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Abstract

Objective: To estimate risks for all-cause mortality and for severe COVID-19

in multiple sclerosis patients and across relapsing–remitting multiple sclerosis

patients exposed to disease-modifying therapies. Methods: We conducted a

Swedish nationwide population-based multi-register linkage cohort study and

followed all multiple sclerosis patients (n = 17,692 in March 2020), individually

age-, sex-, and region-matched to five population-based controls (n = 86,176 in

March 2020) during March 2020–June 2021. We compared annual all-cause

mortality within and across cohorts, and assessed incidence rates and relative

risks for hospitalization, intensive care admission, and death due to COVID-19

in relation to disease-modifying therapy use, using Cox regression. Results:

Absolute all-cause mortality among multiple sclerosis patients was higher from

March to December 2020 than in previous years, but relative risks versus the

population-based controls were similar to preceding years. Incidence rates of

hospitalization, intensive care admission, and death due to COVID-19 remained

in line with those for all-cause hospitalization, intensive care admission, and

mortality. Among relapsing–remitting patients on rituximab, trends for differ-

ences in risk of hospitalization due to COVID-19 remained in the

demographics-, socioeconomic status-, comorbidity-, and multiple sclerosis

severity-adjusted model. Interpretation: Risks of severe COVID-19-related out-

comes were increased among multiple sclerosis patients as a whole compared to

population controls, but risk increases were also seen for non-COVID-19 hospi-

talization, intensive care admission, and mortality, and did not significantly dif-

fer during the pandemic compared to pre-pandemic years. The risk conveyed

by disease-modifying therapies was smaller than previously assumed, likely as a

consequence of the possibility to better control for confounders.

Introduction

The onset of the SARS-CoV-2 pandemic immediately

raised concerns regarding its possible impact on

individuals with multiple sclerosis (MS), who have higher

morbidity and mortality than the general population.1 In

addition, prior research had identified an increased risk

for infection associated with certain MS disease-
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modifying treatments (DMTs), likely attributable to their

immunomodulatory effects.2,3

For these reasons, major efforts were initiated in early

2020 to rapidly increase our understanding of how SARS-

CoV-2 affects MS patients and to identify risk factors for

adverse outcomes with COVID-19. Initially, this was

based on experiences from local cohorts and case series.4–

6 Subsequently, several national and multinational collab-

orations were launched. Hence, a French MS cohort

study, showed that age, disability level, and obesity were

independent risk factors for severe COVID-19.7 Similarly,

a US cohort study, reported that ambulatory disability

and older age were independent risk factors for worse

COVID-19, with additional risk factors comprising Black

race, cardiovascular comorbidity, and recent treatment

with corticosteroids.4 While the French study did not

reveal any significant association between DMT exposure

and COVID-19 severity, such associations have been

suggested in an Italian registry-based study, where a com-

posite measure of severe COVID-19 (pneumonia, hospi-

talization, intensive care (ICU), and mortality) was

increased two-fold in MS patients on B cell-depleting

DMTs compared to other therapies.8 This was also cor-

roborated in the US study, where exposure to rituximab

or ocrelizumab increased the risk of hospitalization 4.5

and 1.63-fold, respectively.4 Finally, more recent data

from the international MS registry collaborative group,

suggest that B cell-depleting DMTs are associated with an

approximately two-fold increased risk of hospitalization

and ICU admission compared to MS patients on other

types of DMTs.9

While these efforts have provided valuable preliminary

evidence, the validity, interpretation, and comparability of

results might suffer from the selection of more severe

cases and inadequate adjustment for confounding factors.

In addition, to date, studies comparing COVID-19 out-

comes in relation to population-based controls and to

pre-pandemic time periods are rare.

The objectives of this study were to: (1) Determine the

mortality rate among patients with MS in relation to

population-based controls during the pandemic and pre-

pandemic period, (2) Assess incidence rates (IRs) and rel-

ative risks of COVID-19-related outcomes among patients

with MS compared to the population-based controls, and

(3) Address the relation between use of rituximab com-

pared to specific DMTs and COVID-19 outcomes in

unselected RRMS patients. To this end we linked data

from the Swedish MS registry to a series of demographic

and health care registries with virtually complete coverage,

also allowing for matching to population-based MS-free

individuals.

Methods

Setting

Communal spread of SARS-CoV-2 was declared by the

Public Health Agency of Sweden in March 2020, however,

unlike most other countries, no strict lockdown was insti-

tuted. By September 2020, the pandemic had resulted in

10,000 deaths10; one of the higher mortality rates at the

time.11 During March 2020 to June 2021 three pandemic

waves were identified in Sweden, the first from March 1,

2020, to September 30, 2020, and the second and third

one lasting from October 1, 2020, to June 30, 2021.

Non-legally binding general recommendations included

working from home and social distancing but did not

(until December 2020) include the use of face masks in

crowded areas. In May 2020, the Public Health Agency of

Sweden announced recommendations to exert special

caution, including social distancing, for persons with neu-

rological disabilities, however, no specific recommenda-

tions for persons with MS were issued. Due to emerging

concerns about COVID-19 risks associated with immuno-

suppressive therapies, treated individuals were recom-

mended longer intervals between infusions, and were

prioritized for SARS-CoV-2 vaccinations starting from

April 2021, 1–2 months before the same age strata of the

general population. As of June 30, 2021, 38% of the pop-

ulation aged 12 years and older was vaccinated with at

least two doses, and 59% with one dose, using COVID-19

vaccines Moderna, Novavax, Oxford/AstraZeneca, or Pfi-

zer/BioNTechy.12,13

Study population

Through the unique personal identification numbers

assigned to all Swedish residents, we cross-linked the Swed-

ish MS registry to the following demographic and health

registries; Population,14 Migration,14 Cause of Death,15

Patient,16 Cancer,17 Prescribed Drug,18 Intensive Care,19 as

well as the Longitudinal database for insurance and labor

market studies.20 We used data from the Swedish MS reg-

istry21 to identify an open cohort of individuals, all preva-

lent MS patients from March 2015 to June 2021 (among

these, n = 17,692 were alive and registered on March 1,

2020). Each individual was matched on year of birth, sex,

and region of domicile, to five randomly selected popula-

tion controls (n = 86,176 on March 1, 2020) from the

Swedish Population Register, required to be alive and free

from MS at the time their index individual was diagnosed

with MS. A separate sub-cohort of patients with relapsing–
remitting MS (RRMS; n = 8,232) was created based on
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information on disease course and treatment status as of

March 1, 2020, stratified into the following groups:

dimethyl fumarate (n = 1,060), fingolimod (n = 657),

injectables (n = 941, of which 69% interferon beta and

31% glatiramer acetate), natalizumab (n = 949), rituximab

(n = 4,312), and teriflunomide treatment (n = 312). Con-

sisting with national guidelines recommending treatment

for MS patients with active disease,22 only about 3% of

RRMS patients have no recorded DMT in the MS Registry

(including patients with missing therapy data). Because 4%

of RRMS patients changed DMT between March 2020 and

June 2021, we recreated DMT cohorts defined by the treat-

ment status on October 1, 2020, and identified 8,429 indi-

viduals on active treatment with dimethyl fumarate

(n = 1073), fingolimod (n = 631), injectables (n = 923, of

which 69% interferon beta and 31% glatiramer acetate),

natalizumab (n = 1,036), rituximab (n = 4,447), or teriflu-

nomide treatment (n = 319).

The study was approved by the Swedish Ethical Review

Authority (2021–02384).

Outcomes

We defined the following six outcomes; death from any

cause (based on death certificates), death from COVID-19

(based on main and contributory causes of death

recorded on death certificates), hospitalization for any

cause and due to COVID-19 (primary and secondary

International Classification of Disease codes in the Patient

Register), and ICU admission for any cause and due to

COVID-19 (the Intensive Care Register).

Covariates

The register linkage provided data on age, sex, region of

domicile, and characteristics of the MS patients including

MS severity scores (Expanded Disability Status Scale,23

EDSS, Symbol Digit Modalities Test,24 SDMT, the physi-

cal component of the MS Impact Scale,25 MSIS-29) dis-

ease duration, DMT use, and the prevalence of specific

comorbid conditions (including the history of hospitaliza-

tions), educational level, country of birth, and civil status

at cohort entry (Table 1 and eTable 1 for definitions). All

covariates were updated over time to reflect the status at

the start of follow-up, in each analysis. No imputation of

missing data was performed.

Statistical analysis

To assess changes in absolute all-cause mortality from

March to December 2020 compared to previous years, we

defined annual cohorts (2015 to 2019) of all prevalent

individuals with MS, and of their matched population

comparator subjects, who were followed from March 1 to

December 31 each year, censored at emigration or death.

For each cohort (MS and controls), we calculated monthly

crude mortality rates and the corresponding averages for

2015 to 2019. We used Cox regression to estimate crude

and adjusted relative risks (expressed as hazard ratios,

HRs) comparing individuals with MS to the population-

based controls from March to December of each year 2015

through 2020 (Tables 2-3 and eTable 1 for details). To test

if the relative mortality rate was higher in 2020 than dur-

ing 2015–2019 we applied an interaction term between

indicator variables for year 2020, and for MS patients.

For each defined cohort, we next extended the follow-

up until June 30, 2021, and calculated crude IRs per

100,000 person-years and relative risks for hospitalization,

ICU admission, and death due to COVID-19, during

March 1, 2020, to June 30, 2021. We calculated relative

risks via unadjusted and adjusted Cox models as

described above. We also applied an additional model

further adjusted for MS severity, disease duration, and

number of previous DMTs. We used time since first pan-

demic wave (March 1, 2020) as the underlying time-scale

in all models and re-started the time scale at beginning of

the second pandemic wave (October 1, 2020) using a

robust sandwich estimator to account for multiple data

contribution from the study participants. To contextualize

the COVID-19-related outcomes, we also assessed all-

cause hospitalization, ICU admission, and death.

To investigate the association between DMTs and each of

the outcomes we compared patients exposed to rituximab to

dimethyl fumarate, fingolimod, injectables, natalizumab, and

teriflunomide separately, and fitted Cox regressions, progres-

sively adjusted for age (modeled with third-degree polyno-

mial), sex, region of domicile, comorbidity, healthcare

resource utilization, socioeconomic status, MS severity,

disease duration, and number of previous DMTs.

To investigate the potential impact of cumulative ritux-

imab doses, we stratified the rituximab cohort by number

of rituximab doses received before March 1, 2020 (≤2
and ≥3). To investigate the potential impact of time since

preceding dose of rituximab we stratified the rituximab

cohort by time since preceding dose at the start of pan-

demic wave (<8 months and ≥8 months).

All analyses were made with Stata V.16.1 and SAS V.9.4.

Results

All-cause mortality in MS patients and their
matched population-based controls
compared to preceding years

We identified 17,692 MS patients alive and residing in

Sweden on March 1, 2020 (Table 1, and by MS course in
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eTables 2–4), and by December 30, 2020 (14,686 person-

years), 180 (1.0%) of these patients had died. Figure 1

depicts the monthly mortality rate in the MS cohort, by

clinical subtype, and in the population-based controls

during 2020 and the average mortality rate from 2015 to

2019. In all cohorts, the mortality during 2020 was higher

than during previous years, except for primary progressive

MS (PPMS) during August–October, and secondary pro-

gressive MS (SPMS) during July–August. There were also

elevated unadjusted and adjusted annual HRs of all-cause

mortality in the MS cohort as a whole in each examined

year (Table 2). Notably, however, an elevated risk was

only evident in the progressive forms of MS, but not

RRMS. In addition, the HR for 2020 did not deviate sub-

stantially from the corresponding HRs 2015 through

2019. Adjusting for comorbid conditions and socioeco-

nomic status, reduced the HR in all categories, and PPMS

no longer appeared to be associated with increased mor-

tality relative to the population-based controls.

COVID-19-related and other hospitalization,
ICU admission, and mortality among MS
patients and population-based controls
during the pandemic waves

We followed the cohort of 17,692 MS patients from

March 1, 2020, to June 30, 2021, for a total of 23,329

person-years. Among all individuals with MS, IR of death

per 100,000 person-years from COVID-19 was 0.38 (95%

CIs 0.27–0.53) vs 0.15 (95% CIs 0.11–0.19) in controls,

3.97 (95% CIs 3.57–4.42) vs 1.36 (95% CIs 1.26–1.48) for
hospitalization with COVID-19, and 0.47 (0.34–0.64) vs

0.16 (95% CIs 0.12–0.20) for ICU admission due to

COVID-19 (Table 3). This could be contrasted to an IR

Table 1. Characteristics of MS patients in Sweden and their age-, sex-, and region- matched population-based controls as of March 1, 2015,

March 1, 2019, and March 1, 2020.

2015–2019* 2020

MS

Population-based

controls MS

Population-based

controls

N 91,478 450,376 17,692 86,176

Demographics

Age, median (IQR) 48 (37–60) 48 (37–59) 51 (40–62) 50 (39–61)

Female 70% 70% 70% 70%

MS duration years, median (IQR) 8.0 (2.0–16.0) n/a 11.0 (5.0–19.0) n/a

Comorbidities

Cancer 2% 2% 3% 2%

Diabetes 5% 5% 6% 6%

Heart failure 1% 0% 1% 1%

Ischemic heart disease 1% 1% 2% 1%

Infection 5% 1% 5% 1%

Lung disease 4% 3% 4% 3%

Kidney failure 1% 1% 1% 1%

Stroke 2% 1% 2% 1%

Venous thromboembolism 0.5% 0.3% 0.6% 0.4%

Highest education level

Elementary 3% 4% 3% 4%

High school 56% 54% 54% 53%

University 41% 42% 43% 44%

Civil status

Married 45% 45% 46% 46%

Single 55% 55% 54% 54%

Country of birth

Sweden 88% 83% 88% 83%

Europe 7% 8% 7% 8%

Outside Europe 5% 9% 5% 9%

Hospital days

Previous year, median (IQR) 7 (3–17) 5 (2–13) 8 (3–14) 5 (2–13)

Previous 10 years, median (IQR) 8 (3–25) 4 (2–10) 8 (3–25) 4 (2–10)

IQR, interquartile range; MS, multiple sclerosis; n/a, not applicable.

*Including all prevalent MS patients and population-based controls for each year.
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of death from any cause of 3.34 (95% CIs 2.97–3.75) vs

1.31 (95% CIs 1.20–1.43) in controls, for hospitalization

for any cause of 46.3 (95% CIs 44.8–47.8) vs 23.7 (95%

CIs 23.3–24.2), for ICU admission for any cause of 2.11

(95% CIs 1.82–2.44) vs 0.93 (95% CIs 0.84–1.03;
Table 3).

Relative risks for each of the studied outcomes were all

elevated in the MS cohort with somewhat higher unad-

justed HRs for the COVID-19-specific outcomes than

those due to any cause (Table 3). However, adjustment

for comorbidity and socioeconomic status lowered the

associations between MS and all outcomes.

COVID-19-related and other hospitalization,
ICU admission, and mortality in relation to
DMTs among RRMS patients

For this analysis, we followed RRMS patients exposed to

dimethyl fumarate, fingolimod, injectables, natalizumab,

rituximab, or teriflunomide from March 1, 2020, until

September 30, 2020 (n = 8,232), and from October 1,

2020, until June 30, 2021 (n = 8,429) for a total of

17,206 person-years (patient characteristics in eTables 5–
6).

Using dimethyl fumarate as reference, the largest DMT

group outside rituximab (see Table 4 for crude IRs and

HRs), there was a higher risk of hospitalization (any

cause and COVID-19 specifically) associated with rituxi-

mab, but it decreased in magnitude and was not statisti-

cally significant after adjustment for comorbidity,

socioeconomic status, and MS severity. Similarly, using

fingolimod, natalizumab, or teriflunomide as reference,

use of rituximab was associated with a higher risk of hos-

pitalization (any cause and COVID-19 specifically) which

decreased in magnitude after adjustment for comorbidity,

socioeconomic status, and MS severity. In contrast, when

comparing rituximab use to injectables, the risk of hospi-

talization (any cause) increased after adjusting for MS

Table 2. All-cause mortality March–December each year 2015 through 2020 among MS patients compared with their general population-based

controls through HRs from Cox regression.

HR (95% CI)

Year

N of deaths in

the MS cohort Model 1 Model 2

P for interaction 2020

versus 2015–2019

MS 2015 120 2.30 (1.85, 2.86) 1.41 (1.13, 1.77)

2016 121 2.00 (1.62, 2.47) 1.20 (0.97, 1.50)

2017 143 2.53 (2.07, 3.10) 1.50 (1.21, 1.85)

2018 139 2.22 (1.82, 2.71) 1.31 (1.06, 1.62)

2019 156 2.46 (2.03, 2.98) 1.49 (1.22, 1.81)

2020 182 2.56 (2.13, 3.06) 1.52 (1.25, 1.84) 0.432

RRMS 2015 10 0.63 (0.33, 1.22) 0.54 (0.28, 1.04)

2016 17 1.01 (0.60, 1.70) 0.86 (0.51, 1.45)

2017 24 1.36 (0.86, 2.13) 1.16 (0.73, 1.85)

2018 24 1.31 (0.84, 2.05) 1.16 (0.73, 1.84)

2019 14 0.69 (0.39, 1.20) 0.59 (0.34, 1.04)

2020 30 1.30 (0.87, 1.95) 1.04 (0.69, 1.57) 0.409

PPMS 2015 27 2.76 (1.70, 4.46) 1.55 (0.94, 2.57)

2016 26 1.73 (1.09, 2.72) 0.98 (0.61, 1.56)

2017 38 3.75 (2.45, 5.72) 2.01 (1.31, 3.10)

2018 31 2.52 (1.63, 3.89) 1.30 (0.83, 2.04)

2019 33 2.70 (1.76, 4.15) 1.37 (0.87, 2.14)

2020 39 2.79 (1.88, 4.14) 1.47 (0.97, 2.24) 0.799

SPMS 2015 83 3.02 (2.29, 3.98) 1.58 (1.19, 2.09)

2016 78 2.60 (1.97, 3.43) 1.33 (0.99, 1.77)

2017 81 2.71 (2.06, 3.57) 1.38 (1.03, 1.84)

2018 84 2.51 (1.92, 3.27) 1.25 (0.95, 1.66)

2019 109 3.36 (2.63, 4.30) 1.73 (1.34, 2.24)

2020 113 3.16 (2.48, 4.02) 1.66 (1.29, 2.14) 0.430

Model 1: Adjusted for sex, age, region, and time from March 1 of each year.

Model 2: Further adjusted for country of birth, education, civil status, comorbidities, n of hospital days the previous year, n of hospital days previ-

ous 10 years.

CI, confidence interval; HR, hazard ratio; MS, multiple sclerosis; PPMS, primary progressive MS; RRMS, relapsing–remitting MS; SPMS, secondary

progressive MS.
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severity. We observed two deaths due to COVID-19, both

among patients treated with rituximab, and 14 deaths due

to any cause, among patients exposed to dimethyl fuma-

rate (n = 2), fingolimod (n = 1), natalizumab (n = 3),

and rituximab (n = 8; HRs not applicable due to low

number of events).

Exposure to a higher number of prior rituximab doses

(≤2 vs ≥3) was not associated with higher risks (eTables

7–8), nor was exposure to a shorter time (<8 months vs

≥8 months) between preceding rituximab infusion at pan-

demic wave start (eTables 9–10).

Discussion

We report hospitalization, ICU admission, and mortality

rates among MS patients compared with matched

Table 3. Incidence rates and relative risks for COVID-19-related events and other outcomes in MS patients, compared with matched population-

based controls, March 1, 2020, through June 30, 2021.

Cohort Outcome Events, n IR per 100,000 person-years (95% CI)

HR (95% CI)

Model 1 Model 2

MS Death, any 284 3.34 (2.97–3.75) 2.55 (2.21, 2.94) 1.53 (1.31, 1.79)

Death, COVID-19 32 0.38 (0.27–0.53) 2.56 (1.67, 3.92) 1.88 (1.18, 3.02)

Hospitalization, any 3,720 46.3 (44.8–47.8) 1.95 (1.88, 2.02) 1.40 (1.34, 1.46)

Hospitalization, COVID-19 336 3.97 (3.57–4.42) 2.91 (2.54, 3.33) 2.36 (2.04, 2.72)

ICU admission, any 179 2.11 (1.82–2.44) 2.26 (1.89, 2.70) 1.48 (1.22, 1.80)

ICU admission, COVID-19 40 0.47 (0.34–0.64) 3.00 (2.02, 4.45) 2.92 (1.94, 4.40)

Controls Death, any 544 1.31 (1.20–1.43) Ref. Ref.

Death, COVID-19 61 0.15 (0.11–0.19) Ref. Ref.

Hospitalization, any 9,560 23.7 (23.3–24.2) Ref. Ref.

Hospitalization, COVID-19 565 1.36 (1.26–1.48) Ref. Ref.

ICU admission, any 387 0.93 (0.84–2.11) Ref. Ref.

ICU admission, COVID-19 65 0.16 (0.12–0.20) Ref. Ref.

Model 1: Adjusted for age, sex, region, and time from start of each pandemic wave.

Model 2: Further adjusted for country of birth, education, civil status, comorbidities, n of hospital days the previous year, n of hospital days previ-

ous 10 years.

CI, confidence interval; HR, hazard ratio; IR, incidence rate; MS, multiple sclerosis.

Figure 1. All-cause mortality of MS patients in Sweden, and among individually matched population-based controls, during March 1, 2020, until

December 31, 2020, compared with the corresponding average mortality during the same seasons 2015 through 2019. MS, multiple sclerosis;

PPMS, primary progressive MS; RRMS, relapsing–remitting MS; SPMS, secondary progressive MS.
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controls in a nationwide study set during the COVID-19

pandemic. Importantly, we also had the opportunity to

compare the rates recorded during the pandemic with

those of the preceding years. From March–December

2020, MS patients experienced approximately 50% higher

mortality from any cause compared to the population-

based controls. However, this increase was of a similar

magnitude in the years preceding the pandemic, and

could largely be explained by comorbidity and socioeco-

nomic factors. In absolute terms, the risks for patients

with MS compared to MS-free controls regarding adverse

COVID-19 outcomes translated into an additional 2.61

cases of hospitalization per 100,000 person-years, an addi-

tional 0.31 cases of ICU admission per 100,000 person-

years, and an additional 0.23 cases of death per 100,000

person-years. It is important to contextualize this in

terms of the generally increased risk for all-cause

hospitalization, ICU admission, and death evident

through all studied years.

Our observation that excess mortality during the pan-

demic was evident among patients with progressive dis-

ease alone, is in agreement with previous studies, with an

emerging picture that among MS patients, much of the

risk can be explained by age, disability status, comorbid-

ity, and socioeconomic status. These observations are rel-

evant for patient counseling because they suggest that for

a person with MS, general health status seemed more

important for COVID-19 risk than MS itself. This under-

scores the importance of optimizing the treatment of

comorbidity and promoting a healthy lifestyle among MS

patients.

Our findings regarding the impact of MS DMTs are in

line with previous reports suggesting a risk increase of

rituximab use for COVID-19 hospitalization in relation to

Table 4. Occurrence, incidence rates, and relative risks of COVID-19- and any cause-related hospitalizations and ICU admission in RRMS patients,

March 1, 2020, through June 30, 2021, according to DMT treatment status at the start of first (March 1, 2020, n = 8,232) and second pandemic

wave (October 1, 2020, n = 8,429).

DMT Outcome Events, n

IR per 100,000

person-years (95% CI)

Rituximab vs each DMT, HR (95% CI)

Model 1 Model 2 Model 3

Rituximab Hospitalization, any 688 33.8 (31.3–36.4)

Hospitalization, COVID-19 104 4.92 (4.06–5.97)

ICU admission, any 34 1.60 (1.14–2.24)

ICU admission, COVID-19 15 0.71 (0.43–1.17)

Dimethyl Hospitalization, any 122 24.3 (20.4–29.0) 1.40 (1.14, 1.73) 1.23 (1.00, 1.51) 1.24 (0.99, 1.56)

fumarate Hospitalization, COVID-19 13 2.52 (1.46–4.34) 1.98 (1.10, 3.56) 1.79 (0.98, 3.25) 1.48 (0.80, 2.74)

ICU admission, any 2 n/a n/a n/a n/a

ICU admission, COVID-19 1 n/a n/a n/a n/a

Fingolimod Hospitalization, any 60 19.8 (15.4–25.5) 1.71 (1.30, 2.25) 1.47 (1.11, 1.93) 1.40 (1.05, 1.89)

Hospitalization, COVID-19 6 1.93 (0.89–4.30) 2.71 (1.20, 6.15) 2.41 (1.05, 5.54) 2.11 (0.92, 4.81)

ICU admission, any 3 n/a n/a n/a n/a

ICU admission, COVID-19 0 n/a n/a n/a n/a

Injectables Hospitalization, any 96 21.9 (17.9–26.7) 1.66 (1.31, 2.11) 1.51 (1.20, 1.91) 2.04 (1.52, 2.75)

Hospitalization, COVID-19 3 n/a n/a n/a n/a

ICU admission, any 3 n/a n/a n/a n/a

ICU admission, COVID-19 0 n/a n/a n/a n/a

Natalizumab Hospitalization, any 95 20.1 (16.4–24.6) 1.65 (1.30, 2.09) 1.59 (1.26, 2.01) 1.49 (1.17, 1.90)

Hospitalization, COVID-19 7 1.45 (0.69–3.05) 3.16 (1.46, 6.83) 2.95 (1.37, 6.36) 2.73 (1.23, 6.05)

ICU admission, any 6 1.24 (0.56–2.77) 1.08 (0.44, 2.69) 1.17 (0.47, 2.88) 1.26 (0.47, 3.42)

ICU admission, COVID-19 3 n/a n/a n/a n/a

Teriflunomide Hospitalization, any 25 16.6 (11.2–24.6) 2.14 (1.42, 3.23) 1.86 (1.25, 2.78) 1.70 (1.13, 2.57)

Hospitalization, COVID-19 4 n/a n/a n/a n/a

ICU admission, any 2 n/a n/a n/a n/a

ICU admission, COVID-19 1 n/a n/a n/a n/a

Model 1: Adjusted for age, sex, region, and time from the start of each pandemic wave.

Model 2: Further adjusted for country of birth, education, civil status, comorbidities, n of hospital days the previous year, n of hospital days previ-

ous 10 years.

Model 3: Further adjusted for EDSS, SDMT, physical component of MSIS-29, MS duration, n previous DMTs.

CI, confidence interval; DMT, disease-modifying therapy; EDSS, Expanded Disability Status Scale; ICD, International Classification of Disease; IR,

incidence rate; HR, hazard ratio; MSIS, Multiple Sclerosis Impact Scale; MS, Multiple Sclerosis; n/a, not applicable due to low number of events

(<5); RRMS, relapsing–remitting MS; SDMT, Symbol Digit Modalities Test.
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other MS DMTs.9 In the present analysis, the risk

increased of hospitalization for any cause associated with

rituximab use were higher when using injectables as a ref-

erence, which would fit the perception that these DMTs

are a generally safer option. In contrast to existing data,9

however, the risk increase for adverse COVID-19 out-

comes among individuals on rituximab was modest. In

addition to lack of power due to low number of events,

the fact that numerical risk estimates were lowered in the

adjusted models suggest that incomplete adjustment for

confounders may explain part of the difference between

our results and the previous literature. Data relying on

spontaneous reporting is also prone to surveillance bias,

where individuals on high efficacy therapies requiring reg-

ular infusions may be followed more carefully than those

on oral or injectable DMTs. However, individuals treated

with rituximab displayed higher point estimates for the

risk of hospitalization (although not statistically signifi-

cant in the fully adjusted model using dimethyl fumarate

or fingolimod as reference), suggesting that B cell-

depletion is associated with some degree of risk increase.

It should be noted that the rituximab treatment protocol

for MS in Sweden26 involves lower doses than most other

published protocols and that the suggestion of extending

the interval between rituximab infusions during the pan-

demic might have further contributed to reducing possi-

ble risks associated with rituximab treatment. Further

studies will be needed to address a possible relation

between time since infusion of B cell-depleting therapies

and COVID-19 outcomes, as well as impact on vaccina-

tion responses.

This study has certain limitations. We assessed risks for

outcomes of known COVID-19 cases, but we could not

study risks for acquiring SARS-CoV-2 infection, nor a

potentially negative interaction between SARS-CoV-2

infection and recent steroid treatment. We were also

unable to test for a potentially negative interaction

between SARS-CoV-2 infection and degree of B-cell

depletion and lymphopenia among patients treated with

rituximab and fingolimod. Further, we adjusted for a

number of possible confounders but lacked information

on certain known COVID-19 risk factors such as body

mass index, hypertension, smoking, COVID-19 vaccina-

tion status, and immune response, and therefore cannot

rule out residual confounding. However, the vaccination

rate was low during the study period13 (which was domi-

nated by 2020, with no vaccinations), and will not have

had a major impact on the incidence rate of infection or

contrast across DMTs. Treatment status was as defined in

the Swedish MS registry at the beginning of each pan-

demic wave, and thus subject to misclassification by

patient- or physician-initiated changes in response to the

pandemic, though we note that there were few recorded

treatment switches during follow-up and that the

expected duration of treatment effects should cover most

of this time. Finally, due to the varying COVID-19 inci-

dence during the study period, some of the risk estimates

might have been diluted.

Our study also has strengths, including that it involved

virtually all MS patients and all DMT-treated patients

with RRMS nationwide, which could be observed years

prior to the start of the first to the end of the third wave.

Outcomes were determined independently of MS status,

allowing for estimation of both absolute and relative risks

compared to controls from the general population.

Conclusions

We found that the risk magnitude for adverse COVID-19

outcomes among MS patients in relation to MS-free con-

trols largely mirror those seen for all-cause hospitaliza-

tion, ICU admission, and mortality, with risk largely

being explained by confounders rather than the diagnosis

of MS per se. Differences in risk associated with the use

of rituximab compared to specific DMTs were smaller

than in previous studies, again likely explained by better

control of confounding factors. Taken together this infor-

mation is of value for conducting more precise benefit–
risk evaluations with different interventions in the context

of the COVID-19 pandemic. Follow-up studies are

needed to address the effect of Sars-CoV-2 vaccinations

among MS patients and in relation to different MS

DMTs.
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