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Risk factors for 1-year peripheral neuropathy and F-wave abnormalities after COVID-19: a prospective cohort study
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Objective: To explore the risk factors for peripheral neuropathy (PNP) and F-wave abnormality during one-year rehabilitation for coronavirus disease 2019 (COVID-19).

Methods: This prospective cohort study included patients with COVID-19 who were discharged from Shijiazhuang People’s Hospital after treatment and routine rehabilitation between December 2020 and April 2021. Multivariable logistic regression analysis was used to analyze the independent risk factors for PNP and F-wave abnormality. p-values <0.0125 were considered significant in the multivariable analyses to account for type I error.

Results: A total of 313 patients with COVID-19 [aged 49.0 (IQR 33.0–58.0) years, and 191 (61.0%) females] were included. During one-year follow-up, 232 (74%) patients developed PNP (PNP group), and 81 (26%) did not (non-PNP group). In the PNP group, 51 (16%) patients had mononeuropathy, and 181 (58%) had polyneuropathy. Additionally, F-wave abnormality was detected in 22 (7%) out of 313 patients. Multivariable logistic regression analysis showed that age [odds ratio (OR) = 1.22, confidence interval (CI): 1.05–1.41, p = 0.009] was independently associated with PNP. College or higher education (OR = 5.07, 95% CI: 1.80–13.90, p = 0.002) was independently associated with mononeuropathy.

Conclusion: Age might be an independent risk factor for PNP, while higher education was associated with mononeuropathy.
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Introduction

COVID-19 predominantly affects the lungs but can also harm the nervous, cardiovascular, and renal systems, especially in hospitalized patients (1–3). Still, recent studies reported localized pain and numbness in some COVID-19 patients, suggesting the involvement of the peripheral nervous system (2, 4, 5).

Peripheral neuropathy (PNP) refers to conditions that involve damage to the peripheral nervous system, resulting in sensory symptoms (e.g., numbness, tingling), weakness, autonomic symptoms (e.g., early satiety, sweat abnormalities), and neuropathic pain (6). Electrodiagnostic studies are valuable for patients with suspected PNP; electrodiagnostic testing includes nerve conduction studies (NCS) that can determine the existence of PNP and the scope of lesions and evaluate damaged parts and pathological type (7). In the case of a positive diagnosis, early nerve nutrition drugs are given in combination with rehabilitation treatment to avoid more serious physical symptoms (8).

A review of 105 studies demonstrated that PNP is prevalent in patients with COVID-19, primarily due to immune mechanisms or neurotoxic side effects of medications; few patients developed PNP from prolonged bedding in the intensive care unit (ICU) and pre-existing diabetes (9). Because of the severe damage to multiple organs caused by the novel coronavirus, many patients continue to experience a range of physical and psychological symptoms beyond the acute phase of COVID-19 infection, including PNP-related symptoms like pain, limb numbness, and muscle weakness (10, 11). Previous studies also showed that 60% of the patients have persistent pain and numbness even after treatments, and these prolonged symptoms can lead to anxiety, depression, reduced productivity, and even suicide, increasing the economic burden on the family and healthcare system (12).

Despite the long-term impact of PNP, most studies on PNP in COVID-19 patients are based on case reports (13, 14). Furthermore, the risk factors of PNP in COVID-19 patients have not been explored. A better understanding of the risk factors can help healthcare professionals to identify high-risk individuals and intervene early. Therefore, this study investigated the risk factors of PNP among COVID-19 survivors at 6-month and 12-month follow-ups after diagnosis using NCS.



Materials and methods


Study design and participants

This prospective cohort study included patients with COVID-19 who were discharged from Shijiazhuang People’s Hospital after treatment and routine rehabilitation between December 2020 and April 2021. All eligible, consecutive, and willing-to-participate patients were included. All the enrolled patients received rehabilitation treatment 2 to 4 weeks after discharge. Two follow-up visits were conducted 6 and 12 months after hospital discharge and performed in the COVID-19 rehabilitation clinic.

The inclusion criteria were (1) age 10–70 years old, (2) diagnosed and hospitalized with COVID-19 as the primary diagnosis, (3) discharged from the hospital after meeting the discharge criteria in the Eighth Edition of the Chinese Clinical Guidance for COVID-19 Pneumonia Diagnosis and Treatment (15), (4) received rehabilitation treatment for 2 to 4 weeks after discharge, and (5) completed nerve conduction velocity examinations including motor nerve conduction latency, amplitude and velocity/sensory nerve conduction latency, amplitude, and velocity. The exclusion criteria were (1) having pre-existing conditions that could lead to PNP, including immune system diseases, neuromuscular diseases, malignant tumors, diabetes, fractures, cervical spondylosis, or lumbar spondylosis, (2) those who were bedridden or with limited mobility, (3) with history of mental disorders, which is a contraindication for NCS, (4) those who were unable to cooperate with researchers, or (5) with incomplete medical record or tests.

This study was reviewed and approved by the institutional ethics committee of Shijiazhuang People’s Hospital, and all participants signed the informed consent form. This study was registered in clinicaltrials.gov (ChiCTR2100052291).



Procedures

All the enrolled patients received rehabilitation treatment 2 to 4 weeks after discharge, including cardiopulmonary function recovery, psychological counseling, and traditional Chinese medicine treatment. Demographic data, type of treatment received, blood glucose levels at admission and discharge, and levels of novel coronavirus (nCoV) immunoglobulin G (IgG) at discharge were obtained from the electronic medical records. Comorbidity was reported by the patient and confirmed by medical records and test results (i.e., imaging and laboratory tests) during hospitalization. COVID-19-related symptoms at disease onset, including fever, cough, dyspnea, fatigue, nausea or vomiting, diarrhea, myalgia, chest tightness, and sputum production, were documented based on self-report. All participants were classified as mild, moderate, severe, and critically severe according to the Eighth Edition of the Chinese Clinical Guidance for COVID-19 Pneumonia Diagnosis and Treatment (15).

Two follow-up visits were conducted 6 and 12 months after hospital discharge and performed in the COVID-19 rehabilitation clinic. During the follow-up visits, patients underwent NCS using full-featured electromyography/evoked potential equipment; NCS included motor nerve conduction and sensory nerve conduction measurements (16). The measurements were completed by a senior physician with experience in neurophysiology, according to the standardized methods (17). The procedures and criteria are shown in the Supplementary file.

Before testing, it was verified that skin temperature was 30–32°C. Disk-shaped surface electrodes were used to record the compound muscle action potential (CMAP) and sensory nerve action potential (SNAP). When measuring motor conduction, the cathode was placed at the distal end, and the anode was placed at the proximal end. When the F-wave was measured, the cathode was placed at the proximal end. In retrograde sensory conduction measurement, the stimulating electrode was placed on the nerve stem, the cathode was at the distal end, and the anode was at the proximal end. The distance between the cathode and the anode was about 2 cm. When motor conduction was measured, the acting electrode was placed on the belly of the muscle, and the reference electrode was placed on the tendon or its attachment point near the muscle. The ground wire was placed between the stimulating electrode and the recording electrode. During motor conduction measurement, super-stimulation was applied to the nerve stem to increase the stimulation intensity by 10–30% to induce the maximum CMAP stimulation intensity. Stimulus duration was 0.1 or 0.2 ms.

The F-wave measurement method was similar to that of the motor conduction measurement, while the cathode of the stimulating electrode was placed at the proximal end.

The reference parameters of adult neurophysiology in the study laboratory were as follows. Median nerve: motor conduction: conduction velocity (MCV) of 50–60 m/s (wrist to elbow) and amplitude (CMAP) was ≥4–5 mV (wrist stimulation); sensory conduction: conduction velocity (SCV) of 50–65 m/s, amplitude (SNAP) of ≥20 μV, and F-wave latency of 25–32 ms (wrist stimulation). Ulnar nerve: motor conduction: MCV of 50–60 m/s (wrist to elbow) and CMAP of ≥4–5 mV (wrist stimulation); sensory conduction: SCV of 50–65 m/s and SNAP of ≥15 μV. Tibial nerve: motor conduction (ankle to popliteal fossa): MCV of 40–50 m/s, CMAP of ≥4 mV, and H-reflex latency of 28–35 ms (popliteal fossa stimulation). Common peroneal nerve: motor conduction (ankle to fibular head): MCV of 40–50 m/s and CMAP of ≥2 mV. Sural nerve: SCV of 40–50 m/s and SNAP of ≥10 μV. Skin sympathetic response (SSR): latency of 1.3–1.7 s (hand and foot recording).

Conduction velocity may decrease in the elderly (about 1 m/s/10 years), with the amplitude decreasing slightly with age. The occurrence of PNP, F-wave abnormality, and conduction velocity (CV) were measured by NCS. The changes in two measurements were also recorded for patients who completed both follow-ups. PNP was categorized into mononeuropathy and polyneuropathy (i.e., mono neuritis multiplex and polyneuropathy) according to the European Standardized Telematic Tool to Evaluate Electrodiagnostic Methods (18). The pathological type was categorized into demyelination, axon loss, and mixed types. Electrophysiological evidence of axonal loss included the reduced SNAP or CMAP with normal or slightly reduced CV and evidence of demyelination markedly slowed conduction velocity or prolonged distal latency (18). The categorization was made based on published guidelines (16, 17). F-wave abnormality was determined by prolonged F-wave latency or < 60% occurrence rate of F-wave. Dichotomous indexes were used to describe the overall occurrence of PNP, mononeuropathy, polyneuropathy, F-wave abnormality, and occurrence of different pathological classifications (demyelination, axonal loss, and a mixed type), different anatomical locations (proximal or distal), a different side of the body (left, right, and both), as well as the occurrence of each nerve injured.

After the NCS, participants were interviewed by trained medical staff and completed the consultation and a series of questionnaires. The Borg Rating Scale of Perceived Exertion was used to evaluate the degree of fatigue (18). The Patient Health Questionnaire was used to screen for depression, and the Generalized Anxiety Disorder scale was used to filter the anxiety symptoms. During the follow-up, symptoms after discharge, such as fever, sore throat, cough, and others, were recorded.

Qingjin Yiqi granules (QJYQ) is a recent traditional Chinese medicine (TCM) prescription for patients with COVID-19 and was used during the study period at the study hospital. It includes 16 herbs: Renshen (Ginseng radix et rhizoma), Maidong (Ophiopogonis radix), Wuweizi (Schisandrae chinensis fructus), Fuling (Poria), Banxia (Pinelliae rhizoma), Xuanshen (Scrophulariae radix), Cangzhu (Atractylodis rhizoma), Chenpi (Citri reticulatae pericarpium), Gancao (Glycyrrhizae radix et rhizoma), Chaihu (Bupleuri radix), Shengma (Cimicifugae rhizoma), Yiyiren (Coicis semen), Huangqin (Scutellariae radix), Mabiancao (Verbenae herba), Lugen (Phragmitis rhizoma), and Danzhuye (Lophatheri herba). These herbs are initially extracted with water, followed by concentration and spray-drying to powder, after which excipients are added with the final mixture pelletized using the dry granulation method. The patients received QJYQ orally at 10 g twice daily for 14 days.

The patients were grouped as PNP vs. non-PNP according to the occurrence of PNP, F-wave abnormality, or abnormal CV during follow-up. No matching was done between groups.



Statistical analysis

Statistical analyses were performed using R (version 4.1.3) and SPSS (version 26.0, IBM Corp., Armonk, N.Y., United States). Categorical variables were presented as count (percentage) and continuous variables as mean ± standard deviation (SD) or median (interquartile range, IQR). The χ2 or Fisher’s exact test was used to compare the proportions; the t-test or Mann–Whitney U test was used for continuous variables where appropriate. Values between two visits were analyzed using the paired t-test or Wilcoxon signed-rank test was used when appropriate. Univariable and multivariable logistic regression analyses explored risk factors associated with PNP, mononeuropathy, polyneuropathy, and F-wave abnormality. Variables included in the analyses were mainly determined based on previous studies (19, 20). The selected variables were screened using univariable analyses. Those with p-values <0.05 were included in the multivariable model. In the multivariable analysis, the p-value threshold was adjusted as 0.05/4 = 0.0125 to account for type I error. Two-tailed p < 0.05 were considered statistically significant.




Results

A total of 332 participants were enrolled and received at least one NCS: 161 completed the 6-month follow-up, and 243 completed the 12-month follow-up. Nineteen patients with unstable blood glucose levels during follow-up or incomplete medical records or tests were excluded. Finally, 313 participants [aged 49.0 (IQR 33.0–58.0) years, and 191 (61.0%) females] were included for analysis, 150 of whom completed the 6-month follow-up assessment, 230 completed the 12-month follow-up assessment (Figure 1).

[image: ]

FIGURE 1
 A framework and timeline of this study and patient flowchart. *Some participants underwent the two follow-ups.


During the one-year follow-up period, 232 (74%) patients developed PNP (PNP group), while 81 (26%) did not (non-PNP group). The demographics and baseline characteristics between PNP and non-PNP groups were similar (all p < 0.05), except for age [43.0 (IQR 28.0–53.0) vs. 51.0 (IQR 34.8–59.0) years, p = 0.002] (Table 1). Multivariable logistic regression analysis showed that age [odds ratio (OR) = 1.22, confidence interval (CI): 1.05–1.41, p = 0.009] was independently associated with PNP (Table 2; Figure 2). Additionally, among patients in the PNP group, 51 (16%) patients had mononeuropathy, while 181 (58%) had polyneuropathy (Table 3).


TABLE 1 Characteristics of enrolled patients at baseline.


	Variables
	Total (n = 313)
	No peripheral neuropathy (n = 81)
	PNP (n = 232)
	p-value

 

 	Age, mean ± SD, years 	44.7 ± 17.5 	39.8 ± 17.7 	46.5 ± 17.1 	0.003


 	median (IQR), years 	49·0 (33.0–58.0) 	43.0 (28.0–53.0) 	51.0 (34.8–59.0) 	0.002


 	Sex 	 	 	 	0.12


 	Male 	122 (39%) 	38 (47%) 	84 (36%) 	


 	Female 	191 (61%) 	43 (53%) 	148 (64%) 	


 	Smoking 	 	 	 	0.91


 	Never-smoker 	283 (90%) 	74 (91%) 	209 (90%) 	


 	Current or former smoker 	30 (10%) 	7 (9%) 	23 (10%) 	


 	Education 	 	 	 	0.75


 	Middle school or lower 	294 (94%) 	75 (93%) 	219 (94%) 	


 	College or higher 	19 (6%) 	6 (7%) 	13 (6%) 	


 	Disease severity 	 	 	 	0.25


 	Mild 	96 (31%) 	29 (36%) 	67 (29%) 	


 	Moderate 	200 (64%) 	50 (62%) 	150 (65%) 	


 	Severe or critically ill 	17 (5%) 	2 (3%) 	15 (7%) 	


 	Symptoms and signs at disease onset


 	Fever 	64 (20%) 	16 (20%) 	48 (21%) 	0.98


 	Cough 	70 (22%) 	18 (22%) 	52 (22%) 	0.99


 	Dyspnea 	16 (5%) 	4 (5%) 	12 (5%) 	0.99


 	Fatigue 	17 (5%) 	2 (3%) 	15 (7%) 	0.28


 	Nausea or vomiting 	9 (3%) 	1 (1%) 	8 (3%) 	0.52


 	Diarrhea 	5 (2%) 	0 (0%) 	5 (2%) 	0.41


 	Myalgia 	8 (3%) 	1 (1%) 	7 (3%) 	0.64


 	Chest tightness 	12 (4%) 	2 (3%) 	10 (4%) 	0.68


 	Sputum production 	33 (11%) 	6 (7%) 	27 (12%) 	0.39


 	Comorbidity 	78 (25%) 	17 (21%) 	61 (26%) 	0.42


 	Hypertension 	67 (21%) 	15 (19%) 	52 (22%) 	0.56


 	Heart diseases 	18 (6%) 	5 (6%) 	13 (6%) 	0.99


 	Cerebrovascular diseases 	4 (1%) 	1 (1%) 	3 (1%) 	0.99


 	Chronic obstructive pulmonary diseases 	5 (2%) 	1 (1%) 	4 (2%) 	0.99


 	Antiviral therapy 	32 (10%) 	5 (6%) 	27 (12%) 	0.24


 	Corticosteroids therapy 	7 (2%) 	2 (3%) 	5 (2%) 	0.99


 	nCoV IgG at discharge, median (IQR), S/CO 	31.8 (12.2–120.2) 	23.1 (9.1–77.9) 	35.6 (13.0–130.8) 	0.08


 	Time from admission to follow-up, median (IQR), days 	350.0 (165.0–357.0) 	349.0 (154.0–356.0) 	350.0 (324.5–357.0) 	0.14


 	Length of hospital stay, median (IQR), days 	17.0 (14.0–23.0) 	17.0 (14.0–22.0) 	17.0 (14.0–23.0) 	0.48





The results are presented as means ± standard deviation, median [interquartile range (IQR)], or n (%), and, respectively, analyzed using Student’s t-test, Mann–Whitney U-test, and the chi-squared test.
 


TABLE 2 Univariable logistic regression analysis for peripheral neuropathy, mononeuropathy, polyneuropathy, and F-wave abnormality.


	
	Peripheral neuropathy
	Mononeuropathy
	Polyneuropathy
	F-wave abnormality



	OR (95%CI)
	p-value
	OR (95%CI)
	p-value
	OR (95%CI)
	p-value
	OR (95%CI)
	p-value

 

 	Age* 	1.24 (1.07–1.43) 	0.004 	1.00 (0.84–1.19) 	>0.99 	1.19 (1.04–1.35) 	0.010 	1.00 (0.78–1.29) 	0.98


 	Sex


 	Men 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	


 	Women 	1.56 (0.93–2.60) 	0.09 	1.09 (0.59–2.06) 	0.78 	1.36 (0.86–2.15) 	0.19 	1.40 (0.57–3.76) 	0.48


 	Education


 	Middle school or lower 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	


 	College or higher 	0.74 (0.28–2.18) 	0.56 	4.25 (1.56–11.10) 	0.003 	0.24 (0.08–0.64) 	0.008 	0.72 (0.04–3.78) 	0.76


 	Smoking


 	Never-smoker 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	


 	Current or former smoker 	1.16 (0.50–3.03) 	0.74 	1.03 (0.33–2.63) 	0.95 	1.10 (0.52–2.44) 	0.80 	0.43 (0.02–2.18) 	0.42


 	Comorbidity


 	No 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	


 	Yes 	1.34 (0.74–2.53) 	0.34 	0.80 (0.37–1.60) 	0.55 	1.42 (0.84–2.43) 	0.20 	1.14 (0.40–2.89) 	0.79


 	nCoV IgG at discharge


 	< median 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	


 	≥ median 	1.46 (0.88–2.44) 	0.15 	1.38 (0.76–2.55) 	0.30 	1.12 (0.72–1.76) 	0.61 	0.35 (0.12–0.87) 	0.03


 	Antiviral


 	No 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	


 	Yes 	2.00 (0.80–6.07) 	0.17 	1.51 (0.57–3.54) 	0.37 	1.24 (0.59–2.71) 	0.57 	0.40 (0.02–2.02) 	0.38


 	Corticosteriods


 	No 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	


 	Yes 	0.87 (0.18–6.16) 	0.87 	0.85 (0.04–5.14) 	0.88 	0.97 (0.21–5.00) 	0.97 	2.26 (0.12–14.11) 	0.46


 	Length of hospital stay


 	≤14 days 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	 	1 (ref) 	


 	15–21 days 	0.90 (0.49–1.65) 	0.75 	0.95 (0.45–2.03) 	0.89 	0.95 (0.55–1.63) 	0.85 	1.67 (0.59–5.40) 	0.35


 	>21 days 	1.16 (0.59–2.31) 	0.67 	1.23 (0.57–2.71) 	0.60 	0.99 (0.55–1.80) 	0.98 	0.98 (0.26–3.63) 	0.97





*OR (95% CI) for age indicates the risk of outcome per 10-year age increase. OR, odds ratio. 95%CI, 95% confidence interval.
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FIGURE 2
 Characteristics of different subtypes of peripheral neuropathy. (A) The characteristics of peripheral neuropathy and F-wave abnormality in patients who recovered from COVID-19 at 6-month and 12-month follow-ups were shown, including (i) a number of different types of nerve injuries; (ii) nerve injuries in different areas; (iii) pathological classification of peripheral neuropathy; (iv) F-wave abnormality on different sides of body; (v) nerve with F-wave abnormality; (vi) classification by anatomical location of motor branch. (B) The frequency of peripheral neuropathy in patients who recovered from COVID-19 at 6-month and 12-month follow-up. (C) The frequency of peripheral neuropathy of different sides of the body (left, right, and both) at 6-month and 12-month follow-ups were shown. (D) The frequency of each nerve injured at 6-month and 12-month follow-ups were shown.



TABLE 3 Characteristics of peripheral neuropathy subtypes.


	
	Total (n = 313)
	6-month follow-up (n = 83)
	12-month follow-up (n = 230)
	p-value

 

 	Peripheral neuropathy 	0.080


 	Yes 	232 (74%) 	55 (66%) 	177 (77%) 	


 	No 	81 (26%) 	28 (34%) 	53 (23%) 	


 	Classification


 	Mononeuropathy 	51 (16%) 	18 (22%) 	33 (14%) 	0.170


 	Polyneuropathy 	181 (58%) 	37 (45%) 	144 (63%) 	0.006


 	Nerve Injury


 	Median nerve 	135 (43%) 	31 (37%) 	104 (45%) 	0.27


 	Different branch 	0.55


 	Motor branch only 	34 (11%) 	7 (8%) 	27 (12%) 	


 	Sensory branch only 	31 (10%) 	6 (7%) 	25 (11) 	


 	Motor and Sensory 	70 (22%) 	18 (22%) 	52 (23%) 	


 	Ulnar nerve 	64 (20%) 	19 (23%) 	45 (20%) 	0.63


 	Different branch 	0.69


 	Motor branch only 	45 (14%) 	15 (18%) 	30 (13%) 	


 	Sensory branch only 	14 (5%) 	3 (4%) 	11 (5%) 	


 	Motor and Sensory 	5 (2%) 	1 (1%) 	4 (2%) 	


 	Peroneal nerve 	111 (36%) 	24 (29%) 	87 (38%) 	0.19


 	Tibial nerve 	77 (25%) 	12 (15%) 	65 (28%) 	0.02


 	Sural nerve 	56 (18%) 	9 (11%) 	47 (20%) 	0.07


 	Nerve injuries in multiple areas 	0.12


 	Nerve injured in one area 	51 (16%) 	18 (22%) 	33 (14%) 	


 	Nerve injury in two areas 	73 (23%) 	18 (22%) 	55 (24%) 	


 	Nerve injury in three areas 	34 (11%) 	3 (4%) 	31 (14%) 	


 	Nerve injury in four areas 	34 (11%) 	8 (10%) 	26 (11%) 	


 	Nerve injury in five areas 	22 (7%) 	5 (6%) 	17 (7%) 	


 	Nerve injury in six areas 	11 (4%) 	1 (1%) 	10 (4%) 	


 	Nerve injury in seven areas 	6 (2%) 	2 (2%) 	4 (2%) 	


 	Nerve injury in eight areas 	1 (0%) 	0 (0%) 	1 (0%) 	


 	Number of different types of nerve injuries* 	0.09


 	One type of injury 	95 (30%) 	30 (36%) 	65 (28%) 	


 	Two types of injury 	81 (26%) 	15 (18%) 	66 (29%) 	


 	Three types of injury 	41 (13%) 	6 (7%) 	35 (15%) 	


 	Four types of injury 	12 (4%) 	3 (4%) 	9 (4%) 	


 	Five types of injury 	3 (1%) 	1 (1%) 	2 (1%) 	


 	Pathological classification 	0.17


 	Demyelination only 	67 (21%) 	18 (22%) 	49 (21%) 	


 	Axonal loss only 	64 (20%) 	17 (21%) 	47 (20%) 	


 	Demyelination combined with axonal loss 	101 (32%) 	20 (24%) 	81 (35%) 	


 	Peripheral neuropathy on different sides of the body 	0.24


 	Left side only 	32 (10%) 	7 (8%) 	25 (11%) 	


 	Right side only 	23 (7%) 	7 (8%) 	16 (7%) 	


 	Both sides 	177 (57%) 	41 (49%) 	136 (59%) 	


 	Classification by anatomical location of motor branch 	


 	Proximal limb only 	0 (0%) 	0 (0%) 	0 (0%) 	-


 	Distal limb only 	53 (17%) 	15 (18%) 	38 (17%) 	0.88


 	Proximal and distal limbs 	164 (52%) 	38 (46%) 	126 (55%) 	0.20


 	F-wave abnormality 	22 (7%) 	3 (4%) 	19 (8%) 	0.24


 	F-wave abnormality on different sides of the body 	0.41


 	Left side only 	12 (4%) 	1 (1%) 	11 (5%) 	


 	Right side only 	8 (3%) 	2 (2%) 	6 (3%) 	


 	Both sides 	2 (1%) 	0 (0%) 	2 (1%) 	


 	Nerve with F-wave abnormality 	0.50


 	Median nerve only 	19 (6%) 	3 (4%) 	16 (7%) 	


 	Ulnar nerve only 	2 (1%) 	0 (0%) 	2 (1%) 	


 	Median and ulnar nerve 	1 (0%) 	0 (0%) 	1 (0%) 	





*One type of nerve contains the same nerve on both sides of body.
 

Next, multivariable logistic regression analysis showed that college or higher education (OR = 5.07, 95% CI: 1.80–13.90, p = 0.002) was independently associated with mononeuropathy, while no factors were associated with polyneuropathy.

F-wave abnormalities were detected in 22 (7%) out of 313 patients (Table 3), but no factors were independently associated with F-wave abnormality (Table 2; Figure 3).
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FIGURE 3
 Risk factors associated with peripheral neuropathy (A), mononeuropathy (B), generalized peripheral neuropathy (C), and F-wave abnormality (D). For the association of nCoV IgG at discharge with outcome, age, sex, smoking, education, comorbidity, antiviral, corticosteroids, and length of hospital stay were adjusted. For the association of sex, antiviral, corticosteroid, and length of hospital stay with outcome, the variables above were all included in the model. Except for comorbidity, the variables mentioned above were included for the education association with the outcomes. The variables above, except for comorbidity, IgG at discharge, and length of hospital stay, were included for the association of smoking with the outcome. For the association of comorbidity with outcome, the variables above, except for IgG at discharge and length of hospital stay, were included for the association of age with outcome; only sex, cigarette smoking, and education were adjusted. OR (95% CI) for age indicates the outcome risk per 10-year age increase. Multivariable logistic regression analyses. OR = odds ratio. 95% CI = 95% confidence interval. The p-value threshold was adjusted as 0.05/4 = 0.0125 to account for type I error.


The occurrence of polyneuropathy [37 (45%) vs. 144 (63%), p = 0.006] and tibial nerve injury [12 (15%) vs. 65 (28%), p = 0.020] were higher at 12-month follow-up compared to 6-month follow-up (Figure 2; Supplementary Table S1). Eighty-one (26%), 41 (13%), 12 (4%), and 3 (1.0%) patients had two, three, four, and five types of nerve injury that co-occurred, respectively (Table 4). According to pathological classification, the peroneal nerve type of PNP at 12-month follow-up decreased compared to 6-month follow-up [5 (6%) vs. 3 (1%), p = 0.020; Table 5]. In addition, memory loss, found in 269 patients (85.9%; 74 patients with PNP and 195 without PNP), was the most commonly reported symptom (Table 6).


TABLE 4 Occurrence of peripheral neuropathy in two or more types of nerve injury.


	
	Total (n = 313)
	6-month follow-up (n = 83)
	12-month follow-up (n = 230)
	p-value

 

 	Two nerve injuries that occurred simultaneously 	81 (26%) 	15 (18%) 	66 (29%) 	0.08


 	Median nerve & Ulnar nerve 	10 (3%) 	2 (2%) 	8 (4%) 	0.91


 	Median nerve & Peroneal nerve 	21 (7%) 	6 (7%) 	15 (7%) 	0.99


 	Median nerve & Tibial nerve 	9 (3%) 	1 (1%) 	8 (4%) 	0.50


 	Median nerve & Sural nerve 	11 (4%) 	1 (1%) 	10 (4%) 	0.32


 	Ulnar nerve & Peroneal nerve 	5 (2%) 	1 (1%) 	4 (2%) 	0.99


 	Ulnar nerve & Tibial nerve 	4 (1%) 	0 (0%) 	4 (2%) 	0.52


 	Ulnar nerve & Sural nerve 	4 (1%) 	1 (1%) 	3 (1%) 	0.99


 	Peroneal nerve & Tibial nerve 	11 (4%) 	2 (2%) 	9 (4%) 	0.77


 	Peroneal nerve & Sural nerve 	5 (2%) 	0 (0%) 	5 (2%) 	0.40


 	Tibial nerve & Sural nerve 	1 (0%) 	1 (1%) 	0 (0%) 	0.59


 	Three nerve injuries that occurred simultaneously 	41 (13%) 	6 (7%) 	35 (15%) 	0.10


 	Median nerve & Ulnar nerve & Peroneal nerve 	5 (2%) 	1 (1%) 	4 (2%) 	0.99


 	Median nerve & Ulnar nerve & Tibial nerve 	3 (1%) 	1 (1%) 	2 (1%) 	0.99


 	Median nerve & Ulnar nerve & Sural nerve 	2 (1%) 	1 (1%) 	1 (0%) 	0.99


 	Median nerve & Peroneal nerve & Tibial nerve 	11 (4%) 	0 (0%) 	11 (5%) 	0.09


 	Median nerve & Peroneal nerve & Sural nerve 	8 (3%) 	1 (1%) 	7 (3%) 	0.61


 	Median nerve &Tibial nerve& Sural nerve 	4 (1%) 	0 (0%) 	4 (2%) 	0.52


 	Ulnar nerve & Peroneal nerve & Tibial nerve 	4 (1%) 	1 (1%) 	3 (1%) 	0.99


 	Ulnar nerve & Peroneal nerve & Sural nerve 	1 (0%) 	1 (1%) 	0 (0%) 	0.59


 	Ulnar nerve & Tibial nerve & Sural nerve 	1 (0%) 	0 (0%) 	1 (0%) 	0.99


 	Peroneal nerve & Tibial nerve & Sural nerve 	2 (1%) 	0 (0%) 	2 (1%) 	0.96


 	Four nerve injuries that occurred simultaneously 	12 (4%) 	3 (4%) 	9 (4%) 	0.99


 	Five nerves, except for the median nerve 	0 (0%) 	0 (0%) 	0 (0%) 	-


 	Five nerves, except for the Tibial nerve 	4 (1%) 	1 (1%) 	3 (1%) 	0.99


 	Five nerves, except for the Peroneal nerve 	1 (0%) 	0 (0%) 	1 (0%) 	0.99


 	Five nerves, except for the Tibial nerve 	3 (1%) 	1 (1%) 	2 (1%) 	0.99


 	Five nerves, except for the Sural nerve 	4 (1%) 	1 (1%) 	3 (1%) 	0.99


 	Five nerve injuries that occurred simultaneously 	3 (1%) 	1 (1%) 	2 (1%) 	0.99




 


TABLE 5 Pathological classification of peripheral neuropathy of each nerve.


	Pathological classification
	Total (n = 313)
	6-month follow-up (n = 83)
	12-month follow-up (n = 230)
	p-value

 

 	Median nerve 	0.4


 	Demyelination only 	130 (42%) 	31 (37%) 	99 (43%) 	


 	Axonal loss only 	2 (1%) 	0 (0%) 	2 (1%) 	


 	Demyelination combined with axonal loss 	3 (1%) 	0 (0%) 	3 (1%) 	


 	Ulnar nerve 	0.44


 	Demyelination only 	14 (5%) 	3 (4%) 	11 (5%) 	


 	Axonal loss only 	47 (15%) 	16 (19%) 	31 (14%) 	


 	Demyelination combined with axonal loss 	3 (1%) 	0 (0%) 	3 (1%) 	


 	Peroneal nerve 	0.02


 	Demyelination only 	8 (3%) 	5 (6%) 	3 (1%) 	


 	Axonal loss only 	96 (31%) 	17 (21%) 	79 (34%) 	


 	Demyelination combined with axonal loss 	7 (2%) 	2 (2%) 	5 (2%) 	


 	Tibial nerve 	0.06


 	Demyelination only 	16 (5%) 	2 (2%) 	14 (6%) 	


 	Axonal loss only 	55 (18%) 	8 (10%) 	47 (20%) 	


 	Demyelination combined with axonal loss 	6 (2%) 	2 (2%) 	4 (2%) 	


 	Sural nerve* 	0.16


 	Demyelination only 	53 (17%) 	8 (10%) 	45 (20%) 	


 	Axonal loss only 	1 (0%) 	0 (0%) 	1 (0%) 	


 	Demyelination combined with axonal loss 	1 (0%) 	0 (0%) 	1 (0%) 	





*Both sides of the sural nerves were not detected in one patient.
 


TABLE 6 Symptoms after discharge in COVID-19 patients.


	Symptoms
	Total (n = 313)
	No peripheral neuropathy (n = 81)
	Peripheral neuropathy (n = 232)
	p-value

 

 	Fever 	2 (1%) 	1 (1%) 	1 (0%) 	0.99


 	Cough 	55 (18%) 	16 (20%) 	39 (17%) 	0.67


 	Expectoration 	45 (14%) 	12 (15%) 	33 (14%) 	0.99


 	Dry throat 	65 (21%) 	20 (25%) 	45 (19%) 	0.39


 	Pharyngeal itching 	36 (12%) 	11 (14%) 	25 (11%) 	0.63


 	Congestion in the throat 	33 (11%) 	9 (11%) 	24 (10%) 	0.99


 	Sore throat 	14 (5%) 	6 (7%) 	8 (3%) 	0.24


 	Heterorexia 	9 (3%) 	2 (3%) 	7 (3%) 	0.99


 	Olfactory abnormality 	24 (8%) 	9 (11%) 	15 (7%) 	0.27


 	Muscle weakness 	66 (21%) 	14 (17%) 	52 (22%) 	0.41


 	Hyperhidrosis 	51 (16%) 	14 (17%) 	37 (16%) 	0.92


 	Aversion to wind 	52 (17%) 	13 (16%) 	39 (17%) 	0.99


 	Shortness of breath 	56 (18%) 	14 (17%) 	42 (18%) 	0.99


 	Chest tightness 	47 (15%) 	11 (14%) 	36 (16%) 	0.81


 	Chest pain 	12 (4%) 	3 (4%) 	9 (4%) 	0.99


 	Physical pain 	37 (12%) 	11 (14%) 	26 (11%) 	0.71


 	Palpitation 	45 (14%) 	10 (12%) 	35 (15%) 	0.67


 	Dysphoria 	75 (24%) 	19 (24%) 	56 (24%) 	0.99


 	Sleep disorders 	74 (24%) 	18 (22%) 	56 (24%) 	0.84


 	Hair loss 	86 (28%) 	23 (28%) 	63 (27%) 	0.94


 	Dizziness 	41 (13%) 	10 (12%) 	31 (13%) 	0.97


 	Headache 	29 (9%) 	10 (12%) 	19 (8%) 	0.37


 	Weakness of lower limbs 	37 (12%) 	8 (10%) 	29 (13%) 	0.67


 	Bitter taste 	65 (21%) 	14 (17%) 	51 (22%) 	0.46


 	Nausea 	12 (4%) 	4 (5%) 	8 (3%) 	0.79


 	Decreased appetite 	12 (4%) 	2 (3%) 	10 (4%) 	0.68


 	Constipation 	38 (12%) 	5 (6%) 	33 (14%) 	0.09


 	Diarrhea 	21 (7%) 	7 (9%) 	14 (6%) 	0.58


 	Abnormal urination 	23 (7%) 	4 (5%) 	19 (8%) 	0.47


 	Fatigue 	63 (20%) 	13 (16%) 	50 (22%) 	0.37


 	Memory Loss 	269 (86%) 	74 (91%) 	195 (84%) 	0.15




 



Discussion

In this study, we assessed the risk factors for PNP and F-wave abnormality during 1 year of COVID-19 rehabilitation in 313 participants, 232 (74%) of whom developed PNP. Our data suggested that age might be an independent risk factor for PNP, while higher education appears to be a risk factor for mononeuropathy. Also, the level of nCoV IgG at discharge might be an independent risk factor for F-wave abnormality during one-year rehabilitation from COVID-19. These findings might help clinicians formulate clinical rehabilitation directions for COVID-19 survivors.

The present study suggests that those with high education levels are at an increased risk of mononeuropathy. The literature suggests no direct, strong association between education level and the development of mononeuropathy (or polyneuropathy), but a lower education level may be associated with a higher prevalence of painful diabetic peripheral neuropathy (DPN) (21–24). Additional studies will be necessary to examine the issue. Nevertheless, we found that demyelination of the median nerve motor branch and the sensory branch is a common injury, suggesting that these patients are likely to have carpal tunnel syndrome (CTS). Causes of CTS include obesity, contraction of the wrist or repetitive flexion, wrist-related occupations, diabetes, and potential PNP leading to hypertrophy (25). We also compared the characteristics of PNP at two visits, finding that demyelination of the sensory and motor branches of the median nerve was aggravated, suggesting that COVID-19 may aggravate and lead to CTS.

The involvement of the central and peripheral nervous systems can have several pathogenic pathways, including endothelial dysfunction, direct viral lesions, thrombotic microangiopathy, hypoxia, systemic inflammation, and autoimmune reactions. In SARS-CoV-2 infection, neuroinflammatory changes of the brain and brainstem are the most common autopsy findings. Acute neurologic manifestations are more often present in the severe form of COVID-19 and are linked to poor prognosis (26).

Previous studies (20, 27, 28) assessed 1-year outcomes in hospital survivors with COVID-19, finding that most patients had at least one sequelae symptom 6 months after discharge, which is consistent with our data. However, no significant association between PNP and symptoms was observed in this study, highlighting the need to focus on peripheral nerves during follow-up of all COVID-19 survivors. Several non-respiratory manifestations were reported after COVID-19 (29, 30), and the occurrence of PNP accounts for 7.2–42.8% (31, 32). In the present study, the frequency of PNP was 74%, higher than the reported range. The higher frequency could be related to a selection bias since only patients hospitalized for COVID-19 were included, possibly shifting the disease severity distribution toward more severe disease. Different criteria for PNP among studies could also account for the differences in frequency.

Nevertheless, the specific mechanism of PNP after COVID-19 remains unclear. The current research focuses on three aspects. (1) Autoimmune response. Finsterer et al. (9) suggested that SARS-CoV-2 may have epitopes similar to peripheral nerve components (activating autoreactive B or T cells), resulting in PNP. SARS-CoV-2 spikes interact with GM1 gangliosides in peripheral nerves, which leads to cross-reactivity and the production of antibodies against antigens, inducing a peripheral demyelinating pattern of GBS (33). (2) Direct neuroinvasive effects of SARS-CoV-2. The nervous system damage of COVID-19 patients is commonly caused by acute nervous system infection (7, 34). Infection with SARS-CoV-2 increases the risk of neurological damage. In addition, SARS-CoV-2 can lead to exacerbate pre-existing baseline neurological disease severity or acute neurological damage in some patients. Another factor to consider is the possible direct neuro-muscular damage caused by the SARS-CoV-2 virus. However, direct muscle damage by the virus has not been demonstrated in autologous muscle lesions. (3) Persistent and recurring neuroinflammatory responses and damage. Immune dysregulation after infection with SARS-CoV-2 may persist in the form of persistent inflammation, immunosuppression, catabolic syndrome, and immunosuppression (35). The cytokine storm could also be involved (36). This immune state is triggered by cytokine storms during acute infection and is further promoted by the sustained release of endogenous alarmins or danger-associated molecular patterns, which can lead to chronic systemic inflammation. Chronic neuroinflammation associated with high levels of cytokines/chemokines may be involved in the pathogenesis and progression of neurological diseases (35).

In this study, the mixed type (axonal loss combined with demyelination) had the highest rate among the pathological types. The median nerve injury was the most common. In addition, sensory and motor branches were often damaged, with demyelination and distal (carpal-palm) involvement, followed by the peroneal nerve with mainly axonal loss in both proximal and distal ends. Compared to 6-month follow-up data, the sural and ulnar nerve amplitude increased at the 12-month follow-up, while the median nerve conduction velocity decreased in patients who completed two measurements. These results suggest that the demyelination of the median nerve was aggravated, and axonal loss of the sural and the ulnar nerves was relieved. Studies have found that COVID-19 patients are more at risk of having PNP in the distal limb and higher occurrence in the lower extremities, especially when undergoing long-term rehabilitation (37, 38). Thus, for COVID-19 patients, especially older adults with low IgG antibody levels, more attention should be given to the peripheral nerve condition. Early NCS screening and prophylactic administration of vitamin B6 and mecobalamin may be recommended for these patients (39, 40).

Electrodiagnostic studies are very beneficial when evaluating patients with suspected PNP (41, 42). In this study, NCS was performed using full-featured electromyography/evoked potential equipment during the follow-up. Most patients had PNP, which was consistent with previous studies. Oaklander et al. (43) evaluated the PNP of 17 patients with prolonged long COVID-19 and found that 59% of cases had ≥1 test interpretation confirming neuropathy. Moreover, another study (44) reviewed 143 studies reporting on nervous system involvement by COVID-19, detecting central and peripheral nervous system involvement in 10,723 COVID-19 patients. The study reflected the remarkable occurrence of neurological involvement in COVID-19 patients, ranging from 22.5 to 36.4%. However, previous studies on the nervous system have mainly focused on the central nervous system (45–47); also, most were case reports or focused mainly on severe COVID-19 patients (48). Finsterer et al. (9) analyzed 105 retrieved articles on SARS-CoV-2-related PNP, including 220 patients with and 41 patients without Guillain-Barre syndrome (GBS) neuropathy. A total of 168 patients reported latency between viral infection and the onset of neuropathy, ranging from −10 to 90 days. In addition, neuropathy was classified in 257 patients. Moreover, 220 patients were diagnosed with GBS, 11 with mononeuritis multiple neuropathy, 4 with severe neuropathy, 16 with plexus neuropathy, 4 with isolated sensory neuropathy, and 2 with leprosy. A review highlighted the association between GBS and COVID-19, suggesting that GBS could be caused by COVID-19 in these patients (49). COVID-19 appears to cause the senescence of dopaminergic neurons (50). However, electrophysiological testing was not performed in the studies mentioned above. PNP is relatively insidious, and the clinical manifestations are not typical (51). Many cases tend to develop PNP after acute infection (37). Also, there is a lack of large-scale studies assessing PNP in COVID-19 patients, especially those investigating neurological recovery in long-term rehabilitation of COVID-19 survivors.

NCS is important for diagnosing PNP and selecting the best therapy (52). A previous study (53) assessed the correlation between electromyography and NCS in COVID-19 patients and found that NCS is important for predicting COVID-19 prognosis and recovery. Using NCS, we found that most patients had persistent PNP, mainly polyneuropathy, 6 or 12 months after infection with SARS-CoV-2. Also, PNP was positively associated with age. The occurrence of F-wave abnormality was relatively low.

The present study has several limitations. First, some symptoms, such as fatigue, nausea, and chest tightness, were self-reported, which may lead to recall bias. Second, not all enrolled patients were measured twice, and the NCS results of patients at 6-month follow-up may change after that, which may give rise to an attrition bias. The positive patients were hospitalized at the same place, and activities were severely limited during the lockdown, but after 6–12 months and once the lockdown was lifted, the recovered patients resumed school and work or returned to their living place. Still, those patients were included in the study on the basis that they would consult if neurological symptoms occurred. A selection bias is also unavoidable since selection criteria were applied when enrolling the patients. Third, the relatively small proportion of severe or critically severe COVID-19 patients in our study limits the generalizability of the findings. The study population was limited to a single hospital in China, which may not be generalizable to populations with different demographics, healthcare access, and genetic predispositions. Fourth, this study did not describe the intrinsic link between PNP and persistent multi-organ functional injury. nCoV IgG levels were measured at discharge, while the development of F-wave abnormalities was assessed at 6 and 12 months. The IgG levels were not measured during follow-up, and no dynamic data were available after discharge. In addition, the exact moment when F-wave abnormalities developed is also unknown. Fifth, some risk factors for PNP were not accounted for, such as diabetes, lifestyle factors, and vitamin deficiencies. Sixth, the present study used the cut-offs suggested by Tankisi et al. in 2005 (18), but the selection of the cut-off can affect the results and conclusions. Finally, the use of ORs can overestimate the risk, especially when the frequency of the outcome is high. Next, we plan to analyze more clinical data of COVID-19 patients during hospitalization and discharge; blood biochemical test indicators, six-minute walk tests, lung function, anxiety/depression, etc., will be assessed during this phase. Correlation analysis with the relevant indicators of peripheral nerve electrophysiology will be carried out to fully elucidate the relationship between PNP and the function of major organs of the body and further study the pathophysiological mechanism of PNP to provide objective data for complete recovery. Nevertheless, these results suggest that older patients with COVID-19 and those with high nCoV IgG levels at discharge should be monitored for PNP during follow-up. Future studies should be performed with larger numbers of patients to confirm those factors and determine their exact predictive value for PNP and other abnormalities.

In conclusion, age might be an independent risk factor for PNP, while higher education was associated with mononeuropathy. Future studies should investigate the factors and interventions for PNP in patients with COVID-19.
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