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A B S T R A C T   

Background: Neurologic outcomes in patients with multiple sclerosis (MS) and related disorders (MSRD) 
following COVID-19 is not well understood. The objective of this study was to investigate neurologic outcomes in 
patients with MSRD post-COVID-19. 
Methods: This was a retrospective medical records review study of adult patients with MSRD and COVID-19 
infection at the Brigham MS Center. Neurologic worsening post-COVID-19 was defined as having a relapse, 
pseudorelapse, new brain MRI activity, worsening of preexisting MSRD symptoms, or development of other long- 
term neurologic symptoms. 
Results: 111 patients, 85 (76.6%) females, with a mean [SD] age of 49.3 [12.2] years and median [range] EDSS of 
2.5 [0, 8.5] were identified. 41 patients (36.9%) had neurologic worsening post-COVID-19. Of those, 19 (46.3%) 
had pseudorelapses, 2 (4.8%) had relapses, and 24 (58.5%) patients reported worsening of preexisting MSRD 
symptoms, or other new long-term neurologic symptoms. Neurologic worsening was associated with hospitalized 
(moderate or severe) COVID-19 (p = 0.001), treatment for COVID-19 (p = 0.006), and incomplete COVID-19 
recovery (p = 0.0267) but not with age, sex, MS type, race, disease duration, EDSS, vitamin D use, or disease 
modifying therapy use. 
Conclusions: COVID-19 severity and lack of complete systemic recovery were associated with new or worsening 
neurologic symptoms in 36.9% of MSRD patients.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARs-CoV-2) is a 
coronavirus responsible for causing coronavirus disease 2019 (COVID- 
19) pandemic. Infection with COVID-19 can be associated with various 
neurologic symptoms, which have been well described in the literature 
including headache, anosmia and ageusia (Romero-Sánchez et al., 2020; 
Divani et al., 2020; Aghagoli et al., 2021). The exact manner in which 
the virus affects the brain is unclear but proposed mechanisms include 
systemic inflammatory responses which lead to blood-brain barrier 

breakdown, as well as possible hypoxic ischemic injury and neuronal 
damage (Mukerji and Solomon, 2021; Guasp et al., 2022). 

Studies from the United Kingdom (Garjani et al., 2021) and Poland 
(Czarnowska et al., 2021) on multiple sclerosis (MS) patients with 
COVID-19 have demonstrated that many patients report an MS exacer-
bation or worsening of pre-existing symptoms after infection. COVID-19 
vaccines are now widely available and are designed to trigger an im-
mune response to the COVID-19 spike protein. Though there are case 
reports (Khayat-Khoei et al., 2022) of the vaccines causing central ner-
vous system demyelination, larger studies in MS patients show that they 
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are safe and do not appear to increase risk of MS relapse after vaccina-
tion (Kelly et al., 2021; Kalincik, 2015). 

We hope to better understand the impact of COVID-19 on patients 
with MS and related disorders (MSRD) and risk factors for neurologic 
worsening. In our study we retrospectively collected and examined a 
series of neurologic outcomes in patients with MSRD who developed 
COVID-19 infection with the goal to analyze the risk factors for devel-
oping new or worsening neurologic symptoms after COVID-19 infection. 

2. Methods 

We included adult patients (ages 18 or older) with MSRD who were 
followed at the Brigham MS center with a confirmed COVID-19 infection 
defined as a positive reverse transcriptase polymerase chain reaction 
(PCR) (Corman et al., 2020) on nasal or pharyngeal swab test or a 
positive serological test (Lee et al., 2020) between March 9, 2020 and 
April 1, 2021. Patients were identified if they directly contacted their 
neurologist due to a positive test, or via a query for a COVID-19 lab test 
in our electronic medical record system. Demographic data, MSRD type, 
duration, Expanded Disability Status Scale (EDSS), and disease modi-
fying therapy (DMT) use, as well as information about neurologic 
symptoms after COVID-19, and Magnetic Resonance Imaging (MRI) data 
were queried from the medical record and the Brigham MS center’s 
Comprehensive Longitudinal Investigation of Multiple Sclerosis data-
base at Brigham and Women’s Hospital (CLIMB). 

For COVID-19 data, infection date, severity, hospitalization, treat-
ment, and outcome were reviewed. COVID-19 severity was divided into 
4 categories: asymptomatic, mild, moderate, and severe. Mild disease 
was defined as illness managed at home, moderate disease was defined if 
patients requiring hospitalization but not intensive care unit (ICU) level 
care, and severe disease was defined if patients required ICU level care. 
Though these definitions for disease severity differ from World Health 
Organization definitions, we chose these definitions to simplify classi-
fication in our patient population (WHO R and D, 2022). Similar defi-
nitions of COVID-19 outcomes were used early on in the pandemic by 
the Centers for Disease Control and Prevention (Severe Outcomes, 
2020). If information about COVID-19 was not included in the medical 
record this was coded as “unknown.” If a patient with no or mild 
symptoms were at home, and treatment information was not specifically 
documented, they were coded as “untreated.” 

COVID-19 recovery was defined as follows: complete recovery, re-
covery with mild sequelae, recovery with significant sequelae, or death. 
Mild sequalae included cough or shortness of breath at follow up, sig-
nificant sequelae included persistent oxygen requirement at follow up. If 
information about COVID-19 recovery was not included in the medical 
record this was coded as “unknown.” 

Neurologic symptoms post-COVID-19 were defined as having a 
relapse, pseudorelapse, worsening of preexisting MSRD symptoms, 
development of other neurologic symptoms, or new gadolinium 
enhancing or T2 lesions on brain MRI. Relapse was defined as new 
neurologic symptoms or worsening of old neurologic symptoms lasting 
for greater than 24 hours in the absence of fever or infection (Thompson 
et al., 2018). Pseudorelapse was defined as reemergence of prior 
neurologic symptoms in the setting of active COVID-19 infection 
occurring within 4 weeks of symptom onset of COVID-19, and improving 
after resolution of acute infection (Rodríguez de Antonio et al., 2021). 
Long term neurologic symptoms or post-COVID-19 syndrome was clas-
sified as non-localizing neurologic symptoms not otherwise consistent 
with MSRD relapse or MSRD disease worsening that persisted for at least 
3 months post-COVID-19 infection (Soriano et al., 2022). If fatigue and 
cognitive impairment were part of a patient’s pre-existing MSRD syn-
drome and worsened post-COVID-19 infection, this was coded as 
worsening of a preexisting MSRD symptom. 

We compared patients with and without neurologic symptoms post- 
COVID-19 on a set of demographic and disease variables. For continuous 
variables age and disease duration, we used a two-sample t-test. For the 

ordinal variable EDSS, we used a Wilcoxon rank sum test. For dichoto-
mous variables including disease type, DMT type, race, treatment for 
COVID-19, vitamin D use, COVID-19 severity, and COVID-19 recovery, 
we used a chi-squared test. In all analyses, we used p < 0.05 to indicate 
statistical significance. Patients who passed away or had an unknown 
value for either of the variables were excluded from these analyses. 
Statistical analyses were performed in the statistical package R (www. 
r-project.org). 

3. Results 

3.1. Patient demographics and neurologic disease characteristics 

111 patients met the study inclusion criteria. 109 patients had 
COVID-19 confirmed by PCR. Two patients did not have PCR testing but 
had COVID-19 diagnosed by having a consistent clinical syndrome with 
subsequent nucleocapsid antibody positivity. If a patient had multiple 
positive PCR tests, the PCR date associated with worse disease severity 
was used (2 patients). If the exact date for a positive PCR test was un-
known, it was coded as the 15th of the respective month (10 patients). 

Table 1 lists demographic cohort characteristics. The average EDSS 
was median [range] 2.5 [0, 8.5] and 54 (48.6%) were on anti-CD20 
therapies. For the patients on anti-CD20 therapies, the mean [SD] 
days between last infusion and positive COVID-19 PCR was 141.4 [99.1] 
days, and the mean [SD] CD19 count was 1.28% [2.64]. 88 (79.2%) 
were taking vitamin D. No patients in this cohort were fully vaccinated 
at the time of COVID-19 infection as defined by the Center for Disease 

Table 1 
Baseline demographics and neurological disease characteristics.  

Demographics Disease characteristics DMT use 

Age, mean [SD], 
y 

49.3 
[12.2] 

Disease 
duration, 
mean [SD], 
y 

13.1 
[9.6] 

Anti-CD20, n 
(%) 

54 
(48.6) 

Sex, n (% 
female) 

85 
(76.6) 

EDSS, 
median 
[range] 

2.5 [0, 
8.5] 

Natalizumab, n 
(%) 

3 
(2.7) 

Race, n (% 
white) 

80 
(72.1) 

Disease type Fingolimod, n 
(%) 

9 
(8.1) 

Hypertension, n 
(%) 

23 
(20.7) 

RRMS, n 
(%) 

72 
(64.9) 

Dimethyl 
fumarate, n (%) 

6 
(5.4) 

Diabetes, n (%) 23 
(20.7) 

SPMS, n 
(%) 

21 
(18.9) 

Teriflunomide, 
n (%) 

4 
(3.6) 

Asthma or 
COPD, n (%) 

7 (6.3) PPMS, n 
(%) 

8 
(7.2) 

Glatiramer, n 
(%) 

10 (9) 

Former or 
current 
cigarette use, 
n (%) 

11 
(9.9) 

CIS, n (%) 2 
(1.8) 

Interferon beta, 
n (%) 

2 
(1.8)   

Related 
disorders, n 
(%) 

8 
(7.2) 

Other therapies, 
n (%)** 

3 
(2.7)   

NMOSD 4 None 20 
(18)   

MOGAD 1     
Other* 3   

Definitions: CIS = clinically isolated syndrome, COPD = chronic obstructive 
pulmonary disease, MOGAD = myelin oligodendrocyte glycoprotein associated 
disease, NMOSD = neuromyelitis optica spectrum disorder, PPMS = primary 
progressive MS, RRMS = relapsing remitting MS, SPMS = secondary progressive 
MS. 
Legend: Table 1 shows demographic data and neurological disease character-
istics of our cohort. 

* Other related disorders included 1 patient with Neuro Behcet’s, 1 patient 
with tumor necrosis factor (TNF) exposure-related demyelination, and 1 patient 
with a single demyelinating brainstem lesion. 

** Other therapies: Intravenous immune globulin and anti-CD20 therapy 
combination (1), chronic monthly high-dose steroid infusions (1), glatiramer 
and chronic monthly high-dose steroid infusions combination (1). 

S.E. Conway et al.                                                                                                                                                                                                                              

http://www.r-project.org
http://www.r-project.org


Multiple Sclerosis and Related Disorders 63 (2022) 103946

3

Control’s definition, which is 2 weeks after the second vaccine dose in a 
2-dose series or 2 weeks after a single-dose vaccine (When You’ve Been 
Fully Vaccinated, 2022). The average [SD] neurology follow-up interval 
after COVID-19 infection was 17.1 [13.6] weeks. 

3.2. COVID-19 severity, recovery, and treatment 

Most patients, 80 (72%), were asymptomatic or had mild COVID-19, 
and 85 (76.5%) recovered completely after infection (Fig. 1). The most 
common presenting symptom in our cohort was fever, which occurred in 
37 patients (33.3%), followed by cough in 30 (27%) and shortness of 
breath in 27 (24.3%). 28 (25.2%) patients received treatment for 
COVID-19, including supplemental oxygen, steroids, remdesivir, 
monoclonal antibody treatment, tocilizumab, convalescent serum or a 
combination of these treatments. Two patients with pre-morbid EDSS 
8.5 and on B-cell depleting therapies, died from COVID-19. 

3.3. Neurologic outcomes 

41 patients (36.9%) had neurologic worsening post-COVID-19. Of 
those with neurologic worsening, 2 (4.8%) had relapses requiring high 
dose intravenous solumedrol treatment, 19 (46.3%) had pseudorelapses, 
19 (46.3%) reported worsening of preexisting MSRD symptoms, and 7 
(17.1%) reported new long-term neurologic symptoms not meeting the 
definition of relapse at the last follow up visit (Table 2). Of the two 
patients who had relapses post-COVID-19, both had RRMS and treated 
with ocrelizumab. More information about these patients and patients 
who had pseudorelapses is available in supplementary Tables 1 and 2. Of 
the 19 patients with MSRD symptoms worsening post-COVID-19, 12 had 
worsening of baseline fatigue, 4 had worsening motor symptoms, 2 had 
worsening sensory symptoms, 2 had worsening of pre-existing cognitive 
impairment, 2 had worsening dizziness, 1 had worsening spasticity, and 
1 had worsening of baseline nystagmus. Of the 7 patients who developed 
long term neurologic symptoms not related to their MSRD, 4 had 
anosmia, 1 had headaches, 1 had severe fatigue, and 1 had worsening of 
baseline sensory ganglionopathy. 

One patient in this cohort suffered from an asymptomatic cerebro- 

vascular event during or after COVID-19 illness, incidentally discov-
ered on routine MRI screening. 

3.4. Imaging 

There were 55 patients who had brain MRIs post-COVID-19. 1 pa-
tient had an incidentally discovered occipital lobe stroke. 1 patient had a 
new T2 and gadolinium (Gd+) enhancing lesion, 2 patients had new T2 
lesions without enhancement, and 2 patients had asymptomatic Gd+
enhancing lesions. The mean [SD] number of days between MRI and 
infection was 144.6 [107.8]. Of the patients with MRI activity, 3 had 
MRI changes alone without neurologic symptoms, 1 had a pseudorelapse 
and 1 had worsening of MS-related fatigue. 

3.5. Additional analyses 

Neurologic worsening was associated with moderate or severe 
COVID-19 (p = 0.001), treatment for COVID-19 (p = 0.006), and 
incomplete COVID-19 recovery (p = 0.027) but not with age, sex, dis-
ease type, race, disease duration, EDSS, vitamin D use, or type or pres-
ence of disease modifying therapy (p > 0.05) (Table 3). 

Fig. 1. COVID-19 severity and recovery: COVID-19 outcomes are indicated by colored sections on the bar graph and are grouped in rows by COVID-19 severity (y- 
axis). The x-axis represents numbers of patients. Not shown are 4 patients who had unknown COVID-19 severity. 

Table 2 
Neurologic outcomes in MSRD patients post-COVID-19 (n = 111 patients).   

N (%) 

No neurologic worsening 62/111 (55.8) 
Unknown 6/111 (5.4) 
Neurologic worsening 41/111 (36.9) 
▒Relapse ▒2/41 (4.9) 
▒Pseudorelapse ▒19/41 (46.3) 
▒Worsening of preexisting MSRD symptoms ▒19/41 (46.3) 
▒Other long term neurologic non MSRD symptoms ▒7/41 (17.1) 
▒MRI changes ▒5/41 (12.2) 

Legend: Table 2 shows neurologic outcomes in MSRD patients post-COVID-19. 
The two patients who passed away are not included in this table. 
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4. Discussion 

This study adds to the body of literature that focuses on neurologic 
outcomes post-COVID-19 in MSRD patients. In our cohort, worsening 
neurologic symptoms in MSRD patients were identified in 36.9%. This 
was largely due to pseudorelapses or worsening of preexisting MSRD 
symptoms. The death rate in our cohort was 1.8%, and the hospitali-
zation rate was 22.5%. These rates are similar to other groups reporting 
on COVID-19 outcomes in MSRD populations, although the death rate is 
lower than previously reported (Klineova et al., 2021; Louapre et al., 
2020; Sormani et al., 2021; Salter et al., 2021). 

Several studies have described COVID-19 outcomes in patients with 
multiple sclerosis and related disorders (MSRD), and risk factors for the 
development of severe COVID-19, which include age, EDSS and 
comorbidities such as obesity (Klineova et al., 2021; Louapre et al., 
2020; Sormani et al., 2021). Other studies from international registries 
have shown that certain DMTs, specifically B-cell depleting therapies 
may be associated with increased risk of severe COVID-19 (Sormani 
et al., 2021; Simpson-Yap et al., 2021). This has led some providers to 
safely extend the dosing interval for patients on anti-CD20 therapies 
(Rolfes et al., 2021). 

Long-COVID is generally defined as delayed recovery after an acute 
infection with COVID-19 and is characterized by persistence of symp-
toms or onset of new symptoms for longer than would be expected from 
the acute illness alone (Alwan and Johnson, 2021; Datta et al., 2020). 
The fact that some patients have persistent symptoms following recov-
ery from acute COVID-19 infection is not surprising as post-infectious 

sequelae have been reported following infection with other coronavi-
ruses (Moldofsky and Patcai, 2011). Possible mechanisms for 
long-COVID include direct viral invasion of the central nervous system 
(Edén et al., 2021), cytokine storm and pro-inflammatory state (Zhang 
et al., 2020), blood-brain barrier breakdown, and immune mediated 
neuro-toxicity (Gupta and Weaver, 2021). Other mechanisms include 
neuronal injury as evidenced by studies showing elevated serum neu-
rofilament light chain (sNFfL) in patients with COVID-19 compared to 
ICU patients without COVID-19 (Sutter et al., 2021). 

Severity of COVID-19 infection has also been reported to correlate 
with the prevalence of the long-COVID syndrome in non-MSRD patients, 
with up to 80% in hospitalized patients and ~ 5% of non-hospitalized 
patients suffering from these complications.. (Cabrera Martimbianco 
et al., 2021; Carfì et al., 2020; Carvalho-Schneider et al., 2021; Huang 
et al., 2021; Jacobs et al., 2020) Neurologic symptoms post-COVID-19 
are common and data from a meta-analysis show that older age and 
COVID-19 severity were risk factors (Misra et al., 2021). A study on all 
neurologic manifestations in patients hospitalized for COVID-19 in 
Wuhan, China found that 36% had neurologic symptoms (either central 
nervous system, peripheral nervous system, or skeletal muscle injuries). 
Similar to our study, severe COVID-19 infection was associated with a 
higher rate of neurologic manifestations, with 45.5% of those with se-
vere infection developing neurologic symptoms versus 30.2% of those 
with non-severe infection (Mao et al., 2020). However, prolonged ICU 
admissions have been independently associated with neurologic com-
plications, and it might be difficult to separate these two variables from 
the available data thus far (Romero-Sánchez et al., 2020; Abenza-A-
bildúa et al., 2020). 

In our study, COVID-19 severity and lack of complete systemic re-
covery were associated with neurologic worsening. Treatment for 
COVID-19 was also associated with neurologic worsening but we suspect 
this is a variable reflecting COVID-19 severity, due to the higher rate of 
hospitalizations and treatment in patients with more severe COVID-19. 
Our study supports earlier observations about worsening of MS symp-
toms after COVID-19 infection (Garjani et al., 2021; Michelena et al., 
2022). Neurologic worsening post-COVID-19 specifically in MS patients 
has been associated with a higher pre-COVID-19 EDSS, longer disease 
duration, and lack of DMT use (Garjani et al., 2021). A study from the 
United Kingdom on post-acute sequelae of COVID-19 in MS patients 
found that preexisting neurologic impairment and mental health disease 
also increased the risk of developing long term symptoms 
post-COVID-19 (Garjani et al., 2021). Microglial activation either from 
oxidative stress or from activation of nod-like receptor pyrin domain 
containing protein (NLRP3) inflammasome are potential mechanisms 
for neurologic worsening specifically in MS patients with COVID-19 and 
both have also been linked to the onset and progression of MS (Soares 
et al., 2019; Gogoleva et al., 2018). 

Two of 111 patients in our cohort had on-study relapses post-COVID- 
19. There is conflicting data regarding increased risk of relapses post- 
COVID-19. A 44-patient study found an increased risk of relapse after 
COVID-19 infection (Barzegar et al., 2021). However, larger studies 
including a New York University study found that only 2 of 474 MSRD 
patients developed disease relapses post-COVID-19 (Klineova et al., 
2021). An Iranian study compared MS patients with and without re-
lapses during COVID-19 and found no difference in relapse rate 6 
months post infection. There was also no difference in relapse rate be-
tween hospitalized and non-hospitalized patients but investigators 
acknowledge sample size limitation to detect possible significance 
(Etemadifar et al., 2021). The blunting of expansion of autoreactive T 
cells from COVID-19-associated lymphopenia has been proposed as a 
possible hypothesis for the lack of increase in relapses in MSRD patients 
post-COVID-19 (Liu et al., 2020). Larger prospective studies are needed 
to further understand the impact of the virus on relapse rate. 

Over the past 18 months, various COVID-19 severity scales have 
been proposed (WHO R and D, 2022; Severe Outcomes, 2020) Our study 
cohort spans the timeframe between the early pandemic and the more 

Table 3 
Association between subject characteristics and neurologic worsening post- 
COVID-19.   

Neurologic 
worsening post- 
COVID-19 

No neurologic 
worsening post- 
COVID-19 

p- 
value 

N 41 62  
Age, years (SD) 48.2 (11.9) 49.2 (12.3) 0.701 
Female; n (%) 32 (78.0) 47 (75.8) 0.980 
Disease type (n)   0.166 
RRMS 24 44 
CIS 2 0 
SPMS 7 13 
PPMS 4 2 
Related disorders 4 3 
DMT type (n)   0.071 
None 11 8 
Teriflunomide 1 3 
Fingolimod 0 9 
Anti-CD20 23 27 
Glatiramer 2 7 
Interferon-beta 0 1 
Dimethyl fumarate 2 3 
Natalizumab 0 3 
Other 2 1 
Disease duration, 

years (SD) 
12.5 (10.7) 12.5 (8.7) 0.969 

EDSS median (range) 2.5 (0, 8.5) 2 (0, 8.5) 0.978 
Non-white; n (%) 13 (31.7) 16 (25.8) 0.669 
Treatment for COVID- 

19; n (%)* 
17 (45.0) 9 (15.5) 0.006 

Vitamin D use; n 
(%)** 

29 (74.4) 54 (87.1) 0.173 

Moderate/severe 
COVID-19; n (%)** 

18 (43.9) 7 (11.7) 0.001 

Recovered from 
COVID-19; n (%)*** 

27 (71.1) 56 (90.3) 0.027 

Legend: For age and disease duration, the reported p-value is from a two-sample 
t-test. For EDSS, the reported p-value is from a Wilcoxon rank sum test. For the 
remaining variables, the reported p-value is from a chi-squared test. 

* : Five patients were missing COVID-19 treatment. 
** : Two patients were missing vitamin D use and COVID-19 severity. 
*** : Three patients were missing recovered from COVID-19. 
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recent COVID-19 cases. Initially, the Centers for Disease Control and 
Prevention (CDC) stratified COVID-19 patients by those requiring hos-
pitalization, ICU level care and death. The World Health Organization 
(WHO) separately proposed a comprehensive 8-point severity rating 
scale; however, the level of detail required to stratify patients into those 
groups was not available to us due to the nature of retrospective data 
collection and insufficient early pandemic documentation. Therefore, 
we chose to adopt COVID-19 severity definitions as proposed by the CDC 
for the purposes of this study. We also used our own recovery scale, as 
there was no validated recovery scale available the time of this study. 

Further, we were specifically interested in the data on hospital- 
administered medications and correlations with neurologic outcomes. 
In the early times of the pandemic, there were not uniformly consistent 
or recommended outpatient treatments for COVID-19 infection. Thus, 
for non-hospitalized patients, we assumed no therapy was administered 
unless it was specifically documented that a patient received a mono-
clonal antibody or steroids as an outpatient. Therefore, our study does 
not account for any home remedies, vitamins or supplements that may 
have been used, and this is another study limitation. 

In addition, our study is limited by small sample size, and the 
retrospective data collection. Specifically, there was limited power to 
detect a difference in neurologic outcomes based on DMT type. In 
addition, the pathophysiological mechanism underlying new relapse, 
pseudorelapse, and long-term post-COVID-19 neurological symptoms 
might be different. A separate analysis of the risk factors for each cate-
gory of neurological worsening should be undertaken in studies of larger 
sample sizes. Our study sample did not have sufficient power for a more 
granular analysis, and we acknowledge this as a limitation of the study. 
Our study is also limited because data was obtained via chart review, 
and not by direct interview. This might have resulted in underreporting 
of neurologic symptoms as the patients would be less likely to seek 
medical care for milder issues. Information about the prior history of 
post-infectious relapses or pseudorelapses preceding COVID-19 
pandemic was not available for our cohort, and this is a study limita-
tion. However, with these considerations, we believe that ~37% is likely 
an accurate representation of the fraction of MSRD patients experiencing 
broadly defined, more serious neurologic worsening during and after 
COVID-19 infection. 

In our study, COVID-19 severity and lack of complete systemic re-
covery was associated with new or worsening neurologic symptoms. 
This has important clinical and public health implications for our pa-
tients especially as anti-SARS-CoV-2 monoclonal antibodies and other 
therapeutics that significantly decrease the risk of severe illness and 
hospitalization are increasingly available for early treatment and post- 
exposure prophylaxis. 
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