesw’zo oflong COVID in isolation, there is still a lack of trials that have
simultaneously assessed, in a one-year longitudinal approach, the prevalence of NEDs and muscle architecture
in comparison with healthy individuals. This integrated approach is essential for a deeper understanding of the
infection’s impact on neuromuscular and structural function over time.

Understanding both the neurological disorders and musculoskeletal complications associated with
COVID-19 in an integrated manner is essential for assessing its impact on electrical neuromuscular function
and muscle architecture. Studying these factors together provides critical insights that can significantly enhance
rehabilitation strategies for patients suffering from long-term effects of COVID-19. Therefore, the current
study aimed to investigate the neuromuscular function and muscle architecture of the TA and triceps surae
(TS) muscles in participants with moderate or severe COVID-19, compared to a control group, over a one-year
post-infection period. Our hypothesis was that the severity and timing of disease assessment would affect the
musculoskeletal and neural systems, negatively impacting peripheral nerve conduction and muscle architecture,
and leading to increases in chronaxie and muscle echogenicity.

Materials and methods

Study design

This Level 2 longitudinal study was approved by the Institutional Review Board of the University of Brasilia
(CAAE 45043821.0.0000.8093) and conducted under the ethical standards of the Declaration of Helsinki.
All participants provided informed consent prior to inclusion. Evaluations were conducted from September
2021 to October 2023. The manuscript is part of a larger observational study, with the full protocol available at
ClinicalTrials.gov (NCT04961255) and reported according to the STROBE guidelines?.

Participants

Participants were recruited through local clinics and hospitals via advertisement flyers. The inclusion criteria
required participants to be aged between 18 and 80 years and to have a history of SARS-CoV-2 infection,
classified as either moderate (moderate-COVID) or severe (severe-COVID). For moderate-COVID, a positive
COVID-19 diagnosis was needed, verified through a molecular test (RT-PCR), a serological test to detect
antibody reactivity, or an immunochromatographic test for antibodies and antigens. The individuals also needed
to have experienced COVID-19 symptoms, such as dry cough, runny nose, sore throat, diffuse body pain, or
persistent hyperthermia, without the need for hospital admission or evidence of hypoxemia. For severe-COVID,
a positive test and hypoxemia (SpO2 <93%), requiring hospitalization were needed. The control group included
individuals without a COVID-19 history or symptoms. Exclusion criteria included neuromuscular or orthopedic
issues, pregnancy, active infections, or neurological conditions that could interfere with data collection®*?°.

Procedures

All participants followed a standardized protocol, with four laboratory visits over 12 months, except the control
group, which was assessed only once to ensure they would not be infected with SARS-CoV-2 throughout the
study follow-up. The first assessment (A21-30) occurred between the 21 st and 30th days after symptom onset for
moderate-COVID and after hospital discharge for severe-COVID, followed by the second assessment (A31-90)
which took place between the 31st and 90th days, the third (A91-180) between the 91st and 180th days, and
the fourth (A181-360) between the 181 st and 360th days after symptom onset (moderate-COVID) and after
hospital discharge (severe-COVID). All evaluations were conducted by the same assessors (ISA and LGJF) at
the same time of day. Before the assessments, participants were informed and familiarized with the procedures.
Demographic and clinical information were collected, and perception of fatigue was assessed using the Fatigue
Severity Scale questionnaire?® during each assessment. First, the SET was performed, followed by muscle
architecture analysis. Skin was cleaned with 70% alcohol swabs to minimize impedance.
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Electrical neuromuscular abnormality assessment

The SET was performed to evaluate NEDs in the TA and gastrocnemius lateralis (GL) muscles. The GL muscle was
chosen to represent the TS muscle due to its accessibility for examination and the high reliability demonstrated in
previous assessments, both in SET? and in ultrasound measurements®!. The test was conducted after identifying
the motor points of the two target muscles?’. A universal pulse generator (Dualpex 071, Quark Medical LTDA)
was used with a reference electrode (anode; 100 cm?) placed on the patella. An active pen electrode (cathode;
1 cm®) was used to locate the motor points and perform the test®?’. The rheobase was measured using a
monopolar current with a rectangular pulse with a 1-second duration, 2-second rest interval, and frequency
of 1 Hz, and gradually increasing the current intensity until a slight muscle contraction was visible*?%. For
the chronaxie, a current intensity that was double that of the rheobase was employed, with adjustments made
to the pulse duration (following the available device values) from 20 ps to 1 s, until a visible contraction was
observed®?>?8, For accommodation, a monopolar current with an exponential pulse was utilized, featuring a
pulse duration of 1 s and a 2-second interval. The current was increased from 0 to 69 mA in 1 mA increments
until a visible muscle contraction occurred®!*?>?. The Al was calculated by dividing the accommodation by the
rheobase”!422, The reliability of these methods has been well-established and is considered good to excellent’.

Muscle ultrasound imaging

The pennation angle (PA), fascicle length (FL), MT, and echogenicity were assessed using a B-mode ultrasound
system (M-Turbo’, Sonosite, Bothell, WA, USA), equipped with a 7.5 MHz linear transducer and set to a depth
of 6 cm, with a frame rate of 30 Hz. Three images were obtained for each participant, and the average values of
the outcomes were used. For the TA imaging, participants were positioned in supine with a slight knee bend
to relax the muscles and minimize fascicle curvature?*". Imaging of the soleus (SO), GL, and gastrocnemius
medialis (GM) muscles was performed with participants in a prone position, legs fully extended, and ankles
maintained in a neutral position without any change in joint angle during the examination?!. For PA, FL,
and MT measurements, the probe was positioned longitudinally along the muscle, while for echogenicity the
probe was placed transversely to the muscle belly. The TA architecture was measured at the proximal quarter
of the distance between the lower border of the patella and the lateral malleolus, with the probe positioned on
the anterolateral aspect of the leg?!*2 The GL, GM, and SO were assessed at 30%, 30%, and 50% of the distance
from the popliteal crease to the lateral malleolus, respectively?!3334, A transparent plastic sheet was used to map
anatomical landmarks and the exact probe placement site during the initial assessment. This map was realigned
with the participant’s skin at each follow-up to ensure consistent probe positioning across all time points and
muscles, minimizing variability and enhancing measurement reliability, as adapted from a previous study®>. PA
was defined as the angulation of muscle fibers relative to the muscle’s line of force, determined by measuring
the angle between the muscle fibers and the deep aponeurosis*'*. FL was defined as the total length of the
muscle fiber?!*%. MT was assessed by marking five vertical lines along the ultrasound image, each representing
the thickest area between the superficial and deep aponeurosis*"*2. To evaluate muscle echogenicity, a region of
interest was defined using a tracing technique, ensuring the inclusion of all visible muscle areas while excluding
surrounding fascia or bone?"¥. Echogenicity was analyzed through a histogram on a grayscale scale ranging
from 0 (black) to 255 (white)'#2138, with the mean echogenicity calculated by averaging values from the three
images for each muscle. The analyses were conducted using ImageJ software (National Institute of Health,
Bethesda, MD, USA). Good to excellent reliability has been established in these methods?!.

Statistical analysis

The Generalized Estimating Equations (GEE) method with gamma distribution, logarithmic link function,
robust estimator covariance matrix and independent working correlation matrix structure was used to assess
differences both between and within groups, using “group” and “assessments” as factors across all outcomes. To
determine the optimal functional correlation structure in the GEE analyses, the independence model criterion
was applied®. The least significant difference procedure was used as a post hoc test to locate differences. The
GEE method with gamma distribution, logarithmic link function, robust estimator covariance matrix and
independent working correlation matrix structure was also employed to analyze sample characterization data,
using “group” as a factor to compare means across the three groups for continuous variables. This method
was also used to examine the interactions between “group” and “assessment’, in order to detect time-related
differences in variables such as physical activity at the time of assessment and fatigue perception, measured
by the Fatigue Severity Scale?. Categorical variables were compared using the Chi-Square Test. Thereafter,
Spearman’s correlation was performed to measure the relationship between chronaxie and muscle architecture
variables, such as PA, FL, MT, and echogenicity. Multivariate analyses (using multiple linear regressions) were
conducted to examine the association between chronaxie and the variables that showed a significant correlation
(description of the analysis is presented in supplementary material 1) - echogenicity and MT - in the COVID
groups across all assessments. Chronaxie association was analyzed only for the TA muscle due to the low NED
prevalence in the GL. Due to the global impact of the COVID-19 pandemic, calculating the ideal sample size
was not feasible because of the lack of prior data. However, post hoc power analyses were performed and can
be found in Supplementary Table 3. The level of statistical significance adopted was a=0.05 and the statistical
software SPSS version 22.0 (IBM Corporation, Armonk, NY, USA) was used.

Results
The current study included 22 moderate-COVID participants, 18 severe-COVID patients, and 30 healthy
controls, with 190 assessments conducted. Table 1 presents the participant characteristics.
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Groups

Control group Moderate-COVID Severe-COVID

(n=30) (n=22) (n=18)
Characteristics Mean (CI 95%) Mean (CI 95%) Mean (CI 95%) Pvalue
Sex (number of participants/% of participants)
Male 13/43.33 10/45.45 8/44.44 0.988
Female 17/56.66 12/54.54 10/55.55
Age (years) 46.53 (42.10-51.43) | 38.27 (33.96-43.13) * | 50.83 (45.19-57.18) * 0.001
Weight (kg)
A21-30 69.54 (65.07-74.31) | 71.28 (64.14-79.21) 83.08 (75.91-90.92) ** | 0.001
A31-90 71.57 (64.50-79.42) 84.89 (77.27-93.25) 2% *
A91-180 72.32 (65.14-80.28) 85.43 (77.51-94.15) 2% *
A181-360 73.12 (65.96-81.08) < f?,f?f79'89'95'81)
Height (m) 1.66 (1.63-1.69) 1.66 (1.62-1.70) 1.61 (1.55-1.66) 0.206
BMI (kg/m?) 24.91 (23.85-26.02) | 25.55 (23.51-27.77) 31.94 (29.70-34.35) “* | 0.001
Comorbidities (% of participants)
Hypertension 16.66 4.54 66.66 * 0.001
Diabetes 0 4.54 38.88* 0.001
Dyslipidemia 20.00 13.63 50.00 * 0.021
Depression 0 4.54 27.77* 0.003
Anxiety 3.33 22.72 16.66 0.102
Panic Syndrome 0 4.54 11.11 0.183
Asthma 0 18.18 11.11 0.062
Hospitalization period (days) | NA NA 38.38 (27.15-49.62) NA
Period in ICU (days) NA NA 21.44 (13.72-29.16) NA

COVID vaccine before infection (n) for moderate and severe-COVID groups and COVID vaccine at the

assessment for the Control (% of participants)

time of

Yes 93.33 100 88.88
0.298
No 6.66 0 11.11
Number of doses 3.50 (3.25-3.77) 2.14 (1.89-2.41) * 2.00 (1.72-2.32) * 0.001
Current smoking (% of participants)
Yes 3.33 4.54 0
0.677
No 96.66 95.45 100
Time (Years) 0.03 (0.00-0.06) 0.02 (0.00-0.05) 0.00 (0.00-0.00)
Previous smoking (% of participants)
Yes 16.66 31.81 33.33
0.323
No 83.33 68.18 66.66
Time (years) 16.60 (8.40-32.79) | 15.85 (11.00-22.85) 27.16 (19.67-37.51) 0.076
Interruption time (years) 24.40 (19.34-30.78) | 10.37 (5.45-19.72) * | 11.63 (5.77-23.42) * 0.011
Practice of physical activity before infection and at the time of assessment for the Control group (% of
participants)
Yes 63.33 40.90 27.77*
0.045
No 36.66 59.09 72.22
Practice of physical activity at the time of assessment (% of participants)
A21-30
Yes 63.33 36.36 16.66 **
No 36.66 63.63 83.33
A31-90
Yes 63.63 27.77 **
No 36.36 72.22
0.001
A91-180
Yes 77.27 27.77 #*
No 22.72 72.22
A181-360
Yes 63.63 22.22%
No 36.36 77.77
Physiotherapy after infection (% of participants)
Continued
Scientific Reports|  (2025) 15:34375 | https://doi.org/10.1038/s41598-025-17126-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

3.59 (3.01-4.29)™

4.78 (4.03-5.67)"*

Groups

Control group Moderate-COVID Severe-COVID

(n=30) (n=22) (n=18)
Yes NA 0 72.22*

0.001

No NA 100 27.77
Perception of fatigue (fatigue severity scale)
A21-30 2.75(2.33-3.24) 4.60 (4.09-5.16)" 5.52(4.93-6.18)"*
A31-90 3.68 (3.08-4.40)" 4.47 (3.85-5.20)" 0.001
A91-180 3.77 (3.24-4.38)" 4.47 (3.87-5.17)"
A181-360

NA, not applicable; *= Different from the Control in the respective assessment; #= Different from moderate-
COVID in the respective assessment; a=Different from A21-30; b=Different from assessment 2; ¢ = Different
from assessment 3. (p <0.05).

Table 1. Characteristics of the participants.
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Fig. 1. Electrical neuromuscular abnormality assessment. a = different from A21-30 intragroup; b = different
from A31-90 intragroup; # = different from moderate-COVID at the same assessment; * = different from

the Control; aa =different from A21-30, main effect of assessment; bb = different from A31-90, main effect of
assessment; ## = different from moderate-COVID, main effect of group; ** = different from the Control, main
effect of group. (p<0.05).

Electrical neuromuscular abnormalities assessment
The SET results are presented in Fig. 1. All datasets related to the outcomes rheobase, accommodation, and AI
are included in Supplementary Table 1.

For the chronaxie analysis, the GL assessment revealed no significant differences. For the TA chronaxie,
a group-assessment interaction (p <0.001) demonstrated that the severe-COVID group had higher chronaxie
values than both the moderate-COVID and control groups at A21-30 (p=0.032 and p=0.027, respectively). In
the intragroup comparisons, the severe-COVID group had lower chronaxie values at A91-180 (p=0.029) and
A181-360 (p=0.029) compared to the A21-30 assessment.

Prevalence of NEDs
The NED prevalence analysis for the TA muscle showed 4.54% in moderate-COVID across assessments A21-
30, A31-90, and A91-180. In severe-COVID, the NED prevalence was 55.55% at A21-30, 33.33% at A31-90,
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Fig. 2. Muscle ultrasound assessment. a=different from A21-30 intragroup; b =different from A31-90
intragroup; # = different from moderate-COVID at the same assessment; * = different from the Control; ** =
different from the Control, main effect of group. (p <0.05).

and 16.66% at A91-180 and A181-360. Severe-COVID exhibited significantly higher NED prevalence values
compared to both the control and moderate-COVID groups at A21-30 (p<0.001) and A31-90 (p=0.003 and
p=0.016, respectively). In the intragroup comparisons, severe-COVID showed a significant decrease in NED
prevalence in all assessments (p <0.05) compared to A21-30.

Muscle ultrasound assessment
The results of the muscle ultrasound assessment are presented in Fig. 2. All datasets related to the outcomes PA,
FL, and MT for the analyzed muscles are included in Supplementary Table 2.

Regarding the echogenicity analysis, for the TA muscle, a group-assessment interaction (p=0.015) revealed
that severe-COVID presented higher values when compared with both moderate-COVID and control groups
in all assessments (p <0.05). In the intragroup comparisons, severe-COVID presented lower values at A31-90
(p=0.006) and A181-360 (p=0.02) compared to A21-30, and moderate-COVID presented lower echogenicity
at A21-30 (p=0.047) than the A91-180 assessment.

For the SO muscle, a group-assessment interaction (p <0.001) revealed that severe-COVID presented higher
echogenicity compared to both the moderate-COVID (p=0.004) and control (p=0.001) groups at A21-30. In
the intragroup comparisons, a decrease in echogenicity was observed in all assessments when compared to A21-
30 (p<0.05) in severe-COVID.

In the GM analysis, the echogenicity evaluation revealed a group-assessment interaction (p <0.001), showing
that severe-COVID had higher echogenicity than the control group across all assessments (p <0.05), and higher
than moderate-COVID at A21-30 (p=0.003) and A31-90 (p=0.017). In the intragroup analysis, severe-COVID
presented lower echogenicity at A91-180 compared to A21-30 (p=0.001), and moderate-COVID also showed
higher echogenicity at A181-360 compared to A31-90 (p=0.001) and A91-180 (p=0.034).

For GL, a group-assessment interaction for echogenicity (p=0.005) revealed higher values in severe-COVID
compared to both moderate-COVID (p=0.022) and control (p=0.005) groups at A21-30. In the intragroup
analysis, severe-COVID showed higher echogenicity at A21-30 compared to all other assessments (p <0.05),
and moderate-COVID also showed lower echogenicity at A91-180 compared to A31-90 (p=0.03) and A181-360
(p=0.024).

Association with chronaxie
Multiple linear regression revealed a significant degree of prediction for chronaxie at assessments A21-30
(p<0.001), A31-90 (p<0.001), and A91-180 (p=0.04). For assessment A181-360, no significant prediction was

Scientific Reports |

(2025) 15:34375

| https://doi.org/10.1038/s41598-025-17126-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

found (p=0.19). Only echogenicity was considered a predictor for chronaxie at assessments A21-30 (p <0.001),
A31-90 (p<0.001), and A91-181 (p=0.013). In other words, for each unit increase in echogenicity, chronaxie
increased by 652 ps at assessment A21-30, by 467.61 ps at assessment A31-90, and by 80.72 ps at assessment
A91-180 (more information is described in supplementary material 1).

Discussion

According to our hypothesis, individuals who experienced severe COVID exhibited significantly higher chronaxie
values and a higher prevalence of NEDs in the TA muscle, which was related to the timing of the assessment.
The severe-COVID group also showed significant alterations in muscle echogenicity across all analyzed muscles,
with a particular emphasis on the TA muscle. This aligns with the observed association between chronaxie
and echogenicity in the TA muscle for the COVID groups. From a clinical perspective, these findings have
important implications for planning rehabilitation strategies in patients with long COVID. Given the crucial
roles of the TA and TS muscles in locomotion and daily activities***!dysfunctions in these muscles could impact
mobility and quality of life. Our results suggest that the TA muscle shows more pronounced changes than the TS,
indicating that some muscles may be more susceptible to the impact of infection and disuse and highlighting the
importance of assessing diverse muscles in terms of NEDs and muscle architecture. Clinicians should consider
the time elapsed since the first COVID infection and a muscle-targeted approach as factors that can influence the
benefits of optimizing rehabilitation, particularly in severe COVID patients. Tailoring rehabilitation strategies
to focus on the specific muscles affected by the disease and adjusting the timing of interventions may optimize
functional outcomes and improve patients’ mobility and quality of life.

The mechanism of long COVID is not yet fully established. However, individuals who experienced a more
severe form of the disease appear to have a worse prognosis®*>*, with prevalent muscle symptoms, such as
myalgia and fatigue®”. In our study, participants in the severe COVID-19 group exhibited higher BMI, a
greater number of comorbidities, advanced age, and lower levels of physical activity. These well-established
risk factors not only increase the likelihood of developing more severe forms of COVID-19 and subsequent
hospitalization but may also explain our findings*!, as they predispose individuals to a poorer baseline health
status**~4®. The effects of prolonged hospitalization and bed rest, commonly experienced by patients with
severe COVID-19, may contribute to neuromuscular dysfunction through mechanisms related to disuse®.
Approximately 36.4% of patients hospitalized for COVID-19 exhibit neurological complications involving the
peripheral nervous system, central nervous system, and skeletal muscles?’. Muscle disuse is known to induce
atrophy, reduce motor unit recruitment, alter neuromuscular excitability, and impair mitochondrial function,
all of which can exacerbate functional impairments and hinder recovery'®8. Additionally, the pathophysiology
of COVID-19 in the peripheral nervous system is linked to immune dysregulation and hyperinflammation,
with nerve entrapment potentially occurring secondary to fluid accumulation and positioning for ventilation-
perfusion optimization??. These disuse-related alterations may overlap with or potentiate the direct effects of
SARS-CoV-2 on the neuromuscular system, complicating the clinical presentation and highlighting the need for
comprehensive assessments.

In the current study, we used the SET, a physical therapy methodology that assesses evoked excitability through
transcutaneous electrical stimulation of muscle and nerve tissue®!*!>. The SET was chosen for its affordability,
non-invasiveness, and suitability in various clinical settings as an initial assessment for detecting NED%!1:22:28:51,
It also demonstrated good inter- and intra-rater reliability in evaluating COVID-19 survivors®. Our results
showed significantly elevated chronaxie values and a substantially higher prevalence of NEDs in the TA muscle
among participants who had severe COVID-19, particularly during the first two assessments compared to the
control and moderate COVID-19 groups. In the short-term assessment, 55.55% of severe-COVID participants
presented NEDs, compared to 4.54% in the moderate-COVID group. While the NED prevalence remained low
and stable in the control and moderate-COVID groups, it decreased but remained substantial in severe-COVID:
33.33% at the A31-90 assessment and 16.66% at the final two assessments. The higher prevalence of NED in
the TA muscle among individuals who experienced severe COVID-19 is a critical finding, as this neuropathy
has been reported among COVID-19 survivors®*->¢. The TA muscle is innervated by the peroneal nerve, and
peroneal neuropathy generally presents as foot drop, or failure in dorsiflexion of the ankle and toes*®!. Our data
suggests that individuals with varying levels of severity of an infection that causes both systemic effects and a
significant decrease in activity may experience a direct impact on the neuromuscular junction or muscle fibers™.
Additionally, the prone position, commonly used in COVID-19 patients with acute respiratory syndrome to
optimize thoracic mechanics, is known to cause peripheral nervous system damage®>>*. This highlights the
need for a targeted approach to evaluate and detect NED, as these dysfunctions can significantly impact daily
activities, increasing the risk of falls and injuries’®*! and potentially influencing the design of rehabilitation
programs for long COVID-19 patients.

In addition to NEDs, individuals with COVID-19 exhibit muscle weakness and sarcopenia®. While the causal
link between COVID-19 and the muscle atrophy and weakness observed in survivors is unclear, these symptoms
are prevalent in this population®” and resemble the weakness associated with ICU-acquired conditions'*>’. An
important aspect to consider is the variability in hospitalization duration among participants in the severe group.
Although all met the clinical criteria for severe COVID-19, the length of stay varied and may have influenced the
neuromuscular and musculoskeletal outcomes observed. However, patients with severe and critical COVID-19
appear to experience a reduction in the CSA of the rectus femoris muscle and a decrease in the MT of the anterior
compartment of the quadriceps, along with increased echogenicity, especially during the first to tenth day of
hospitalization'®. This suggests that even patients with shorter hospital stays may have experienced significant
alterations'®. Here, we observed localized changes in the TA muscle, including a reduction in PA and an increase
in FL and MT across the assessments for the COVID groups. The severe-COVID group also showed increases
in FL and MT in the GL and GM muscles. Our results can be explained by the reorganization of muscle fibers
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during periods of disuse and immobilization, resulting from reduced mechanical stimulation®"-%%. This leads to
a decrease in muscle CSA, often accompanied by a reduction in PA and FL*"%8. These changes negatively impact
force production and contraction speed, as these factors are linked to the number of sarcomeres arranged in series
and parallel*"*8. Participants with severe COVID may have experienced muscle architecture disorganization
during the illness, which was reflected in the changes observed throughout the follow-up period. Finally, an
increase in echogenicity was observed in all assessed muscles, particularly in the short-term assessment, further
emphasizing the impact and changes caused by the disease during the acute phase.

The TA muscle demonstrated higher echogenicity across all assessments, suggesting a slower recovery
process. Similarly, the TS also exhibited increased echogenicity compared to the control group, particularly
in the GM muscle, showcasing its susceptibility to disuse. Antigravity muscles, such as the gastrocnemius, are
more vulnerable to atrophy during prolonged immobilization, often showing a more pronounced reduction in
thickness compared to muscles like the TA3.. An increase in echogenicity may also indicate deterioration in
muscle quality, likely due to infiltration of adipose and connective tissue, as well as muscle necrosis associated
with muscle fiber remodeling!®. Through multiple regressions, we found that echogenicity predicted chronaxie.
Specifically, each unit increase in echogenicity can increase chronaxie by 652 to 80.72 s, suggesting, particularly
for the TA muscle, a pattern where alterations in muscle architecture are linked to changes in neuromuscular
function. This relationship may indicate that structural modifications in muscle fibers affect their functional
capacity, potentially impairing overall muscle performance. Indeed, patients with long COVID who exhibit
reduced exercise capacity appear to show metabolic alterations in skeletal muscle, associated with changes in
muscle fiber profile and the presence of signs of muscle tissue damage?. Our findings align with previous studies
that showed increased muscle echogenicity and elevated chronaxie values in hospitalized patients who developed
NED!»%. Electromyographic abnormalities and neuromuscular histological changes have also been reported,
suggesting the coexistence of motor axonopathies and myopathies in critically ill patients®®. Altogether, our
findings suggest that changes in echogenicity and chronaxie may be linked to the NED prevalence in patients
who experienced more severe forms of COVID-19 and required hospitalization during the acute phase, reflecting
the structural and functional impact of muscular alterations in these cases.

Study limitations

Some limitations of this study should be acknowledged. First, it was not possible to perform a sample size
calculation due to the lack of previous data in the literature. Given the constraints of the COVID-19 pandemic,
a convenience sample was necessary to ensure participation. However, the significance of our findings indicates
that Type II error was not a concern, confirming the adequacy of our sample size. Additionally, an important
limitation of our study is that we were unable to follow the control group longitudinally over one year, as it was not
possible to ensure that these participants would remain uninfected during the follow-up period. This limitation
was largely due to the high rate of SARS-CoV-2 infection in the general population during the data collection
period, which took place during the COVID-19 pandemic. As a result, many participants initially eligible for the
control group were later excluded, compromising the feasibility of a consistent longitudinal assessment. Due to
the observational design, factors such as new infections, physical activity levels, and potential treatments could
not be controlled. Baseline clinical differences, especially in the severe COVID-19 group, who had higher BMI,
more comorbidities, older age, and lower levels of physical activity, may be considered potential confounding
factors. However, these characteristics are well-known risk factors strongly associated with progression to severe
forms of COVID-19*. We believe that, rather than representing a methodological flaw, these findings reflect
the true clinical profile of the most severely affected individuals, thereby enhancing the epidemiological and
pathophysiological relevance of our results. Additionally, the choice of the GL muscle as a representative of the
TS group is particularly appropriate for the assessment of NEDs. Although selected for technical feasibility,
patient tolerability, and measurement reliability’it may not fully represent the physiological characteristics of
the entire group, especially the SO muscle, which differs in fiber composition and function®!. This choice was
necessary due to the challenges of assessing the soleus muscle in this population, but it should be considered
when interpreting the generalizability of the results. Finally, further studies are needed to assess long COVID
patients beyond the one-year period.

Conclusion

Individuals who had severe COVID-19 show a higher prevalence of NEDs in the TA muscle, associated with
increased echogenicity that persists in all analyzed muscles, especially in the TA, over one year. Clinicians should
consider the time elapsed since the COVID-19 diagnosis, the severity of the cases, and the assessed muscle when
recommending more targeted treatment strategies for individuals with long COVID-19.
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Data is provided within the manuscript or supplementary information files.
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