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Introduction: The COVID-19 pandemic brought unprecedented challenges to healthcare systems worldwide, particularly the often challenging physical recovery from critical illness. Among the myriad complications faced by these patients, ICU-acquired weakness (ICU-AW) stands out due to its significant impact on patient outcomes. ICU-AW, characterized by skeletal muscle atrophy and weakness, is linked to critical illness polyneuropathy (CIN), myopathy (CIM), and muscle atrophy. Notably, fasciculations, or involuntary muscle twitches, have been observed in patients with ICU-AW, suggesting altered muscle fiber excitability. This study aimed to describe the pattern of fasciculations in critically ill mechanically ventilated COVID-19 patients, assess clinical features associated with fasciculations, and evaluate their prognostic significance.



Methods: The study enrolled patients admitted to the Intensive Care Unit (ICU) with COVID-19 infection requiring intubation and mechanical ventilation. Quadriceps muscles were assessed using muscle skeletal (MSK) ultrasound and Phase Angle (PhA) through multifrequency segmental bioelectrical impedance analysis (MFBIA) every 72 h. PhA is considered a marker of cell membrane integrity and function, with lower PhA values indicating reduced skeletal muscle quality and increased risk of sarcopenia. Fasciculations were classified based on their appearance and frequency.



Results: A total of 35 intubated patients were studied, with 15 patients (43%) displaying scattered fasciculations exclusively in the vastus intermedius muscles. Upon admission, the study found no significant difference in PhA between the fasciculation and non-fasciculation groups. However, PhA decreased significantly from admission to discharge ICU only in the fasciculation group. Patients with fasciculations exhibited higher mortality rates, though not statistically significant, and this correlated with prolonged ICU and hospital lengths of stay.



Discussion: This study is the first to report scattered fasciculations in the vastus intermedius muscles of multiple patients with SARS-CoV-2 infection identified with MSK ultrasound. The findings suggest that the combination of impaired muscle cellular function (PhA) and the onset of fasciculations could serve as a potential biomarker of adverse outcomes and ICU-related muscle dysfunction and muscle loss.
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Introduction

Although SARS-CoV-2 infection (COVID-19) most frequently results in respiratory symptoms, other major complications include persistent neuromuscular sequelae such as muscle weakness and myalgia (1–4). Critically ill patients with COVID-19 are at particular risk of developing ICU-acquired weakness (ICU-AW) (5–8). ICU-AW is defined as diffuse skeletal muscle wasting and weakness due to polyneuropathy (CIN) and/or myopathy (CIM) and muscle atrophy in the absence of another plausible etiology other than the critical illness (4, 9, 10). The etiology of ICU-AW is attributed to the combined effects of physical inactivity, systemic inflammation, hyperglycemia, and pharmacologic interventions (including corticosteroids and neuromuscular blocking agents). These factors are common in critically ill COVID-19 patients (11). Significant muscle weakness is reported in 25%–33% of patients mechanically ventilated for 4–7 days and in up to 60% in non-COVID acute respiratory distress syndrome (9, 12). ICU-AW has been reported in up to 72% of mechanically ventilated COVID-19 patients (11). COVID-19 infection is known to have significant detrimental effects on skeletal muscle, particularly in patients requiring ICU admission. Immune-mediated necrotizing myopathy, mitochondrial dysfunction, and myofiber damage due to the severe inflammatory response (cytokine storm) have been documented (13–15). Spontaneous depolarization of the lower motor neuron due to subacute partial muscle denervation occurs in ICU-AW and lower motor neuron diseases (MND) (16, 17). This partial muscle denervation can ultimately lead to involuntary muscle fiber excitations within one single motor unit, also known as fasciculations, known to occur in ICU-AW (16). These fasciculations represent a proxy of altered muscle fiber excitability, resulting from the reduced excitability of the nerve and muscle cell membrane, and may indicate an early stage of ICU-AW. Neuromuscular ultrasound (NMUS) has gained more acceptance in the neuromuscular physiology community. It can augment the clinician's diagnostic capabilities to assess MND, CIN, CIM, and muscle mass (thickness/cross-sectional area) from different muscle groups, such as the quadriceps and diaphragm (10, 18–23). Muscle fasciculations can be relatively quickly diagnosed with neuromuscular ultrasound (NMUS) with a sensitivity of 96% and specificity of 84% (16, 24). M-mode ultrasound captures movement over time on a single still image, allowing visualization of fasciculations' duration and frequency (temporal changes). This is a significant advantage over B-mode imaging, which only shows a cross-sectional view at one point (24). Fasciculations can easily be differentiated from other movements like voluntary contractions and (unifocal and rhythmic) arterial pulsations (25). Combining dynamic and static images in M-mode and B-mode enables the detection of spontaneous muscle activity. This way, ultrasound can assess muscle fasciculations with higher sensitivity than EMG measurements (18, 26, 27). The onset of fasciculations could be an early biomarker of ICU-AW, reflecting disease severity and impacting clinical outcomes in COVID-19 patients requiring critical care admission (18, 26). Our primary aim was to describe the pattern of and assess some pertinent clinical features associated with fasciculations in critically ill mechanically ventilated COVID-19 patients and study their prognostic significance.”



Methods

The Longitudinal Energy Expenditure and Metabolic Effects in Patients with COVID-19 (LEEP-COVID) study is a single-center prospective longitudinal cohort study of critically ill adult patients infected by the SARS-CoV-2 virus, beginning April 1, 2020. Patients with COVID-19 disease, 18 years of age, admitted to a Duke University Medical Center ICU. Already receiving or expected to require mechanical ventilation (MV) for >48 h were included in this study. Patients were excluded if their expected duration of ICU length of stay (LOS) or survival was <24 h if they had an implantable cardiac device (pacemaker, defibrillator, LVAD). The study was approved by the Duke Health Institutional Review Board in Durham, North Carolina (IRB# Pro00105221) (clinicaltrials.gov: NCT04350073), and patients were enrolled after obtaining a waiver of informed consent.

Musculoskeletal ultrasound images of the quadriceps muscles using the Philips Lumify linear array transducer L12-4 (Eindhoven, Netherlands) were obtained. Phase Angle (PhA) was measured using bioelectrical impedance analysis (BIA) (InBody S10, Biospace Co., Ltd, Korea). All assessments were done every 72 h. Electrodes were placed on the patient's hands and feet to pass a small electrical current through the body and assess body composition and phase angle while the patient was in the supine position.

We examined the rectus femoris (RF), vastus lateralis (VL), and vastus intermedius (VI) muscles bilaterally using the MSK preset mode. The midline between the origin and insertion of the rectus femoris muscle was used as standardized landmarks, with the patient in a supine position and legs extended. Long- and short-axis dicom images and loop videos were recorded for offline B-mode and M-mode analysis. Each left and right quadriceps muscle was assessed three times for 10 s without moving the probe. If the patient required prone positioning, the assessment was done after the rotation from prone to supine within the 72-hour time window. Muscle fasciculations were classified based on spontaneous activity and highly irregular patterns, needing to appear at least twice in B- and M-mode (16). BIA was used to assess body composition, particularly the distribution of body fluids. PhA is considered a valuable marker of muscle cellular health because it reflects the integrity and quality of muscle cell membranes (28–33).



Statistics

The BIA data were segmented individually and screened for measurement errors to ensure data quality. A linear regression model was fitted to each individual's data to account for the irregular assessment intervals. The initial and final values and the slopes were extracted from the fitted model to describe changes in PhA. This process enabled us to identify the intercepts, representing the time points of admission and discharge, and the slope, allowing us to extract the trend of how phase changes over time. The results from both the right and left sides of each individual were averaged to reduce variability and improve the accuracy of the measurements. Differences between the groups were evaluated with the Mann-Whitney U-test for continuous variables. A one-tailed t-test, with an alpha level of 0.1, was used to compare the initial and final values and the slopes of the non-fasciculation and fasciculation groups.



Results

35 consecutive intubated patients were enrolled. Patient demographics and results are presented in Table 1. Differences between the groups were evaluated with the Mann-Whitney U-test for continuous variables.


TABLE 1 Descriptive statistics: all data on all subjects are reported as mean ± standard deviation (D) or number (n) and percent. Differences between the groups were evaluated with the Mann-Whitney U-test.
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Ultrasound

Scattered fasciculations, seen in both the left and right VI muscles only, were identified in 15/35 patients (43%) at any point in their ICU stay, and no fasciculations were seen in any of the remaining patients during their ICU stay. Figure 1 illustrates fasciculations as visualized in short and long-axis M-mode dicom images of the RF and VI. The oscillations visualize the scattered fasciculations in the VI only. The scattered fasciculations were demonstrated during every assessment of the entire ICU stay.


[image: Figure 1]
FIGURE 1
Proportions of patients with and without fasciculations remained in the ICU and the hospital during the study period. P-values are for the Log-rank (Mantel-Cox) test. 95% confidence intervals (CI) are represented by dotted lines and shading. Fasciculations were associated with both a prolonged ICU and hospital length of stay.


RF thickness assessed upon admission was significantly (p = 0.006) lower (9.27 mm). ± 2.28) in the fasciculation group compared to the non-fasciculation group (12.56 mm. ± 3.91.



Bioimpedance

PhA upon admittance to ICU in the fasciculation group was not different compared with the non-fasciculation group (4.31 ± 1.18 vs. 4.50 ± 1.67) (p = 0.36). PhA on discharge from ICU was decreased in patients who developed fasciculations compared to those who did not (3.61 ± 1.46 vs. 4.47 ± 1.73) (p = 0.09). PhA in patients who developed fasciculations decreased from ICU admittance to discharge (p = 0.09). In those patients who did not develop fasciculations, no difference in PhA was observed from admission to discharge (p = 0.48). During the course of ICU admission, patients who developed muscle fasciculations exhibited a negative PhA slope (−0.020 ± 0.043), indicating decreasing muscle cellular integrity over the course of the ICU admission. Conversely, the non-fasciculation group had a positive PhA slope (0.0014 ± 0.18), indicating improved tissue integrity over time. However, the difference in PhA slopes between the non-fasciculation and fasciculation groups was not statistically significant due to the study's power limitations.

During the study period, mortality was higher in patients who developed fasciculations, although not statistically significant (Hazard Ratio (log-rank) 1.5; 95% confidence interval [CI], 0.4–5.5; P = 0.5). Patients with fasciculations demonstrated prolonged ICU and hospital length of stay. [Log-rank P-value 0.02 for ICU LOS (p = 0.008) and 0.01 for Hospital LOS] p = 0.036), (Figure 2). Maximal SOFA scores were elevated in individuals who developed fasciculations (median (min-max) 9(4–16) vs. 12 (4–16); p = 0.007). Of those patients who developed scattered fasciculations, 60% developed them in week one of ICU stay; the remainder had developed fasciculations by the end of week 2. Patients who did not develop scattered fasciculations were more (p = 0.051) obese (Mann-Whitney U-test P = 0.05).


[image: Figure 2]
FIGURE 2
B-mode ultrasound (picutre in the left corner) and M-mode ultrasound, long- and short-axis, show RF and VI muscle. Temporal patterns of fasciculations are seen only in the VI.


The use of steroids during the treatment of COVID-19 in the ICU at any time point in the intensive care stay was associated with the development of scattered fasciculations (Relative Risk (Fisher’s exact test) 2.4; 95% confidence interval (CI), 0.95–7; P = 0.09).

In both groups, only propofol was used for sedation during mechanical ventilation; dosing was titrated to achieve a target Richmond-Agitation-Sedation Scale (RASS) score. Propofol is also known to reduce the incidence of fasciculations potentially (34). Neither remdesivir nor insulin administration was associated with the development of fasciculations (Table 1).




Discussion

This pilot study is the first to report fasciculations identified with musculoskeletal ultrasound in the VI muscles of multiple patients with SARS-CoV-2 infection. This finding was associated with increased severity of critical illness, increased length of ICU and hospital stay, and the usage of steroids and neuromuscular blocking agents (NMBAs). A non-depolarizing NMBA (cisatracurium) was used in all patients during the study, which is known not to induce muscle fasciculations (35). Patients who developed fasciculations also demonstrated deteriorations in Phase Angle, a proxy measure of muscle cellular health, over the course of their critical care stay.

These findings are congruent with known associations with the development of ICU-AW. The additional observations of sarcopenia at the time of admission and a trend toward increased patient age on admission to the ICU further support this association. A combination of worsening sarcopenia, deteriorations in Phase Angle, and the development of fasciculations might act as biomarkers of ICU-acquired muscle dysfunction and even ICU-AW.

Based on the sarcopenia cut-off values published by Fukumoto et al., the findings specifically highlight the importance of identifying sarcopenia in critically ill patients admitted to the ICU (36). Sarcopenia appears to be an independent predictor of poor outcomes and higher mortality rates in this patient population, regardless of the specific mortality timeframe analyzed (37, 38).

The presence of fasciculations exclusively in the vastus intermedius muscle is intriguing. Previous studies have reported neuromuscular complications such as myalgia, myopathy, and neuropathy in COVID-19 patients, but the specific pattern of fasciculations in the vastus intermedius has not been described before. The vastus intermedius is one of the quadriceps muscles important for knee extension. Weakness or dysfunction of this muscle could contribute to the profound weakness and fatigue reported by many COVID-19 survivors. Although not statistically significant, likely due to the small sample size, patients with fasciculations had higher mortality rates and longer ICU and hospital stays. This implies that fasciculations may be a marker of more severe disease. More extensive prospective studies are needed to confirm if fasciculations are an independent predictor of poor outcomes in critically ill COVID-19 patients (39).

The main limitations are the small sample size and lack of long-term follow-up to determine if fasciculations persist or resolve. Furthermore, no functional or electromyographic data is available to assess whether patients who developed fasciculations did indeed go on to develop ICU-AW. The different lengths of stay in critical care between groups may independently explain the association between reduced muscle size and the development of fasciculations. However, the difference in a gradient of Phase Angle decline between groups would suggest that those who did develop fasciculations were subject to deteriorations in muscle quality that would be expected to be associated with a reduction in function. The study did not include a control group of critically ill patients without COVID-19 to assess if fasciculations are unique to SARS-CoV-2 infection. Nevertheless, this pilot study provides important preliminary data to guide future research into neuromuscular complications of COVID-19 and perhaps in other critically ill patients. Future work should prospectively assess the combination of sarcopenia, deterioration in muscle size, and PhA combined with the development of fasciculations to further their utility as biomarkers and to elucidate any relationships with the development of ICU-AW. Future study design should consider a muscle biopsy to confirm or refute relationships with deterioration in muscle quality.

In conclusion, this study identifies a novel pattern of muscle fasciculations in the vastus intermedius of critically ill COVID-19 patients that correlates with impaired muscle cellular function and worse clinical outcomes. Serial musculoskeletal ultrasound may be a valuable tool to diagnose and monitor neuromuscular involvement in COVID-19 and potentially in other critically ill patients. More extensive prospective studies with longer follow-ups are warranted to validate these findings and determine the prognostic significance of fasciculations in COVID-19 patients.
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