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A B S T R A C T   

Background: The risk of SARS-CoV-2 infection and severity with disease modifying therapies (DMTs) in multiple 
sclerosis (MS) remains unclear, with some studies demonstrating increased risks of infection with B-cell- 
depleting (anti-CD20) therapies and severity, while others fail to observe an association. Most existing studies are 
limited by a reliance on ‘numerator’ data (i.e., COVID-19 cases) only. 
Objective: To assess the risks of COVID-19 by DMT, this study aimed to assess both ‘numerator’ (patients with 
SARS-CoV-2 infection) and ‘denominator’ data (all patients treated with DMTs of interest) to determine if any 
DMTs impart an increased risk of SARS-CoV-2 infection or disease severity. 
Methods: We systematically reviewed charts and queried patients during clinic encounters in the NYU MS 
Comprehensive Care Center (MSCCC) for evidence of COVID-19 in all patients who were on the most commonly 
used DMTs in our clinic (sphingosine-1-phosphate receptor (S1P) modulators (fingolimod/siponimod), ritux-
imab, ocrelizumab, fumarates (dimethyl fumarate/diroximel fumarate), and natalizumab). COVID-19 status was 
determined by clinical symptoms (CDC case definition) and laboratory testing where available (SARS-CoV-2 PCR, 
SARS-CoV-2 IgG). Multivariable analyses were conducted to determine predictors of infection and severe disease 
(hospitalization or death) using SARS-CoV-2 infected individuals per DMT group and all individuals on a given 
DMT as denominator. 
Results: We identified 1,439 MS patients on DMTs of interest, of which 230 had lab-confirmed (n = 173; 75.2%) 
or suspected (n = 57; 24.8%) COVID-19. Infection was most frequent in those on rituximab (35/138; 25.4%), 
followed by fumarates (39/217; 18.0%), S1P modulators (43/250; 17.2%), natalizumab (36/245; 14.7%), and 
ocrelizumab (77/589; 13.1%). There were 14 hospitalizations and 2 deaths. No DMT was found to be signifi-
cantly associated with increased risk of SARS-CoV-2 infection. Rituximab was a predictor of severe SARS-CoV-2 
infection among patients with SARS-CoV-2 infection (OR 6.7; 95% CI 1.1-41.7) but did not reach statistical 
significance when the entire patient population on DMT was used (OR 2.8; 95% CI 0.6-12.2). No other DMT was 
associated with an increased risk of severe COVID-19. 
Conclusions: Analysis of COVID-19 risk among all patients on the commonly used DMTs did not demonstrate 
increased risk of infection with any DMT. Rituximab was associated with increased risk for severe disease.   

Abbreviations: MS, Multiple Sclerosis; DMT, Disease modifying therapy; MSCCC, Multiple Sclerosis comprehensive care center; OR, Odds ratio; CI, Confidence 
Interval; FUM, Fumarates; S1P, Sphingosine-1-phosphate receptor; NAT, Natalizumab; OCR, Ocrelizumab; RTX, Rituximab. 
The corresponding author takes full responsibility for the data, the analyses and interpretation, and the conduct of the research; the corresponding author has full 

access to all of the data; and corresponding author has the right to publish any and all data. 
* Corresponding author. 

E-mail address: Tyler.Smith@nyulangone.org (T.E. Smith).  

Contents lists available at ScienceDirect 

Multiple Sclerosis and Related Disorders 

journal homepage: www.elsevier.com/locate/msard 

https://doi.org/10.1016/j.msard.2022.103735 
Received 8 December 2021; Received in revised form 26 January 2022; Accepted 10 March 2022   

mailto:Tyler.Smith@nyulangone.org
www.sciencedirect.com/science/journal/22110348
https://www.elsevier.com/locate/msard
https://doi.org/10.1016/j.msard.2022.103735
https://doi.org/10.1016/j.msard.2022.103735
https://doi.org/10.1016/j.msard.2022.103735
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msard.2022.103735&domain=pdf


Multiple Sclerosis and Related Disorders 60 (2022) 103735

2

1. Introduction 

Whether any disease modifying therapy (DMT) for multiple sclerosis 
(MS) increases the risk for SARS-CoV-2 infection or severe disease 
(hospitalization/death) has not been resolved to date (Chaudhry, Bulka 
et al., 2020; Hughes, Whitley et al., 2020; Loonstra, Hoitsma et al., 2020; 
Louapre, Collongues et al., 2020; Möhn, Konen et al., 2020; Parrotta, 
Kister et al., 2020; Safavi, Nourbakhsh et al., 2020; Sahraian, Azimi 
et al., 2020; Alonso, Silva et al., 2021; Arrambide, Llaneza-González 
et al., 2021; Bsteh, Assar et al., 2021; Esmaeili, Abbasi et al., 2021; 
Fragoso, Schiavetti et al., 2021; Langer-Gould, Smith et al., 2021; 
Mantero, Abate et al., 2021; Naghavi, Kavosh et al., 2021; Pérez, Zhang 
et al., 2021; Reder, Centonze et al., 2021; Rm, Em et al., 2021; Salter, 
Fox et al., 2021; Sen, Karabudak et al., 2021; Sepúlveda, Llufriu et al., 
2021; Simpson-Yap, De Brouwer et al., 2021; Sormani, De Rossi et al., 
2021; Spelman, Forsberg et al., 2021; Sormani, Schiavetti et al., 2022). 
Some studies show increased risk of infection or severe COVID-19 with 
anti-CD20 therapies (Möhn, Konen et al., 2020; Safavi, Nourbakhsh 
et al., 2020; Sahraian, Azimi et al., 2020; Esmaeili, Abbasi et al., 2021; 
Fragoso, Schiavetti et al., 2021; Langer-Gould, Smith et al., 2021; 
Naghavi, Kavosh et al., 2021; Pérez, Zhang et al., 2021; Reder, Centonze 
et al., 2021; Salter, Fox et al., 2021; Simpson-Yap, De Brouwer et al., 
2021; Sormani, De Rossi et al., 2021; Spelman, Forsberg et al., 2021; 
Sormani, Schiavetti et al., 2022) while others fail to detect an increased 
risk (Chaudhry, Bulka et al., 2020; Hughes, Whitley et al., 2020; Loon-
stra, Hoitsma et al., 2020; Louapre, Collongues et al., 2020; Parrotta, 
Kister et al., 2020; Alonso, Silva et al., 2021; Arrambide, Llaneza--
González et al., 2021; Bsteh, Assar et al., 2021; Mantero, Abate et al., 
2021; Rm, Em et al., 2021; Sen, Karabudak et al., 2021; Sepúlveda, 
Llufriu et al., 2021). The discrepant conclusions between these studies 
may be due in part to methodological limitations. Studies that examined 
COVID-19 risk across DMTs frequently relied on numerator data only, i. 
e., did not account for the frequency with which each DMT is used in the 
respective MS population. To properly assess the risks per DMT, one 
needs both numerator data (the number of COVID-19 cases occurring on 
a given DMT) as well the denominator data (total number of patients on 
that DMT). 

The few studies that used both numerator and denominator data to 
estimate relative risk of SARS-CoV-2 infection by DMT are limited by 
incomplete data capture. For example, the analysis of the IBM Explorys 
database (>72 million patients in the US) identified an increased risk of 
infection with anti-CD20 therapies, but could not yield “strong conclu-
sions” about the effect of DMT on hospitalization and deaths due to the 
very low incidence of severe disease, as well as cases in general (likely an 
undercount of mildly symptomatic, asymptomatic, or unconfirmed 
SARS-CoV-2infections) (Reder, Centonze et al., 2021). Moreover, only 
20% of MS patients in this dataset had an open DMT prescription, which 
is a surprisingly low percentage for MS patients and underscores gaps in 
the data (Reder, Centonze et al., 2021). An Iranian study from an early 
phase of the pandemic that utilized numerator and denominator data 
had a small total number of COVID cases (n=68), likely due to the 
requirement of positive SARS CoV-2 PCR or lung CT scan supporting the 
diagnosis of COVID-19, and showed an increased rate of 
SARS-CoV-2infection in patients on rituximab (Sahraian, Azimi et al., 
2020). 

To overcome some of these methodologic limitations, we set out to 
systematically collect both numerator (number of COVID-19 cases on 
DMTs of interest including both clinician-diagnosed and lab-confirmed 
cases) and denominator (number of patients on DMTs of interest) data 
for the most common DMTs prescribed in the NYU Multiple Sclerosis 
Comprehensive Care Center (NYU MSCCC). We present the adjusted 
risks of SARS-CoV-2 infection and of severe disease per DMT among our 
MS patients receiving fumarates, sphingosine-1-phosphate receptor 
(S1P) modulators, natalizumab, and two anti-CD20 therapies (rituximab 
and ocrelizumab) during the first 15 months of the COVID-19 pandemic 
(February 2020 to May 2021). 

2. Methods 

Inclusion criteria for the denominators were: clinician-diagnosed 
MS; actively followed at the NYU MSCCC (at least 2 clinic visits in the 
past 2 years); and on treatment with a commonly used DMT during the 
period between February 2020 and May 2021. The commonly used 
DMTs in our practice were: 1. fumarates (FUM: dimethyl fumarate and 
diroximel fumarate), 2. Sphingosine-1-phosphate receptor modulators 
(S1P modulators: fingolimod and siponimod), 3. natalizumab (NAT), 4. 
ocrelizumab (OCR), and 5. rituximab (RTX). Fumarates and S1P mod-
ulators were each analyzed as a medication class, because the number of 
patients on siponimod and diroximel fumarate were too small for 
separate analysis. Patients on rituximab and ocrelizumab were analyzed 
separately since adequate number of patients were available. Patients on 
other DMTs (e.g., platform injectables, teriflunomide, alemtuzumab, 
cladribine) were not included in this study as the number of patients on 
these therapies in our practice was too small to enable meaningful sta-
tistical comparisons. 

Patients who contacted the center or were seen during routine clinic 
visits between February 2020 and May 2021 were queried regarding 
SARS-CoV-2 infection using a standardized instrument that included 
questions regarding common COVID-19 symptoms (per CDC clinical 
case definition criteria), such as fever, cough, chills, loss of taste and 
smell, and dyspnea, and if they had been formally diagnosed with 
COVID-19 either clinically by a medical professional and/or underwent 
laboratory testing for SARS CoV-2 (a copy of the lab report was required 
for the case to be defined as ‘laboratory-confirmed’). Additionally, we 
undertook a systematic chart review of all actively followed MS patients 
receiving DMTs of interest to identify patients with symptoms of COVID- 
19 and laboratory findings indicative of current or prior SARS-CoV-2 
infection. All patients diagnosed with COVID-19 by a healthcare pro-
vider based on clinical criteria (Centers for Disease Control and Pre-
vention) or had positive SARS-CoV-2 PCR/antibodies were included in 
the numerator data (COVID-19 cases). Patients with COVID-19 clinical 
diagnosis, but lacking laboratory confirmation were defined as ‘sus-
pected,’ while patients with positive SARS-CoV-2 PCR or 
SARS-CoV-2-specific antibody were defined as ‘laboratory-confirmed.’ 
‘Severe COVID-19’ was defined as hospitalization and/or death. 
Comorbidities relevant to COVID-19 severity were collected for 
COVID-19 cases (numerators) only: cancer; cardiovascular disease; ce-
rebrovascular disease; chronic kidney disease; chronic liver disease; 
chronic lung disease; diabetes; hypertension, and obesity (Centers for 
Disease Control and Prevention 2021). For hospitalized patients, inpa-
tient records were reviewed when available. Vaccination status was not 
collected, as no vaccines were available at the start of the study period. 

Descriptive statistics (frequency distribution for categorical variables 
and mean, SD, median, interquartile range, minimum, and maximum for 
continuous variables) were calculated for both numerator and denomi-
nator data. Descriptive statistics and Chi-Square/Fisher Exact tests were 
used for exploratory analyses. Univariate logistic regression was used to 
screen variables with a p-value criterion of p < 0.05 for entry into the 
model selection procedure. Multivariable logistic regression model was 
performed with the following variables as predictors: age, race/ 
ethnicity, and DMT to calculate risk of infection. The risk of severe 
COVID-19 was calculated for the entire sample (severe COVID-19 on a 
given DMT per all individuals on given DMT) as well as for those with 
any SARS-CoV-2 infection (severe COVID-19 on a given DMT per all 
COVID-19 cases on a given DMT). Age, race/ethnicity, DMT, and BMI 
where available (BMI was only collected for COVID-19 cases), were used 
as predictors to assess risk of severe disease. Analysis of maximum 
likelihood estimates was also done. A sensitivity analysis was conducted 
for “laboratory-confirmed COVID-19” cases only. Fumarates were used 
as a reference group, similar to prior studies, because fumarates have not 
been identified to impart an increased risk of infection and are 
frequently used in clinical practice (Mehta, Miller et al., 2019; Naghavi, 
Kavosh et al., 2021; Reder, Centonze et al., 2021; Simpson-Yap, De 
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Brouwer et al., 2021). 
NYU Grossman School of Medicine Institutional Review Board 

approved the study. Informed consent was not required for this retro-
spective study. 

3. Data Availability 

Anonymized data can be made available upon request for research 
purposes by submitting a request to the corresponding author. 

4. Results 

We identified 1,439 MS patients on DMTs of interest (mean age: 41.2 
± 12.1 years; 71% female, 54% non-White). Demographics and disease 
characteristics of patients on each of the five DMT groups are shown in 
Table 1. 

We identified 230 patients in our sample with SARS-CoV-2 infection 
– 173 (75%) were laboratory-confirmed and 57 (25%) clinically- 
suspected. The average age of patients with SARS-CoV-2 infection was 
39.9 ± 12.3 years, 75% were female, and 57% were non-White. De-
mographics and disease characteristics of COVID-19 cases by DMT 
group are shown on Table 2. The proportion of infected patients was 
highest for rituximab (25%), followed by fumarates (18%), S1P modu-
lators (17%), natalizumab (15%), and ocrelizumab (13%). The propor-
tion of lab-confirmed cases was lower in patients on anti-CD20 (69% for 
ocrelizumab and 60% for rituximab) than in patients on other therapies 
(87% fumarates, 84% S1P modulators, and 81% natalizumab). The 
proportion of patients with at least one COVID-19 relevant comorbidity 
was lowest in the rituximab group (20%) and highest in the fumarate 
group (38%). Mean duration on the current therapy was approximately 
4.5 years for all DMT except for ocrelizumab, for which the mean 
duration on current therapy was 1.8 years. 

Multivariable logistic analysis revealed a higher risk of infection was 
associated with Hispanic ethnicity (OR 2.72; 95% CI 1.38-3.35) as 
compared to Whites; and decreased risk in age groups 30-49 (OR 0.59; 
95% CI 0.41-0.86) and 50-64 (OR 0.61; 95% CI 0.39-0.96) relative to the 
0-29 age group as shown in Fig. 1. Sensitivity analysis for predictors of 
SARS-CoV-2infection using only laboratory-confirmed COVID-19 cases 
yielded similar results (data not shown). 

Fifteen COVID-19 cases had severe disease: 14 were hospitalized 
(6.1% of COVID-19 cases), and 2 died (0.8% of all COVID-19 cases; 1 
death each occurred at home and hospital). Characteristics of severe 
COVID-19 cases by DMT group are shown in Table 3. The percentage of 
severe COVID-19 relative to all COVID-19 cases on a given DMT was 
highest for rituximab group (14%), followed by fumarates (8%), S1P 
modulators (5%), ocrelizumab (5%) and natalizumab (3%). A multi-
variable model that included those with SARS-CoV-2 infection (severe 
COVID-19 on a given DMT per all COVID-19 cases on a given DMT) 

identified African-American and Hispanic race/ethnicity relative to 
Whites (OR 4.4; 95% CI 1.0-18.5; OR 5.4; 95% CI 1.1-28.5, respec-
tively); older age (OR 1.1; 95% CI 1.0-1.1), and rituximab (OR 6.7; 95% 
CI 1.1-41.7), but not ocrelizumab (OR 0.9; 95% CI 0.2-4.9) relative to 
fumarates as variables associated with higher risk of severe disease. We 
analyzed whether comorbid conditions were associated with severe 
COVID-19 in univariate analyses, but because these analyses did not 
demonstrate significance, this variable was not included in the final 
multivariate model. 

In the univariate analysis of severe COVID-19 relative to the total 
number of patients treated with the given DMT, we again identified 
Hispanic ethnicity as a predictor of severe COVID-19 (3.1% of severe 
COVID-19 for Hispanics vs 0.3% for White; p = 0.004). Rituximab was 
not a predictor of severe disease (3.6% severe disease for RTX v. 1.4% for 
fumarates; p = 0.27), nor were any other DMTs predictive of severe 
disease in this univariate analysis (percentage of severe disease in S1P 
modulators was 0.80%, natalizumab 0.41%, and ocrelizumab 0.68%). In 
a multivariable analysis adjusted for age in which the total population 
was used (severe COVID-19 on a given DMT per all individuals on given 
DMT), only Hispanic ethnicity was associated with higher odds of severe 
disease (OR 6.2; 95% CI 1.5-26.2). In this analysis, rituximab had higher 

Table 1 
Demographics for patients per DMT group.    

FUM S1P NTZ OCR RTX 

Total patients 
per DMT  

217 250 245 589 138 

Age (yrs, 
mean ± SD)  

46.3 ±
11.4 

40.6 ±
11.0 

40.0 ±
12.8 

40.0 ±
11.6 

41.1 ±
13.0 

Race/ 
Ethnicity 

White 55% 50% 44% 40% 42%  

Black 18% 19% 28% 26% 30%  
Other 19% 20% 22% 24% 19%  
Hispanic 8% 11% 7% 10% 10% 

Public 
Insurance  

28% 22% 34% 41% 49% 

Legend: 
FUM: dimethyl fumarate, diroximel fumarate; S1P: fingolimod, siponimod; NTZ: 
natalizumab; OCR: ocrelizumab; RTX: rituximab. 

Table 2 
Demographics and MS Characteristics of COVID-19 Cases by Disease Modifying 
Therapy.    

FUM1 S1P NTZ OCR RTX 

COVID-19 
Cases/Total 
patients per 
DMT  

39/ 
217 
(18%) 

43/ 
250 
(17%) 

36/ 
245 
(15%) 

77/ 
589 
(13%) 

35/ 
138 
(25%) 

Lab 
confirmed2  

87% 84% 81% 69% 60% 

Age (mean ± 
SD)  

44.6 
± 12.2 

40.2 
±

11.7 

37.3 
±

13.9 

40.5 
±

11.4 

35.4 
±

11.9 
Age Groups 0-29 yrs 13% 26% 28% 19% 34%  

30-49 yrs 46% 49% 56% 58% 51%  
50-64 yrs 33% 26% 17% 21% 11%  
≥65 yrs 6% 0 0 1% 3% 

Race/ 
Ethnicity 

White 54% 35% 44% 42% 46%  

Black 26% 30% 25% 19% 23%  
Other 13% 21% 17% 18% 11%  
Hispanic 8% 14% 14% 21% 20% 

Current Tx 
Duration 
(yrs, mean  
± SD) 3  

3.9 ±
2.6 

4.4 ±
2.6 

5.1 ±
4.0 

1.8 ±
1.3 

4.6 ±
3.4 

Co- 
morbidity4  

38% 21% 19% 31% 20% 

BMI ≥30 (%)  39% 26% 31% 39% 31% 
Ambulation 

status 
Fully 
Ambulatory 

72% 67% 75% 61% 74%  

Impaired 13% 19% 11% 17% 6%  
Cane 5% 5% 8% 10% 9%  
Walker 5% 7% 3% 9% 6%  
Non- 
ambulatory5 

5% 2% 3% 3% 6 % 

Public 
Insurance 
(%)  

33% 28% 33% 44% 54% 

Legend: 
1 Reference group. 
2 PCR or serum antibody/total cases reviewed. 
3 Data regarding current treatment duration only available for those with 

SARS-CoV-2 infection. 
4 Percentage of patients with any COVID-19-relevant co-morbidity: Cancer, 

Cardiovascular disease; Cerebrovascular disease; Chronic kidney disease; 
Chronic liver disease; Chronic lung disease; Diabetes; Hypertension. 

5 Non-ambulatory specifies patients who are in wheelchairs or bedbound. 
FUM: dimethyl fumarate, diroximel fumarate; S1P: fingolimod, siponimod; 

NTZ: natalizumab; OCR: ocrelizumab; RTX: rituximab. 
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odds for severe disease -2.8, but this was not was not statistically sig-
nificant (95% CI 0.6-12.2). 

5. Discussion 

Lack of consistency in identifying DMT associated with worse 
COVID-19 prognosis is likely due to several factors; among them is the 
choice of reference drug. When computing odds ratios, so called Wald 
statistics are commonly used which take the maximum likelihood esti-
mate of the slope (beta coefficient) divided by its standard error. The 
estimate of the beta coefficient is the added risk of infection relative to 
one of the other DMTs or other categories included in that specific 
grouping of covariates. For example, ocrelizumab was the only DMT that 
was significantly likely to be associated with decreased infection when 
compared fumarates (OR 0.64; 95% CI 0.41-0.98), but not when 
compared with S1P (OR 1.63; 95% CI 0.97-2.72). If ocrelizumab was 
chosen as reference, the odds ratio for rituximab (OR 2.3; CI 1.32-4.40) 
and to natalizumab (OR 1.9; 95% CI 1.12-3.23) were statistically sig-
nificant, while comparison with S1P modulators (OR 1.63; 95% CI 0.97- 
2.72) was not significant. As these comparisons demonstrate, the choice 
of reference group and statistical analyses may lead to different con-
clusions regarding the effect of DMT on SARS-CoV-2 infection and 
severity that have been published in the literature to date. 

While rituximab was associated with severe disease in some ana-
lyses, similar findings were not replicated with ocrelizumab in several 
studies (Sahraian, Azimi et al., 2020; Salter, Fox et al., 2021; Simp-
son-Yap, De Brouwer et al., 2021) despite a similar mechanism of action. 
Neither age nor presence of comorbidities could explain the difference 
between the two anti-CD20 agents in our study. In fact, both age (RTX 
mean age 35.7 ± 11.9 years v. OCR 40.5 ± 11.4 years; p = 0.04, 95% CI 
0.13-9.46) and frequency of comorbid conditions (RTX 20% v. OCR 
31.2%; p = 0.319) were lower for RTX than OCR. It is possible that the 
discrepancy in COVID-19 outcomes is due to the longer median treat-
ment duration of RTX (4.6 ± 3.4 v. OCR 1.8 ± 1.3 years; p = 0.18; 95% 

CI -5.78-1.07), which increases the risk of secondary hypogammaglob-
ulinemia (Tallantyre, Whittam et al., 2018; Vollmer, Vollmer et al., 
2020), infection (Perriguey, Maarouf et al., 2022), and hospitalization 
from infections (Spelman, Forsberg et al., 2021). Alternatively, ritux-
imab may cause a more pronounced immune defect than ocrelizumab 
per dose, in which case we would expect difference in risk of COVID-19 
severity between RTX and OCR to persist independent of treatment 
duration. It is also possible that differences between RTX and OCR are 
unrelated to treatment and were unaccounted for in the multivariable 
analysis (i.e., unknown confounders). 

There are several other potential explanations for why the effect of 
anti-CD20 therapies are more evident in some studies than others. 
Ascertainment bias is an important potential source of influence in both 
the present and prior similar studies. Patients on DMTs that are regarded 
to be more immunosuppressive and therefore considered ‘high risk’ for 
COVID-19 complications (e.g., anti-CD20 therapies) may be more prone 
to get testing for their symptoms and to report COVID-19 diagnosis to 
their provider than patients who are on presumably ‘lower risk’ DMT (e. 
g., fumarates). There may be some evidence for ascertainment bias in 
our data as there was a higher proportion of suspected (but not lab- 
confirmed) infections with the two anti-CD20 therapies compared to 
other DMTs (33.9% for anti-CD20 versus 15.3% for other DMTs; 
p = 0.001). However, it is also possible that anti-CD20-treated patients, 
which are much less likely to generate SARS CoV-2 specific antibodies 
following infection (Ali, Dwyer et al., 2021; Bigaut, Kremer et al., 2021; 
Bsteh, Dürauer et al., 2021; Disanto, Sacco et al., 2021; Louapre, Ibrahim 
et al., 2021; Sabatino, Mittl et al., 2021; Sharifian-Dorche, Sahraian 
et al., 2021; Sormani et al., 2021; van Kempen, Strijbis et al., 2021; 
Wallach and Picone, 2021), are therefore more likely to remain ‘sus-
pected but not confirmed given the lack of detectable antibody results 
with commercially available tests following infection. Furthermore, 
patients on infusion therapies tend to have more frequent contact with 
the physicians and therefore more opportunities to report an infection. 
In our study, we sought to mitigate against this bias by systematically 

Fig. 1. Multivariate analysis of predictors of SARS-CoV-2 infection.  
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reviewing all active patients on all DMTs independent of DMTs’ pre-
sumed risk for COVID-19 complications. 

A limitation of our study is that we did not systematically assess the 
incidence of SARS-CoV-2 infection in our patient population. As this was 
not our clinical practice, we are not able to report on the seroprevalence 
of asymptomatic infections in our patient populations. However, we 
have encountered asymptomatic patients who had positive SARS-CoV-2 
antibody tests, either because they requested this test, were tested by 
outside providers, or were tested as part of unrelated research studies. 
These incidentally discovered asymptomatic cases were included in the 
analyses. However, it was not the aim of our study to comprehensively 
assess rate of asymptomatic infection, and our numbers almost certainly 
reflect an undercount of asymptomatic cases. 

The crude death rate in our study, 0.87%, is among the lowest re-
ported for MS cohorts (Chaudhry, Bulka et al., 2020; Hughes, Whitley 
et al., 2020; Loonstra, Hoitsma et al., 2020; Louapre, Collongues et al., 
2020; Möhn, Konen et al., 2020; Parrotta, Kister et al., 2020; Sahraian, 
Azimi et al., 2020; Alonso, Silva et al., 2021; Arrambide, Llaneza--
González et al., 2021; Bsteh, Assar et al., 2021; Esmaeili, Abbasi et al., 
2021; Moghadasi, Mirmosayyeb et al., 2021; Pérez, Zhang et al., 2021; 
Prosperini, Tortorella et al., 2021; Reder, Centonze et al., 2021; Salter, 
Fox et al., 2021; Sepúlveda, Llufriu et al., 2021; Sharifian-Dorche, 
Sahraian et al., 2021; Sormani, De Rossi et al., 2021; Spelman, Forsberg 
et al., 2021). This may be due to the fact that we excluded untreated 
patients, who tend to be older, more disabled, and to have a higher 
number of comorbidities and more frequently developed severe disease 

(Möhn, Konen et al., 2020; Naghavi, Kavosh et al., 2021; Simpson-Yap, 
De Brouwer et al., 2021). Another possible reason may be related to 
anti-CD20 dosing adjustments implemented in our clinic at the onset of 
the pandemic. Due to concern for increased severity of COVID-19 with 
anti-CD20 therapies at the start of the pandemic, we delayed infusions in 
stable patients, sometimes extending the interval between doses by up to 
a year or, on occasion, even longer. As time from infusion may be an 
independent predictor of COVID-19 severity (Langer-Gould, Smith et al., 
2021), it is possible that the practice of delaying infusions may have led 
to better outcomes in patients on anti-CD20 therapies in our clinic than 
would be expected with the standard 6-month dosing intervals. 

Improvement in COVID-19 management over the course of this study 
such as introduction of monoclonal antibodies to reduce hospitalization 
and use of dexamethasone in hospitalized patients, may also account for 
lower severity and fatality rates (Pérez, Zhang et al., 2021; Rm, Em et al., 
2021). In addition, increased accessibility to testing led to improved 
detection of mild cases, which was not possible during the early phase of 
pandemic. An estimated 78% of cases in the United States were un-
documented in 2020, so non-hospitalized cases were mostly undetected 
(Sen, Yamana et al., 2021). Finally, three vaccinations for COVID-19 
received emergency use authorization (EUA) during the latter half of 
this study period (US Food & Drug Administration (FDA); US Food & 
Drug Administration (FDA); US Food & Drug Administration (FDA)), 
and patients on anti-CD20 therapies in particular were encouraged to 
vaccinate early. Of the 39 SARS-CoV-2 infections occurring between 
January 2021 (when SARS-CoV-2 vaccines started to become available 
to select patients) to May 2021 (end of our study period), a total of only 
10 individuals reached fully-vaccinated status (defined as 2 weeks after 
completion of primary vaccine series), and only 3 of these individuals 
had breakthrough infections after becoming fully vaccinated. Given 
these small numbers, it is difficult to draw conclusions as to whether 
vaccination may have preferentially protected patients on some DMTs 
more than others. It is unlikely that vaccination had impacted our an-
alyses, as patients who were infected with SARS CoV-2 were over-
whelmingly infected during pre-vaccination period or did not reach 
fully-vaccinated status during this early phase of vaccination period. 

Among limitations of our study is a relatively small sample size, 
which may have precluded detection of statistically significant differ-
ences for severe outcomes on anti-CD20 agents and other DMTs (type 2 
errors). We would need a sample size of 1,141 per each DMT group to 
detect an increase in likelihood of death from 2% to 4%, with an α of 
0.05, a β of 0.2 and a power of 0.8 (Korsukewitz, Reddel et al., 2020). 
Ultimately, relatively low fatality and hospitalization rates across all 
DMTs in our study is reassuring. Another limitation was the lack of ac-
cess to gold standard PCR SARS-CoV-2 testing in the early phases of the 
pandemic, which we sought to mitigate by assessing SARS CoV-2 anti-
body titers in patients with a history of possible infection. Another 
limitation is possibility of missing an infection if it occurred after last 
clinic visit or contact with the NYU MSCCC; we sought to decrease this 
possibility by encouraging all patients to report infections to us as soon 
as possible. 

We also examined other patient characteristics as risk factors for 
SARS-CoV-2 infection or severe disease. Hispanic ethnicity and younger 
age were predictors of infection in our study, which may be a reflection 
of the difficulty with which younger and Hispanic patients, many of 
whom may be ‘essential workers,’ live in more crowded conditions, and 
were unable to socially isolate to limit their exposure to the SARS-CoV-2 
virus compared to older and more resource-rich patients. Hispanic 
ethnicity was also a risk factor for SARS-CoV-2 infection and compli-
cations in other studies from our area (Thompson, Baumgartner et al., 
2020; Jin, Nesbitt et al., 2021) and in the United States (Magesh, John 
et al., 2021). Older age, obesity, and worse ambulation status are known 
risk factor for severe disease, and these findings were generally reflected 
in our sample as well (Chaudhry, Bulka et al., 2020; Louapre, Collongues 
et al., 2020; Etemadifar, Nouri et al., 2021; Pérez, Zhang et al., 2021; 
Salter, Fox et al., 2021). Some risk factors for COVID-19 severity such as 

Table 3 
Hospitalization and/or death due to COVID-19 Cases Demographics by Disease 
Modifying Therapy.    

FUM1 S1P NTZ OCR RTX 

Total2  3/39 2/43 1/ 
36 

4/77 5/35 

Age 
(yrs, 
mean ± 
SD) 
(range)  

46.7 ±
12.7 
(32- 
54) 

61.5 ±
0.7 
(61, 
62) 

60.0 43.5 ±
12.6 
(31-60) 

40.0 ±
12.4 
(23-55) 

Race/ 
Ethnicity 
(n) 

White 1 0 0 0 3  

Black 2 1 1 1 1  
Other 0 0 0 0 1  
Hispanic 0 1 0 3 0 

Tx Duration 
(yrs, 
mean ± 
SD)  

3.7 ±
3.2 

4.0 ±
2.8 

12.0 3.0 ±
2.7 

5.2 ±
2.3 

Co- 
morbidity 
(n)3  

1 2 1 2 1 

BMI ≥30 (n)  2 2 1 2 2 
Assistive 

Device (n) 
Fully 
Ambulatory 

2 0 1 2 2  

Impaired 0 0 0 0 0  
Cane 0 0 0 0 1  
Walker 1 1 0 2 0  
Non- 
ambulatory4 

0 1 0 0 2 

Public 
Insurance 
(n)  

1 2 0 0 4 

Legend: 
1 Reference group. 
2 Total hospitalizations and deaths/total COVID-19 cases. 
3 Percentage of patients with any COVID-19-relevant co-morbidity: Cancer, 

Cardiovascular disease; Cerebrovascular disease; Chronic kidney disease; 
Chronic liver disease; Chronic lung disease; Diabetes; Hypertension. 

4 Non-ambulatory specifies patients who are in wheelchairs or bedbound. 
FUM: dimethyl fumarate, diroximel fumarate; S1P: fingolimod, siponimod; 

NTZ: natalizumab; OCR: ocrelizumab; RTX: rituximab. 
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presence of certain comorbidities and insurance status (as a proxy for 
socio-economic status) (Guan, Liang et al., 2020; Oh, Choi et al., 2021) 
were not observed in our study, likely due to a limited sample size and a 
relatively young population. Due to lack of resources, we limited 
in-depth chart review for relevant comorbidities to the 230 ‘numerator 
cases’ and did not collect these data on all 1,439 ‘denominator’ patients 
in our practice. 

In conclusion, our single-center analysis of SARS-CoV-2 infection and 
severe disease in MS patients, does not suggest that any DMT increases 
the risk of infection. We did observe an association between severe 
infection and rituximab in some of our analyses. We did not observe 
increased risk of COVID-19 complications with ocrelizumab, which may 
be due to differences in the extent of B-cell depletion under different 
therapies, or due to duration of therapy, or other factors. Given the fact 
that anti-CD20 therapies have been identified as a risk factor for worse 
outcomes in other studies (Möhn, Konen et al., 2020; Safavi, Nour-
bakhsh et al., 2020; Sahraian, Azimi et al., 2020; Esmaeili, Abbasi et al., 
2021; Fragoso, Schiavetti et al., 2021; Langer-Gould, Smith et al., 2021; 
Naghavi, Kavosh et al., 2021; Pérez, Zhang et al., 2021; Reder, Centonze 
et al., 2021; Salter, Fox et al., 2021; Simpson-Yap, De Brouwer et al., 
2021; Sormani, De Rossi et al., 2021; Spelman, Forsberg et al., 2021; 
Sormani, Schiavetti et al., 2022), it is prudent to recommend extra 
precautions in B-cell depleted individuals, including booster vaccina-
tions as recommended by federal health authorities, maintaining 
work-from-home conditions when feasible during times of local surges 
in COVID-19 cases, as well as extending dosing intervals between in-
fusions or switch to non-anti-CD20 DMTs. 
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Rodríguez, C.C., Lazaro, L.G., Menichini, M.L., Piedrabuena, R., Escobar, G.O., 
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Llansó, L., Escudero, D., Aldea, M., Prats, C., Graus, F., Blanco, Y., Saiz, A., 2021. 
Incidence and Impact of COVID-19 in MS. A Survey From a Barcelona MS Unit 8 (2), 
e954. 

Sharifian-Dorche, M., Sahraian, M.A., Fadda, G., Osherov, M., Sharifian-Dorche, A., 
Karaminia, M., Saveriano, A.W., Piana, R.La, Antel, J.P., Giacomini, P.S., 2021. 
COVID-19 and disease-modifying therapies in patients with demyelinating diseases 
of the central nervous system: A systematic review. Mult Scler Relat Disord 50, 
102800. 

Simpson-Yap, S., De Brouwer, E., Kalincik, T., Rijke, N., Hillert, J.A., Walton, C., 
Edan, G., Moreau, Y., Spelman, T., Geys, L., Parciak, T., Gautrais, C., Lazovski, N., 
Pirmani, A., Ardeshirdavanai, A., Forsberg, L., Glaser, A., McBurney, R., Schmidt, H., 
Bergmann, A.B., Braune, S., Stahmann, A., Middleton, R., Salter, A., Fox, R.J., van 
der Walt, A., Butzkueven, H., Alroughani, R., Ozakbas, S., Rojas, J.I., van der Mei, I., 
Nag, N., Ivanov, R., Sciascia do Olival, G., Dias, A.E., Magyari, M., Brum, D., 
Mendes, M.F., Alonso, R.N., Nicholas, R.S., Bauer, J., Chertcoff, A.S., Zabalza, A., 
Arrambide, G., Fidao, A., Comi, G., Peeters, L., 2021. Associations of Disease- 
Modifying Therapies With COVID-19 Severity in Multiple Sclerosis. Neurology 97 
(19), e1870–e1885. 

Sormani, M.P., et al., 2021. SARS-CoV-2 serology after COVID-19 in multiple sclerosis: 
An international cohort study. Multiple Sclerosis Journal 0 (0). https://doi.org/ 
10.1177/13524585211035318. 

Sormani, M.P., De Rossi, N., Schiavetti, I., Carmisciano, L., Cordioli, C., Moiola, L., 
Radaelli, M., Immovilli, P., Capobianco, M., Trojano, M., Zaratin, P., Tedeschi, G., 
Comi, G., Battaglia, M.A., Patti, F., Salvetti, M., 2021. Disease-Modifying Therapies 
and Coronavirus Disease 2019 Severity in Multiple Sclerosis. Ann Neurol 89 (4), 
780–789. 

Sormani, M.P., Schiavetti, I., Carmisciano, L., Cordioli, C., Filippi, M., Radaelli, M., 
Immovilli, P., Capobianco, M., De Rossi, N., Brichetto, G., Cocco, E., Scandellari, C., 
Cavalla, P., Pesci, I., Zito, A., Confalonieri, P., Marfia, G.A., Perini, P., Inglese, M., 
Trojano, M., Brescia Morra, V., Tedeschi, G., Comi, G., Battaglia, M.A., Patti, F., 
Salvetti, M., 2022. COVID-19 Severity in Multiple Sclerosis. Putting Data Into 
Context 9 (1), e1105. 

Spelman, T., Forsberg, L., McKay, K., Glaser, A., Hillert, J., 2021. Increased rate of 
hospitalisation for COVID-19 among rituximab-treated multiple sclerosis patients: A 
study of the Swedish multiple sclerosis registry. Multiple Sclerosis Journal 0 (0), 
13524585211026272. 

Tallantyre, E.C., Whittam, D.H., Jolles, S., Paling, D., Constantinesecu, C., Robertson, N. 
P., Jacob, A., 2018. Secondary antibody deficiency: a complication of anti-CD20 
therapy for neuroinflammation. Journal of Neurology 265 (5), 1115–1122. 

Thompson, C.N., Baumgartner, J., Pichardo, C., Toro, B., Li, L., Arciuolo, R., Chan, P.Y., 
Chen, J., Culp, G., Davidson, A., Devinney, K., Dorsinville, A., Eddy, M., English, M., 
Fireteanu, A.M., Graf, L., Geevarughese, A., Greene, S.K., Guerra, K., Huynh, M., 
Hwang, C., Iqbal, M., Jessup, J., Knorr, J., Lall, R., Latash, J., Lee, E., Lee, K., Li, W., 
Mathes, R., McGibbon, E., McIntosh, N., Montesano, M., Moore, M.S., Murray, K., 
Ngai, S., Paladini, M., Paneth-Pollak, R., Parton, H., Peterson, E., Pouchet, R., 
Ramachandran, J., Reilly, K., Sanderson Slutsker, J., Van Wye, G., Wahnich, A., 
Winters, A., Layton, M., Jones, L., Reddy, V., Fine, A., 2020. COVID-19 Outbreak - 
New York City, February 29-June 1, 2020. MMWR Morb Mortal Wkly Rep 69 (46), 
1725–1729. 

US Food & Drug Administration (FDA). (November 23, 2021). "Comirnaty and Pfizer- 
BioNTech COVID-19 Vaccine." Retrieved November 23, 2021, from https://www.fda 
.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/c 
omirnaty-and-pfizer-biontech-covid-19-vaccine. 

US Food & Drug Administration (FDA). (November 23, 2021). "Janssen COVID-19 
Vaccine." Retrieved November 23, 2021, from https://www.fda.gov/emergency-pre 
paredness-and-response/coronavirus-disease-2019-covid-19/janssen-covid-19-va 
ccine. 

US Food & Drug Administration (FDA). (November 19, 2021). "Moderna COVID-19 
Vaccine." November 23, 2021, from https://www.fda.gov/emergency-preparedness 
-and-response/coronavirus-disease-2019-covid-19/moderna-covid-19-vaccine. 

van Kempen, Z.L.E., Strijbis, E.M.M., Al, M.M.C.T., Steenhuis, M., Uitdehaag, B.M.J., 
Rispens, T., Killestein, J., 2021. SARS-CoV-2 Antibodies in Adult Patients With 
Multiple Sclerosis in the Amsterdam MS Cohort. JAMA Neurology 78 (7), 880–882. 

Vollmer, B., Vollmer, T., Corboy, J., Alvarez, E., 2020. Evaluation of Risk Factors in 
Developing Lymphopenia and Hypogammaglobulinemia in Anti-CD20 Treated 
Multiple Sclerosis Patients (5218). Neurology 94 (15 Supplement), 5218. 

Wallach, A.I., Picone, M.A., 2021. The presence of SARS-CoV2 antibodies in MS patients. 
Mult Scler Relat Disord 50, 102793. 

T.E. Smith et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0017
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0017
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0017
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0018
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0018
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0019
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0019
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0019
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0020
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0020
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0020
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0020
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0020
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0020
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0021
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0021
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0021
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0021
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0021
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0021
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0022
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0022
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0022
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0022
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0023
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0023
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0023
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0024
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0024
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0024
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0024
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0025
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0025
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0025
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0026
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0026
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0026
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0027
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0027
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0027
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0027
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0028
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0028
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0028
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0029
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0029
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0029
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0029
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0029
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0030
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0030
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0030
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0030
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0031
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0031
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0031
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0031
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0032
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0032
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0032
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0033
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0033
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0033
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0033
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0034
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0034
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0034
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0036
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0036
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0036
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0037
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0037
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0037
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0038
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0038
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0038
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0038
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0039
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0039
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0039
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0040
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0040
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0040
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0040
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0040
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0040
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0041
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0041
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0041
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0041
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0041
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0042
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0042
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0042
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0042
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0042
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0044
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0044
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0044
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0044
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0044
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0044
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0044
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0044
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0044
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0044
https://doi.org/10.1177/13524585211035318
https://doi.org/10.1177/13524585211035318
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0045
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0045
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0045
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0045
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0045
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0046
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0046
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0046
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0046
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0046
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0046
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0048
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0048
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0048
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0048
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0049
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0049
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0049
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0050
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0050
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0050
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0050
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0050
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0050
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0050
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0050
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0050
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0050
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/comirnaty-and-pfizer-biontech-covid-19-vaccine
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/comirnaty-and-pfizer-biontech-covid-19-vaccine
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/comirnaty-and-pfizer-biontech-covid-19-vaccine
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/janssen-covid-19-vaccine
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/janssen-covid-19-vaccine
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/janssen-covid-19-vaccine
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/moderna-covid-19-vaccine
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/moderna-covid-19-vaccine
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0054
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0054
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0054
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0055
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0055
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0055
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0056
http://refhub.elsevier.com/S2211-0348(22)00250-4/sbref0056

	Risk of COVID-19 infection and severe disease in MS patients on different disease-modifying therapies
	1 Introduction
	2 Methods
	3 Data Availability
	4 Results
	5 Discussion
	Funding
	Acknowledgements
	References


