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Background: Evidence regarding the efficacy or effectiveness of the disease-modifying
drugs (DMDs) in the older multiple sclerosis (MS) population is scarce. This has
contributed to a lack of evidence-based treatment recommendations for the ageing MS
population in practice guidelines. We examined the relationship between age (<55 and
≥55 years), DMD exposure and health service use in the MS population.

Methods: We conducted a population-based observational study using linked
administrative health data from British Columbia, Canada. We selected all persons with
MS and followed from the most recent of their first MS or demyelinating event, 18th

birthday or 01-January-1996 (index date) until the earliest of emigration, death or 31-
December-2017 (study end). We assessed DMD exposure status over time, initially as any
versus no DMD, then by generation (first or second) and finally by each individual DMD.
Age-specific analyses were conducted with all-cause hospitalizations and number of
physician visits assessed using proportional means model and negative binomial
regression with generalized estimating equations.

Results: We included 19,360 persons with MS (72% were women); 10,741/19,360
(56%) had ever reached their 55th birthday. Person-years of follow-up whilst aged <55
was 132,283, and 93,594 whilst aged ≥55. Any DMD, versus no DMD in the <55-year-
olds was associated with a 23% lower hazard of hospitalization (adjusted hazard ratio,
aHR0.77; 95%CI 0.72-0.82), but not in the ≥55-year-olds (aHR0.95; 95%CI 0.87-1.04).
Similar patterns were observed for the first and second generation DMDs. Exposure to
any (versus no) DMD was not associated with rates of physician visits in either age group
(<55 years: adjusted rate ratio, aRR1.02; 95%CI 1.00-1.04 and ≥55 years: aRR1.00; 95%
CI 0.96-1.03), but variation in aRR was observed across the individual DMDs.
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Conclusion: Our study showed beneficial effects of the DMDs used to treat MS on
hospitalizations for those aged <55 at the time of exposure. In contrast, for individuals ≥55
years of age exposed to a DMD, the hazard of hospitalization was not significantly
lowered. Our study contributes to the broader understanding of the potential benefits and
risks of DMD use in the ageing MS population.
Keywords: ageing, cohort studies, disease-modifying drugs, health services, hospitalization, multiple sclerosis,
physician services
INTRODUCTION

Multiple sclerosis (MS) is a chronic, immune-mediated disease
characterized by demyelination and neurodegeneration affecting
both brain and spinal cord. While most people will be diagnosed
with MS between the ages of 20-50 years, the average age range of
people living with MS in North America is between 55 and 65
years (1, 2). Despite this, people with MS aged 55 years or older
have often been excluded from clinical trials testing the efficacy
of disease-modifying drugs (DMDs) (1–4). While short-termMS
clinical trials showed limited benefits of taking DMD after age 53
years (5), and the potential for harm (e.g., higher neoplasm risk,
especially after age 45 years) (6), all based on meta-analyses, the
evidence regarding the long-term efficacy or effectiveness and
safety profile of DMDs in the older MS population is scarce (7,
8). This has contributed to a lack of treatment recommendations
for the ageing MS population in practice guidelines (3, 4).

Health administrative data which captures health care use
information offers opportunity to assess the real-world
effectiveness of the DMDs used to treat MS. This approach has
been successfully applied to examine the safety and effectiveness of
the DMDs in the general, or healthcare insured, MS population
(9–13).

In this study, we accessed population-based health
administrative data captured over a 22-year period in the
province of British Columbia, Canada, to examine the
relationship between age (<55 and ≥55 years), DMD exposure
and health service use in the MS population. We examined age as
a dynamic process for each person, by dividing the individual’s
time spent before and after reaching age 55 years.
MATERIALS AND METHODS

Data Sources
We conducted a population-based observational study using
linked administrative health data. These prospectively collected
data covered the population of British Columbia, comprising
4.64 million residents, and representing around 13% of the
Canadian population (14). The linked data comprised five
datasets: (i) the provincial health insurance registry (15)
providing demographic information for each individual,
including sex, date of birth, residency status and location
(three digit postal codes); (ii) vital statistics data (16) providing
the date of death; (iii and iv) physician billing (17) and discharge
abstract databases (18) capturing all physician visits and
org 2
hospitalizations, with reasons for the visit or admission coded
using the International Classification of Diseases (ICD)-9/10
system; and (v) the provincial prescription database
(PharmaNet) (19) capturing all prescription drugs dispensed at
outpatient and community pharmacies.

Study Population
We selected all persons with MS by using a validated algorithm
with the cases defined as having at least 3 MS diagnostic codes
(ICD-9/10 340/G35) in the hospital and/or physician data or an
MS DMD record in the prescription data, as outlined previously
(20–22). We assigned an index date to each person based on the
most recent date of: the first MS or demyelinating event recorded
in the hospital, physician or prescription data (Supplementary
Tables 1, 2), or 01-January-1996 (the date when the provincial
prescription data first became available), or the person’s 18th

birthday. All persons required at least one year of residency in
British Columbia before the index date, and were followed from
the index date until the study end date defined as the earliest of
emigration from the province, death or 31-December-2017.

We determined the cohort characteristics at the index date,
including age, calendar year, sex, and socioeconomic status
(reported as neighborhood-level income quintiles according to
a person’s three-digit postal codes by linkage to census data) (23).
The burden of comorbidity was measured using a modified
Charlson Comorbidity Index based on the diagnoses captured
in the hospital and physician data during the one-year before the
index date, with hemiplegia and paraplegia excluded to avoid
misclassifying symptoms related to MS as comorbidity (24, 25).

DMD Exposure
The DMDs available during our study period (Supplementary
Table 2) included the first generation DMDs – beta-interferon and
glatiramer acetate, and the second generation DMDs –
natalizumab, fingolimod, dimethyl fumarate, teriflunomide,
alemtuzumab, daclizumab, and ocrelizumab. We grouped all
beta-interferon products together as one class. We assessed
DMD exposure status as a time-varying variable, initially as any
versus no DMD, then by generation (first or second), and finally
by individual DMDs. Neither daclizumab nor ocrelizumab were
included in the assessment of individual DMDs due to the small
number of individuals (<6) exposed over the study period,
preventing the derivation of reliable estimates.

We determined the DMD exposure periods according to the
number of days supplied for each individual DMD. A DMD was
considered as being discontinued when there were no further
January 2022 | Volume 12 | Article 794075
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dispensations for the DMD for greater than 90 days. The
discontinuation date was defined as the last DMD prescription
fill date plus the number of days supplied, with a 30-day grace
period applied (26). The exception was for alemtuzumab and
ocrelizumab, whereby periods of exposure were defined as one
year (for alemtuzumab) and six months (for ocrelizumab), from
the date of first supply, plus a 30-day grace period if no further
DMD fills occurred. Finally, as persons could not be on more
than one DMD at the same time, once a person filled a new DMD
prescription, then the previous DMD was considered
discontinued. DMD exposure was assessed as a time-varying
variable (i.e. a person’s DMD exposure status was allowed to
change over time).

Age Grouping
We assessed each person’s current age as a time-varying variable,
grouped as <55 or ≥55 years old. This age grouping was selected
partly because older individuals (≥55 years) have often been
excluded from enrolling in MS clinical trials (1–4), and partly
because the prevalence of persons with MS aged 55 and above
has risen in recent years (20, 27), such that these individuals
represent a growing yet understudied group.

Outcomes
The outcome measures were all-cause hospitalizations and
number of physician visits.

Hospitalization data included day surgery/minor procedures
(but not drug infusions e.g., for natalizumab or alemtuzumab)
(28). For the hospitalizations, any overlapping admissions or any
new admission that occurred within one day of the previous
hospitalization were counted as a single event (10, 29). For the
physician visits, multiple claims with the same primary ICD code
captured on the same day were counted as a single visit (10, 29).
Neurologist visits were also excluded from the count as the
number of these visits was anticipated to be higher in persons
exposed to a DMD (versus no DMD) as part of routine care (4)
(other physician specialties cannot prescribe an MS DMD in
British Columbia). In addition, any pregnancy-related
encounters (hospitalizations or physician visits based on the
primary ICD code) were not included as an outcome as DMD
cessation was expected to be common during pregnancy (4).

Statistical Analyses
We described the cohort characteristics at the index date by age
group (<55 versus ≥55 years old at the index date) and DMD
exposure (at any time during follow-up), using counts and
percentages for the categorical variables, and means and
standard deviations for the continuous variables. Person-years
of follow-up by current age group at the time of exposure for each
individual DMD was also reported.

We included an interaction term between DMD exposure and
current age group (<55 or ≥55 years) at the time of follow-up to
estimate the age-specific associations between DMD exposure
and outcomes (all-cause hospitalizations and the number of
physician visits). For each analysis, the period of ‘no DMD
exposure’ was used as the reference category.
Frontiers in Immunology | www.frontiersin.org 3
All-cause hospitalizations were assessed using proportional
means models with robust sandwich variance estimates (30).
Models were adjusted for sex, socioeconomic status (quintiles),
age (continuous) and calendar year (continuous) at the index
date, and for the Charlson comorbidity score, categorized as: 0, 1,
2, ≥3, and updated annually over time. The period of
hospitalization was discounted from the follow-up time as a
person could not be at risk of another hospitalization during the
existing hospital stay. Findings were expressed as adjusted
hazard ratios (aHRs) with the corresponding 95% confidence
intervals (CIs).

The number of physician visits were examined using
negative binomial regression models fitted by generalized
estimating equations with an exchangeable working correlation
matrix (31). The number of physician visits were calculated
annually, or by DMD exposure periods when there were
changes in DMD status within a year. An offset was included
in the model to account for the variable length of time periods
(log of person-time). Models were adjusted for sex and
socioeconomic status (quintiles) at the index date, and the
following covariates over time (updated on an annual basis)
including age (continuous), Charlson comorbidity score
(categorized as: 0, 1, 2, ≥3) and calendar year (continuous;
to account for any secular changes in healthcare use). Findings
were expressed as adjusted rate ratios (aRRs) with the
corresponding 95% CIs.

A complementary analysis was also performed to describe the
DMD exposure status for any person who had reached age 55
years at any time before the study end date.

We conducted the statistical analyses using SAS software
version 9.4 (SAS Institute, Cary, NC, USA).

Study Registration and Ethical Approval
This study was registered with ClinicalTrials.gov (NCT04472975).
We obtained ethics approval from the University of British
Columbia’s Clinical Research Ethics Board (H18-00407).
RESULTS

Cohort Characteristics
We identified a total of 19,360 persons with MS (72.0% were
women). Almost half (44.1%, 8,533/19,360) of the cohort entered
the study between 1996-1999, with the remainder entering
between 2000-2017. The mean follow-up time was 11.7 years
(SD 7.3). At the index date, 78.7% (15,235/19,360) were aged <55
years and 21.3% (4,125/19,360) were ≥55 years (Table 1). Of
those aged <55 years at the index date, 29.7% (4,526/15,235)
filled a DMD prescription during follow-up, whereas 5.0% (206/
4,125) of persons aged ≥55 years at the index date did so. Within
both age groups, those treated with an MS DMD were
approximately 4-5 years younger relative to those who were
untreated. For example, for those under age 55 years at the index
date, the mean age was 36.1 years [SD 8.7] for those ever DMD
exposed during follow-up, versus 40.5 years [SD 8.9] for
those unexposed.
January 2022 | Volume 12 | Article 794075
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TABLE 1 | Characteristics of the multiple sclerosis study population by age group at the index date (<55 versus ≥55 years old) and by exposure to a disease-modifying
drug at any time during follow-up, n=19,360.

Characteristics Age at Index Date <55 Years,
n=15,235

Age at Index Date ≥ 55 Years,
n=4,125

DMD-Treateda

n=4,526
Not Treateda

n=10,709
DMD-Treateda

n=206
Not Treateda

n=3,919

Sex, n (%)
Women 3,324 (73.4) 7,868 (73.5) 145 (70.4) 2,603 (66.4)
Men 1,202 (26.6) 2,841 (26.5) 61 (29.6) 1,316 (33.6)
Age at index date in years, mean (SD) 36.1 (8.7) 40.5 (8.9) 58.9 (4.6) 64.5 (8.0)
Socioeconomic statusb, n (%)
1 (lowest income quintile) 876 (19.4) 2,037 (19.0) 38 (18.4) 812 (20.7)
2 839 (18.5) 2,075 (19.4) 31 (15.0) 750 (19.1)
3 953 (21.1) 2,149 (20.1) 39 (18.9) 790 (20.2)
4 958 (21.2) 2,311 (21.6) 48 (23.3) 777 (19.8)
5 (highest income quintile) 888 (19.6) 2,083 (19.5) 50 (24.3) 758 (19.3)
Unavailable 12 (0.3) 54 (0.5) <6 32 (0.8)

Comorbidity scorec, n (%)
0 3,820 (84.4) 8,552 (79.9) 154 (74.8) 2,525 (64.4)
1 553 (12.2) 1,585 (14.8) 35 (17.0) 806 (20.6)
2 121 (2.7) 388 (3.6) 11 (5.3) 335 (8.5)
≥ 3 32 (0.7) 184 (1.7) 6 (2.9) 253 (6.5)

Calendar year at index date, n (%)
1996-1999 1,479 (32.7) 5,132 (47.9) 50 (24.3) 1,872 (47.8)
2000-2009 1,818 (40.2) 3,374 (31.5) 73 (35.4) 1,152 (29.4)
2010-2017 1,229 (27.2) 2,203 (20.6) 83 (40.3) 895 (22.8)

Follow-upa time in years,
median (Q1, Q3) 12.2 (5.9, 18.6) 12.0 (5.4, 20.0) 8.2 (3.9, 13.3) 8.6 (4.0, 14.7)
mean (SD) 12.2 (7.0) 12.2 (7.5) 9.3 (6.5) 9.7 (6.6)

Number of different DMD prescriptions filled during the follow-upa

1 2,865 (63.3) N/A 171 (83.0) N/A
2 1,194 (26.4) 30 (14.6)
≥ 3 467 (10.3) <6

First DMD prescription, n (%)
Beta-interferond 2,833 (62.6) N/A 122 (59.2) N/A
Glatiramer acetate 1,080 (23.9) 48 (23.3)
Natalizumab 63 (1.4) <6
Fingolimod 31 (0.7) <6
Dimethyl fumarate 300 (6.6) 13 (6.3)
Teriflunomide 181 (4.0) 15 (7.3)
Alemtuzumab 36 (0.8) <6
Daclizumab <6 <6
Ocrelizumab <6 <6

Number of individuals ever exposed, by type of DMD, during follow-
upa, n (%)
First generation DMDs –anye 3,953 (87.3) N/A 171 (83.0) N/A
Beta-interferond 3,016 (66.6) 124 (60.2)
Glatiramer acetate 1,655 (36.6) 64 (31.1)

Second generation DMDs – anye 1,703 (37.6) 53 (25.7)
Natalizumab 277 (6.1) 9 (4.4)
Fingolimod 416 (9.2) <6
Dimethyl fumarate 736 (16.3) 22 (10.7)
Teriflunomide 497 (11.0) 23 (11.2)
Alemtuzumab 178 (3.9) <6
Daclizumab 6 (0.1) <6
Ocrelizumab <6 <6
Frontiers in Immunology | www.frontiersin.org
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Key: SD, standard deviation; DMD, disease-modifying drug, N/A, not applicable.
As per data privacy and access agreements, small cell size (<6 individuals within any group) are suppressed.
aFollow-up was from index date until the study end date (up to December 31st 2017).
bSocioeconomic status is reported by neighborhood income quintiles according to a person’s three-digit postal codes (closest available to the index date).
cComorbidity was measured using the modified Charlson Comorbidity Index (exclude hemiplegia/paraplegia to avoid misclassifying MS complications as comorbidity) based on the
diagnoses captured in the hospital and physician data during the one-year before the index date.
dAll beta-interferon products were grouped together as one class.
eSome people were exposed to >1 DMD; hence the sum of the individual first or second generation DMDs exceeds the sum of any first or second generation DMD.
Article 794075
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Irrespective of DMD exposure status during follow-up, the
comorbidity burden (measured using the modified Charlson
Comorbidity Index) was lower for persons <55 years at the
index date, relative to those ≥55 years old. With respect to DMD
exposure status, the comorbidity burden at the index date was
lower in the DMD-treated group compared to the non-treated
group. For example, for those age ≥55 years at the index date, 52/
206 (25.2%) had a comorbidity in the DMD-treated group,
versus 1,394/3,919 (35.6%) in the non-treated group. The
socio-economic quintiles were generally evenly distributed
across all four groups (Table 1).

Of those ever filling a DMD prescription during follow-up, the
proportion exposed to a first generation DMD was similar
regardless of age at the index date. Whereas, a higher proportion
of the younger (<55 years) MS cases were exposed to a second
generation DMD (37.6%, 1,703/4,526), compared to older
individuals (≥55 years; 25.7%, 53/206). A higher proportion of
youngerpersonswithMS(<55years at the indexdate) also switched
betweenDMDsat least onceduring follow-up (36.7%;1,661/4,526),
compared to older individuals (≥55 years; 17.0%, 35/206).

As younger persons (<55 years) could transition to the older
age group (≥55 years) throughout our >20-year study period, an
overview of the person-years of follow-up by each person’s
current age group and DMD exposure status is shown in
Table 2. Not unexpectedly, the number of person-years of
follow-up was higher in persons with a current age of <55
(versus ≥55 years), irrespective of DMD exposure status. Of
note the person-years of follow-up for certain DMDs were
modest particularly in the older (≥55 years) age group.

Hospitalizations
Any DMD, relative to no DMD, was associated with a 23% lower
hazard of hospitalization for those aged <55 years at the time of
Frontiers in Immunology | www.frontiersin.org 5
DMDexposure (aHR 0.77; 95%CI 0.72-0.82), but was not for those
aged ≥55 years (aHR 0.95; 95%CI 0.87-1.04), Figure 1. Similar
trends were observed for the first generation DMDs, where a 22%
significantly lower hazard was observed for those aged <55 years,
and, for the second generation DMDs, a 27% significantly lower
hazard.Neither of thesefindings reached significance for those aged
≥55 years at the time of DMD exposure, where the lower hazard
ranged from 3% to 20%. When the DMDs were assessed
individually, the hazard of hospitalization for those aged <55
years at the time of exposure ranged from a 9% lower hazard for
natalizumab, to 10% for alemtuzumab, 18% for glatiramer acetate,
24% for beta-interferon, 30% for dimethyl fumarate, 34% for
teriflunomide, and 37% for fingolimod. All reached statistical
significance, except for natalizumab and alemtuzumab, although
the 95% confidence intervals were also very wide for these two
DMDs. For person’s aged ≥55 years at the time of DMD exposure,
the corresponding HRs did not reach significance, except for
fingolimod, which was associated with a 37% lower hazard of
hospitalization. All results for the DMD exposure and
hospitalizations analyses by age group are shown in Figure 1.

Physician Visits
While exposure to any DMD (versus no DMD) was not
associated with altered rates of physician visits in either age
group (<55 years: aRR 1.02; 95%CI 1.00-1.04 and ≥55 years: aRR
1.00; 95%CI 0.96-1.03), variation was observed across the
individual DMDs (Figure 2). A 27-33% higher rate of
physician visits was observed during exposure to a second
generation DMD, alemtuzumab, reaching significance in the
younger, but not older population. In contrast, exposure to
another second generation DMD, fingolimod was associated
with a significantly lower rate of physician visits, by 12%, for
those <55 years. More modest differences were seen for the first
TABLE 2 | Person-years of follow-up in the multiple sclerosis cohort by each person’s current age, grouped as <55 or ≥55 years old, and by disease-modifying drug
exposure status.

Person-Years of Follow-Up Person’s Current Age

<55 Years [1] ≥55 Years [2]

During periods of exposure to:
Any DMDs 20,555.5 4,414.8
Any first generation DMDs 17,180.4 3,842.8
Beta-interferona 12,413.7 2,911.9
Glatiramer acetate 4,766.6 930.8

Any second generation DMDs 3,375.2 572.0
Natalizumab 745.6 85.5
Fingolimod 871.4 115.6
Dimethyl fumarate 1,051.0 195.4
Teriflunomide 489.0 168.5
Alemtuzumab 216.2 6.4
Daclizumab <6 <6
Ocrelizumab <6 <6

No DMD 111,727.6 89,179.3
Total person-years of follow-up 132,283.1 93,594.1
January 2022 | Volume 12 |
Key: DMD, disease-modifying drug.
aAll beta-interferon products were grouped together as one class.
Total cohort size=19,360. Of these, by the study end n=10,741/19,360 (55.5%) had ever reached their 55th birthday, with n=4,125/10,741 (38.4%) doing so by the index date and
n=6,616/10,741 (61.6%) during follow-up. The remainder, n=8,619/19,360 (44.5%) never reached their 55th birthday by the study end. Thus, n=6,616 individuals contributed follow-up
time to both columns [1] and [2], n=8,619 only to column [1] and n=4,125 only to column [2].
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generation DMDs, but for those aged <55 years, with beta-
interferon associated with a 7% higher rate of physician visits
and glatiramer acetate with an 8% lower rate. All results for the
DMD exposure and physician visits analyses by age group are
shown in Figure 2.

Complementary Analysis
By the study end 10,741 persons had ever reached their 55th

birthday, with 38.4% (n=4,125/10,741) doing so by the index
date and 61.6% (n=6,616/10,741) during follow-up.
Approximately 15% (n=1,657/10,741) were exposed to a DMD
at any time point during follow-up (Supplementary Table 3).
While 12% (n=1,302/10,741) had their first DMD before age 55
years, nearly half of these (n=596/1,302) were no longer taking
DMD once aged ≥55 years. In total, over 3% (n=355/10,741) of
persons initiated their first DMD at the age of 55 years or older.
DISCUSSION

We assessed the effect of current age on the association between
DMD exposure and health service utilization in a population-
Frontiers in Immunology | www.frontiersin.org 6
based MS cohort with over 200,000 person-years of follow-up,
and all within a universal healthcare setting. Exposure to any
DMD or to any first generation DMD (versus no DMD) was
associated with a 22-23% lower hazard of hospitalization for
those aged <55 years at the time of exposure, while exposure to
any second generation DMD was associated with a 27% lower
hazard of hospitalization. In contrast, in older adults (≥55 years),
DMD exposure, whether assessed as any DMD or any first or
second generation or even by individual DMDs (versus no
DMD), was generally not associated with a lower risk of
hospitalization. Finally, while regardless of age (<55 or ≥55
years), exposure to any DMD, relative to no DMD, was not
associated with an altered rate of physician visits, considerable
variation was observed across the individual DMDs. Our
findings offer insights into the effects of ageing on the
relationship between the DMDs used to treat MS and health
services in the real-world setting.

While several studies have assessed the relationship between
the MS DMDs and healthcare utilization (9–12), we were unable
to find another study to compare our age-specific findings. A
study from the United States co-authored by a pharmaceutical
manufacturer of an MS DMD examined patterns of healthcare
FIGURE 1 | Exposure to a disease-modifying drug for multiple sclerosis and hazard of hospitalization by age group (<55 or ≥55 years old). Key: CI, confidence
interval; DMD, disease-modifying drug. Bold indicates p<0.05. aResults were adjusted for sex, socioeconomic status (quintiles), age (continuous) and calendar year
(continuous) at the index date, and for Charlson comorbidity score (categorical: 0, 1, 2, ≥3) over time (updated on annual basis). Hazard ratios were estimated by
introducing interaction terms between current age group (<55 versus ≥55 years at the time of exposure) and the DMD exposure variables shown in the Figure. bAll
beta-interferon products were grouped together as one class. cPerson-years of follow-up for the calculation of crude rate were as per except that the duration of a
hospitalization was discounted from the follow-up time.
January 2022 | Volume 12 | Article 794075

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Ng et al. Ageing and the Disease-Modifying Drugs
utilization in 28,427 persons with MS by insurance type
(commercial versus the federal insurance plan, Medicare
Advantage) within different age groups (32). However, the
study was cross-sectional in design, spanning just one-year and
was restricted to persons under 65 years of age. The authors
found that MS persons with a federal insurance plan had a
significantly higher mean count of all-cause inpatient and
ambulatory visits compared to those with a commercial
insurance plan. While findings were consistent across age
groups, at least once age 30 years was reached, the authors did
not report which individual DMDs contributed to these findings
(32). Efforts have also been made to examine the effects of ageing
on the efficacy of DMDs by using data from clinical trials.
However, there are some limitations and challenges with these
studies. One example is a meta-analysis which included 26
clinical trials of 14 different DMDs published between 1995
and 2019, and comprised 28,082 relapsing-remitting MS persons.
Authors found no statistically significant associations between
age and reduction(s) in disease activity (measured as annualized
relapse rates and magnetic resonance imaging metrics, such as
gadolinium-enhancing lesions and T2 lesions) when the DMD-
and placebo-treated groups were compared (33). However, as
individual-level data were inaccessible, this meta-analysis had to
Frontiers in Immunology | www.frontiersin.org 7
rely on group-level average ages as reported within each clinical
trial to examine potential age-related differences in DMD efficacy
(33). Moreover, the original clinical trials were not designed to
examine DMD efficacy in the ageing population and individuals
older than 55 years were excluded from enrollment, such that the
average ages of participants ranged from 33 to 40 years (33).

The differences we found in the association between DMD
exposure and the hazard of hospitalizations by age group (<55
versus ≥55 years old) does concur with broader observations
from both natural history studies of MS and the MS clinical
trials. For example, clinical trials have demonstrated beneficial
effects of DMDs on reducing or preventing MS relapses in the
short-term (34), which may in turn lower the risk of
hospitalization (9, 35–38). However, the frequency of MS
relapses naturally decreases over time and with age (39, 40),
being less common in older individuals, particularly after 60
years of age (2). Furthermore, the DMDs appear less efficacious
and less effective in progressive MS (primary or secondary) (41–
43) and a higher proportion of the older MS population will have
progressive MS (1, 2, 39). The longer-term effects of the DMDs in
preventing disability associated with disease progression and
ageing is uncertain (2). For example, a study conducted in
British Columbia, Canada, showed that exposure to beta-
FIGURE 2 | Exposure to a disease-modifying drug for multiple sclerosis and rates of physician visitsd by age group (<55 or ≥55 years old). Key: CI, confidence
interval; DMD, disease-modifying drug. Bold indicates p<0.05. aResults were adjusted for sex and socioeconomic status (quintiles) at the index date, and the
following characteristics over time on a yearly basis: age (continuous), calendar year (continuous), and Charlson comorbidity score (categorical: 0, 1, 2, ≥3). Rate
ratios were estimated by introducing interaction terms between current age group (<55 versus ≥55 years at the time of exposure) and the DMD exposure variables
shown in the Figure. bAll beta-interferon products were grouped together as one class. cPerson-years of follow-up are shown in Table 2 and were used to calculate
the crude rates. dAs outlined in the study methods, neurologist visits were excluded, as were pregnancy-related visits.
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interferon (versus no exposure) was not associated with a lower
hazard of reaching an Expanded Disability Status Scale [EDSS]
score of 6 in older MS adults, aged≥50 years (44). Further, a
meta-analysis, which included 38 clinical trials of 13 different
DMDs with over 28,000 MS persons, showed that the effects of
DMDsonMSdisability progressionwas stronglydependentonage,
with limited benefits of receiving DMDs after age 53 years (5).

In our study, we found that exposure to any DMD was not
associated with differences in the rate of physician visits by age
group (<55 versus ≥55 years old), although variation across
individual DMDs was observed, especially in the younger age
group (<55 years). Use of the MS DMDs typically requires
regular laboratory testing and safety-related monitoring.
Therefore, it is possible that any potential benefits on, or
decreases in, physician visits or hospitalizations related to an
anticipated benefit of the DMDs on disease activity may be offset
by the increase in safety-related monitoring (10). Higher rates of
physician visits, ranging from 27-33%, were observed in both age
groups (<55 and ≥55 years old at the time of exposure) while
exposed to alemtuzumab, although this failed to reach
significance in the older age group. Alemtuzumab requires
regular monthly monitoring due to the risk of adverse events,
such as autoimmune disorders, which may contribute to these
higher rates (45). Similarly, exposure to beta-interferon, which
requires regular monitoring for liver and thyroid function (46),
was associated with a higher rate of physician visits. However,
this was a much more modest 7% and only demonstrated in the
younger age group (<55 years old at the time of exposure). In
contrast, exposure to glatiramer acetate, which requires no
formal laboratory testing (47), was associated with an 8%
lower rate of physician visits, and exposure to fingolimod was
associated with a 12% lower rate (again in the <55 year old age
group only), despite the necessity of regular biochemical liver
testing (48). Fingolimod is generally reserved as a second-line
therapy in Canada, and a lower rate of physician visits may be
due to decreases in disease activity.

Complementary Descriptive Analysis -
DMD Use in the Older Age Group
Currently, it remains unclear if DMD treatment should be
continued (or even started) in the MS population aged 55
years or older. To address this, a large phase 4 randomized
controlled DMD treatment discontinuation trial is currently
underway in the Unites States which includes persons ≥55
years old, and its findings may add crucial knowledge to this
emerging aspect of MS care (49). While, as expected, a smaller
proportion of our older (versus younger) persons with MS were
DMD exposed (22, 32, 50), we also observed that the proportions
of persons continuing or discontinuing DMD were similar.
Specifically, the proportions of persons who initiated their first
DMD before age 55 years, and who continued or discontinued
once aged ≥55 years were rather similar (n=706/1,302 versus
n=596/1,302, respectively) (Supplementary Table 3). These
findings may reflect individual differences in diseases severity
and/or the lack of clear treatment guidelines for the older patient
population in clinical practice.
Frontiers in Immunology | www.frontiersin.org 8
Strengths and Limitations
Our study has both strengths and limitations. Given that some of
the newer second-generation DMDs only became widely
available towards the end of our study, the total person-years
exposed was modest for certain DMDs, particularly in the older
(≥55 years) age group. Therefore, we could not examine the
specific causes of hospitalizations due to modest event rates by
age group which would have hindered derivation of reliable
estimates. It is plausible that older individuals are at higher risk
of being hospitalized for non-MS than MS-related causes (51).
We cannot exclude that clinical or other characteristics that we
did not have access to in our administrative data, such as MS
disease course, disability level, or cognitive status, or lifestyle
factors, such as smoking and alcohol consumption and/or
ancestry/ethnicity may have influenced our findings. It remains
possible that other confounders not available to us could also be
of relevance. However, we were able to adjust for sex,
socioeconomic status, and comorbidity burden over time. In
addition, we were able to account for the changing treatment
status of persons over time by using a longitudinal approach
when examining DMD exposure. We consider the potential for
selection bias in our study to be minimal given the universal
healthcare setting, and our access to comprehensive health care
data for all residents of the province, irrespective of ability to pay.
Furthermore, we used a validated case definition in our study to
select persons with MS. Other strengths of our study are the use
of objectively collected population-based data, including linked
health administrative information, and the long duration of
follow-up (mean 11.7 years).
CONCLUSIONS

Our findings suggest that use of the DMDs to treat MS may be
more effective in preventing hospitalizations in younger persons
(aged <55 years), compared to older individuals (aged ≥55 years).
For those aged <55 years, similar trends were observed for both
the first and second generation DMDs. In contrast, a more varied
and complex picture evolved when the relationship between
DMD exposure and physician visits was examined in the older
and younger age groups. This might, in part, reflect the different
safety-related monitoring strategies required for the different
DMDs. Further studies are warranted in order to expand
treatment guidelines for an ageing MS population.
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