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Abstract

the positivity assumption was also assessed.

introduced by violation of the positivity assumption.

assumption

Background: Natalizumab and fingolimod are used as high-efficacy treatments in relapsing-remitting multiple scle-
rosis. Several observational studies comparing these two drugs have shown variable results, using different methods
to control treatment indication bias and manage censoring. The objective of this empirical study was to elucidate the
impact of methods of causal inference on the results of comparative effectiveness studies.

Methods: Data from three observational multiple sclerosis registries (MSBase, the Danish MS Registry and French
OFSEP registry) were combined. Four clinical outcomes were studied. Propensity scores were used to match or weigh
the compared groups, allowing for estimating average treatment effect for treated or average treatment effect for the
entire population. Analyses were conducted both in intention-to-treat and per-protocol frameworks. The impact of

Results: Overall, 5,148 relapsing-remitting multiple sclerosis patients were included. In this well-powered sample,
the 95% confidence intervals of the estimates overlapped widely. Propensity scores weighting and propensity scores
matching procedures led to consistent results. Some differences were observed between average treatment effect
for the entire population and average treatment effect for treated estimates. Intention-to-treat analyses were more
conservative than per-protocol analyses. The most pronounced irregularities in outcomes and propensity scores were

Conclusions: This applied study elucidates the influence of methodological decisions on the results of comparative
effectiveness studies of treatments for multiple sclerosis. According to our results, there are no material differences
between conclusions obtained with propensity scores matching or propensity scores weighting given that a study is
sufficiently powered, models are correctly specified and positivity assumption is fulfilled.

Keywords: Effectiveness, Multiple sclerosis, Propensity score, Indication bias, Causal contrasts, Censoring, Positivity

Background

Natalizumab [1, 2] and fingolimod [3, 4] are two high-
efficacy treatments used in Relapsing Remitting Multiple
Sclerosis (RRMS) patients. Interestingly, the comparative
effectiveness studies comparing these therapies showed
results that were somewhat inconsistent [5-9]. In par-
ticular, we focus on three studies which used data from
three multiple sclerosis (MS) registries, with differences
in methods and conclusions [5-7]. We have already
shown that some of this variability can be attributed to
differences between the study populations [10, 11] . In
the present work, we focus on the impact of methodo-
logical choices on the results—in particular, the methods
used to control treatment indication bias and to manage
censoring in time-to-event analysis.

In the absence of randomized clinical trials, many deci-
sions need to be made to conduct observational studies.
In the framework of “target trial’} developed by Hernan
and Robins, we will focus on two protocol components,
first, the assignment procedure and, second, the causal
contrast [12]. First, to emulate the random assignment,
we need to adjust for all known confounders [12]. Pro-
pensity score (PS), utilized in several ways, is a popu-
lar instrument used to control indication bias effect on
the results of comparisons of intervention [13, 14]. The

studies in the Danish MS Registry and MSBase used PS
matching [6, 7] while the study in OFSEP used PS weight-
ing [5]. Second, attrition bias and informative censoring
result from systematic differences in the follow-up dura-
tion between cohorts. Two causal contrasts, per-protocol
and intention-to-treat, were considered to evaluate fol-
low-up information. While the per-protocol framework
includes only outcomes that were recorded while patients
were exposed to the relevant intervention, intention-
to-treat framework mitigates the risk of informed cen-
soring, which is of particular importance where clinical
outcomes between interventions are delayed [12, 15]. The
per-protocol framework was originally used in the stud-
ies in the Danish MS Registry and MSBase [6, 7] while
the intention-to-treat framework was used in the OFSEP
study [5]. Moreover, the study in MSBase used pairwise
censoring that consists of censoring data within each PS
matched pair to the shorter of the recorded follow-up
times within the pair, in order to balance the analysed
follow-up time between the groups [16].

The objective of this empirical study is to elucidate the
influence of methodological decisions on the results of a
comparison of two potent interventions, using the example
of natalizumab and fingolimod among patients with MS and
combined data from three large clinical registries [5-7].
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Methods

Data source

This study is a result of a collaborative project [11, 17].
Longitudinal demographic and clinical data were extracted
from MSBase on 15™ of May 2018 [18, 19]. The Dan-
ish MS Registry cohort included all patients treated with
natalizumab or fingolimod from 1% of July, 2011 when fin-
golimod became available in Denmark, until 1" of March,
2018 [20, 21]. The OFSEP cohort included data from 27
French university hospitals extracted from the European
Database for Multiple Sclerosis (EDMUS) software in
July 2014 [22]. No patient from OFSEP was recorded in
MSBase. Some Danish patients who were recorded both in
MSBase and Danish MS Registry (2% of Danish MS Regis-
try) have been excluded from MSBase and only considered
in the Danish MS Registry.

Eligibility criteria

All patients were diagnosed with RRMS. The required
disability follow-up consisted of: a recorded visit with
Expanded Disability Status Scale (EDSS)[23] score assess-
ment within six months before treatment initiation (the
baseline visit), two post-baseline visits with EDSS at least
six months apart, and at least one on-treatment visit.

Interventions

Treatments of interest were the first exposure to natali-
zumab or fingolimod on or after 1% January 2011 and
continued for a minimum of three months. Patients who
participated in randomized trials or patients treated with
off-label treatment (cyclophosphamide), or with therapies
known to have extended duration of effect [24—26] (mitox-
antrone, alemtuzumab, cladribine, daclizumab, rituximab,
ocrelizumab) before the study therapy were excluded. Each
patient could contribute only once to the follow-up analy-
sis. When multiple eligible treatment starts were recorded,
the earliest treatment was considered.

Outcomes
Four outcomes were evaluated to compare the relative
effectiveness of the two study therapies:

(1) Count of relapses.

(2) Time to first relapse.

(3) Time to first confirmed disability worsening
event. Worsening was defined as an increase of > 1.5
EDSS steps if baseline EDSS was 0, or 1.0 if base-
line EDSS was 1.0-5.5, or 0.5 steps if baseline EDSS
was>5.5, and sustained at all consecutive visits
over > 6 months (confirmation cannot be preceded
by a relapse within 30 days).

(4) Time to first confirmed disability improvement
event. An improvement was defined as a decrease of
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1.5 if baseline EDSS was 1.5, or 1.0 if baseline EDSS
was 2.0-6.0, or 0.5 if baseline EDSS was > 6, sustained
at all consecutive visits over > 6 months.

The end of analyzed study or period (count of relapses)
depended on the definition of right-censoring (see below).

Assignment procedure: propensity score matching

and weighting

In the present work, baseline was defined as the date of
the start of the index therapy. To emulate the random
assignment of treatments at baseline, PS [13, 27] was
defined as the probability of being treated with natali-
zumab, conditional on the following baseline characteris-
tics (based on expert opinion and prior analyses): sex,
age, MS duration (from first MS symptoms to baseline),
EDSS score, number of previous treatments, and, evalu-
ated in the past 12 months: number of relapses, and the
nature of clinical activity recorded (disability worsening
only, relapses only, both or no clinical activity). Country
was added as random effect. We estimated both the aver-
age treatment effect for the treated (ATT) which is the
average treatment effect among those patients who were
exposed to natalizumab, and the average treatment effect
for the entire eligible population (ATE) [28]. One-to-one,
greedy, nearest neighbor, random matching on PS was
used, allowing for approximating ATT only [29]. Match-
ing caliper values of 0.1 (used in the original studies), 0.2
(as recommended by literature [30]) and 0.02 standard
deviations of the PS (to prioritize close matching) were
used. Two weighting procedures were explored. First,
using Inverse Probability of Treatment Weighting
(IPTW), the weights for a treated patient and for a con-
trol are defined as w; = p% and w; = 1%;9," respectively,
where p; is the PS for a patient i. In order to reduce issue
due to extreme weights, the weights were stabilized by
multiplication by the marginal probability of receiving
the treatment actually received [31], referred to as
sIPTW. Second, using odds [32], the weight for a treated
patient is 1 and the weight for control is definedw; = ;i.
Weighting with IPTW allows estimation of ATE while
weighting by the odds allows estimation of ATT.

Causal contrast of interest

Intention-to-treat analysis retained all matched or
weighted patients in the group as initial treatment allo-
cation regardless of their following exposure, until either
the last data entry or the study outcome. Per-protocol
analysis retained all matched or weighted patients until
the date of treatment discontinuation (or the date of last
data entry if it occurs earlier). Pairwise-censoring was
used as a technique of censoring after matching. In each
pair, study follow-up of both patients was censored when
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the follow-up of one of the two patients was censored.
This approach prevented imbalance due to differential
duration of follow-up in the matched groups.

Sensitivity analysis without the positivity assumption

The primary analysis ensured that the positivity assump-
tion was fulfilled by only including patients who com-
menced natalizumab or fingolimod after the more recent
of the two therapies became available on 1* January
2011. In a sensitivity analysis, all patients who commenced
a study therapy were included, irrespective of the com-
mencement date. Therefore, patients that were consid-
ered as ineligible in the primary analysis were included in
this sensitivity analysis. Before 2011, MS patients had no
chance to receive fingolimod, and could only started natal-
izumab; that is why the positivity assumption was violated.

Statistical analysis

Characteristics of the patients included in the analy-
ses as well as those excluded by the matching proce-
dure were described — overall and by treatment groups,
before and after PS matching/weighting. Standardized
mean differences (SMD) or Mahalanobis distances
were computed, with 10% considered to be an accept-
able difference [33]. Incidence of relapses was evalu-
ated using a negative binomial model, with an offset
term for follow-up durations. The cumulative hazards
of first relapse, first EDSS improvement and first EDSS
worsening were studied using Cox proportional haz-
ards models with robust estimation of variance [34].
The models were either weighted by sIPTW or odds,
or matched on PS. A cluster term (generalized estimat-
ing equations with negative binomial distribution) or a
frailty term (Cox models) for pair identifier was used.
As the probability of disability worsening and improve-
ment events is associated with the frequency of EDSS
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scores [35], models with time to disability outcomes
were adjusted for annualized visit density. All analyses
were conducted for both the intention-to-treat and the
per-protocol causal contrasts. Analyses using match-
ing were completed with and without pairwise-cen-
soring. Table 1 gives an overview of all the analytical
approaches considered in the present work. The analy-
ses were performed using R-software (R 3.4.0).

Results

Patients’ characteristics

Overall, 5,148 patients were included in this study [10];
1,989 (39%) were treated with natalizumab and 3,159
(61%) with fingolimod. Patient’s characteristics are
described in Table 2 (overall median age at baseline:
37.7 years; median MS duration at baseline: 6.9 years).
Most of the patients had a clinically active disease and 70%
had a baseline EDSS score equal or greater than 2. Table 3
presents the median durations of follow-up (overall:
3.1 years (interquartile range (IQR): 2.0-4.5)). The median
durations of natalizumab and fingolimod treatments were
2.00 (1.3-3.1) and 2.2 (1.2-3.6) years, respectively.

Patients’ characteristics after propensity score balancing
procedures (matching and weighting)

The distributions of PS showed a good overlap between
the treatment groups, except in the tails (Fig. 1). The use
of three caliper values for PS-matching led to three simi-
lar matched datasets (Table 2). The characteristics of the
matched groups were comparable to the characteristics
of the overall sample. The excluded patients tended to
experience less disease activity. Table 4 presents patients’
characteristics by treatment group. Overall, 35% of
patients treated with fingolimod had an EDSS score<2
at treatment start while it was 22% in the group treated
with natalizumab. The matching procedure improved the

Table 1 Overview of the analytical approaches used in the present work according to the outcomes

Outcome PS method Model
Counts of relapses® Weighting® Weighted negative binomial model of disease outcomes by treatment
Matching® Generalized estimating equations with negative binomial distribution and
cluster for treatment status
Time to first relapse? Weighting® Weighted Cox model of disease outcomes by treatment
Matching® Frailty Cox model of disease outcomes by treatment
Time to first EDSS worsening? Weighting® Weighted Cox model of disease outcomes by treatment adjusted for visit
density
Matching® Frailty Cox model of disease outcomes by treatment adjusted for visit density
Time to first EDSS improvement® Weighting® Weighted Cox model of disease outcomes by treatment adjusted for visit
density
Matching® Frailty Cox model of disease outcomes by treatment adjusted for visit density

2 Analyses were conducted in intention-to-treat, on treatment and pairwise-censoring (matching only) frameworks

b Two type of weights were considered (inverse probability weighting and weighting by the odds)

“Three values of calipers were considered (0.02, 0.1, 0.2)
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Table 2 Baseline characteristics of the overall study population, as well as the subgroups of patients unmatched and matched within
different calipers

Overall Matching with caliper=0.1 Matching with caliper=0.2 Matching with caliper=0.02
ALL Matched Excluded Matched Excluded Matched Excluded
N=5148 N=3258 N=1890 N=3278 N=1870 N=3232 N=1916
Sex?
Female 3698 (72%) 2342 (72%) 1356 (72%) 2352 (72%) 1346 (72%) 2332 (72%) 1366 (71%)
Male 1450 (28%) 916 (28%) 534 (28%) 926 (28%) 524 (28%) 900 (28%) 550 (29%)

Age at treatment start® 37.7 (30.1-44.7) 37.3(30.1-44.3) 385(31.8-45.6) 37.2(30.1-444) 387 (31.8-454) 37.4(30.2-44.5) 383 (31.5-45.1)

MS dl:lration attreatment 6.9 (3.1-12.5) 6.4 (2.7-2.0) 7.9 (4.0-134) 6.4 (2.6-2.0) 79 (4.0-13.4) 6.3 (26-12.0) 8.1(4.0-13.3)
start

EDSS at treatment start?

Less than 2 1556 (30%) 782 (24%) 774 (41%) 810 (25%) 746 (40%) 789 (24%) 767 (40%)
Between 2 and 3.5 2384 (46%) 1609 (49%) 775 (41%) 1593 (49%) 791 (42%) 1588 (49%) 796 (42%)
4 or more 1208 (23%) 867 (27%) 341 (18%) 875 (27%) 33 (18%) 855 (26%) 353 (18%)
Number of relapses in the previous 12 months®
0 1857 (36%) 1063 (33%) 794 (42%) 1085 (33%) 772 (41%) 1059 (33%) 798 (42%)
1 2021 (39%) 1290 (40%) 731 (39%) 1268 (39%) 753 (40%) 1276 (39%) 745 (39%)
2 975 (19%) 690 (21%) 285 (15%) 707 (22%) 268 (14%) 696 (22%) 279 (15%)
3 or more 295 (6%) 215 (7%) 80 (4%) 218 (7%) 77 (4%) 107 (7%) 94 (5%)
Number of previous MS treatments?
0 836 (16%) 582 (18%) 254 (13%) 580 (18%) 256 (14%) 584 (18%) 252 (13%)
1 2559 (50%) 1594 (49%) 965 (51%) 1597 (49%) 962 (51%) 1558 (48%) 1001 (52%)
2 1187 (23%) 738 (23%) 449 (24%) 744 (23%) 443 (24%) 748 (23%) 439 (23%)
3 or more 566 (11%) 344 (11%) 222 (12%) 357 (11%) 209 (11%) 342 (11%) 224 (12%)
MS activity in the previous 12 months?
None 1438 (28%) 776 (24%) 662 (35%) 782 (24%) 656 (35%) 764 (24%) 674 (35%)
Worsening 419 (8%) 287 (9%) 132 (7%) 303 (9%) 116 (6%) 295 (9%) 124 (6%)
Relapse 2159 (42%) 1395 (43%) 764 (40%) 1398 (43%) 761 (41%) 1397 (43%) 762 (40%)
Relapse and worsening 1132 (22%) 800 (25%) 332 (18%) 795 (24%) 337 (18%) 776 (24%) 356(19%)
Data source®
MS Base 3293 (64%) 1874 (58%) 1419 (75%) 1882 (57%) 1411(75%) 1852 (57%) 1441 (75%)
DMSR 1444 (28%) 1167 (36%) 277 (15%) 1179 (36%) 265 (14%) 1153 (36%) 291 (15%)
OFSEP 411 (8%) 217 (7%) 194 (10%) 217 (7%) 194 (10%) 227 (7%) 184 (10%)
N (%)

b Median (Quartiles)

Table 3 Follow-up duration according to the outcomes of interest (in years)

Outcome Intention-to-treat analysis Per-protocol analysis
Counts of relapses® 3.17 (2.01-4.59) 2.09 (1.24-341)
Time to first re\apseb 1[3.05;3.18] 2271[2.21;231]
Time to first EDSS vvorseningb 3.16[3.10; 3.23] 1[2.07;2.16]
Time to first EDSS improvememb 3.20(3,13;3.27] 2.08[2.02;2.12]

@ Median (Quartiles) length of follow-up
b Median [95% confidence interval] survival time of the reverse Kaplan-Meier, taking into account the length and the completeness of follow-up
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Fig. 1 Distribution of propensity scores by treatment group
(probability of being treated with natalizumab)

balance between the compared groups, except for the
data source and the number of previous MS treatments.

Table 5 presents patients’ characteristics by treatment
group after weighting on sIPTW or odds. The treatment
groups were well balanced, with SMD or Mahalano-
bis distances around 10% for all patient characteristics,
except for the number of previous MS treatments, as
natalizumab tended to be prescribed as first treatment
more frequently than fingolimod. Exposure following the
study therapy is shown in Table S1.

Comparison of effectiveness between natalizumab

and fingolimod

Figure 2 summarises the results of all comparative analy-
ses. While the estimated 95% confidence intervals of the
estimated differences between natalizumab and fingoli-
mod largely overlapped in all analyses, some variation in
point estimates was observed.

With a few exceptions, the results of the analyses with
matching and weighting led to the same conclusions, i.e.,
superiority of natalizumab (for relapse outcomes and
EDSS improvement) or no evidence of difference (for
EDSS worsening). Inconsistencies were observed mainly in
the intention-to-treat frameworks, for relapse counts and
first EDSS improvement. Weighting by the odds (ATT)
tended to provide lower point estimates and similar mar-
gins of error of the relative effect compared to weighting
by sIPTW (ATE). The value of the matching caliper did
not influence the magnitude of the estimated differences.

Most of the variability in the estimates was linked to
the causal contrast. The intention-to-treat paradigm
led to less stable results, especially for the count of
relapses and first EDSS improvement. For all outcomes
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except time to first EDSS worsening, the intention-to-
treat analyses underestimated the differences between
the therapies in comparison to per-protocol analy-
ses with or without pairwise-censoring. Per-protocol
analyses and pairwise-censored analyses returned sim-
ilar point estimates, even though the margin of error
varied. In the pairwise-censored analyses, confidence
intervals were relatively smaller for relapse counts but
larger for the disability outcomes compared to the per-
protocol analysis.

Sensitivity analysis: positivity assumption

To test the effect of violation of the positivity assump-
tion, 7,118 patients were included irrespectively of the
date of their treatment start, of whom 3,726 were treated
with natalizumab. The other baseline characteristics
were similar to those of the main cohort (Table S3). The
PS distribution was left-skewed in patients who com-
menced natalizumab before fingolimod became avail-
able (Figure S1). Using weighting, the comparison of the
treatment effects on relapses was similar to the main
analysis (Table 6). However, the point estimates for the
difference in the treatment effects on EDSS worsening
were substantially lower than in the primary analysis,
although confidence intervals overlapped. When match-
ing was used, the estimates for EDSS outcomes were less
influenced by the violation of the positivity assumption.
Nevertheless, the estimates of the differences between
treatment effects on relapses were substantially inflated
when the assumption was violated, especially for the
intention-to-treat causal effect.

Discussion

In this empirical study conducted on a complex
chronic neurological condition, with long-term fol-
low-up data, several non-linear outcomes and well
powered dataset, most of the methodological choices
(PS matching/weighting, caliper values, weighting on
IPTW vs. odds, and pairwise censoring) resulted in
consistent overall conclusions, in accordance with two
of the three original studies [5, 6], the pooled analy-
sis [11] and a recent French head-to-head prospective
study [36]. In a longitudinal observational study con-
ducted over the long-term in the presence of frequent
changes of therapy, an intention-to-treat causal con-
trast tends to be associated with more variability in the
observed effects than a per-protocol contrast. Impor-
tantly, violation of the positivity assumption demon-
strated the most pronounced negative effect on the
consistency of reported results.
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Table 5 Characteristics at baseline by treatment group in the overall study sample, and cohorts weighted on sIPTW and odds

Unweighted Weighting using sIPTW Weighting using the odds
N=5148
natalizumab  fingolimod SMD¢ natalizumab  fingolimod SMD¢ natalizumab  fingolimod SMD*
N=1989 N=3159
Sex? 4% 1% 1%
Female 1451 (73%) 2247 (71%) 71% 72% 73% 73%
Male 538 (27%) 2 (29%) 29% 28% 27% 27%
Age at treatment 36.6(29.3;43.9) 385(31.6;454) 13% 37.6(304-45.2) 379(30.7-448) 2% 36.6(29.3-439) 36.8(29.8-439) 1%
start®
MS duration at treat- 6.3 (24;11.8) 74 (3.6;13.0) 13% 6.8(2.7-12.9) 70(3.2-124) 2% 6.2 (24-11.8) 6.2 (2.7-11.6) 1%
ment®
EDSS at treatment 32% 12% 7%
start®
2 orless 434 (22%) 1122 (35%) 26% 31% 22% 23%
Between2and4 981 (49%) 1403 (44%) 50% 45% 49% 46%
4 or more 574 (29%) 634 (20%) 24% 24% 29% 31%
Number of relapses 37% 4% 3%
in the previous 12
months?
0 570 (29%) 1287 (41%) 35% 36% 29% 29%
1 752 (38%) 1269 (40%) 39% 39% 38% 37%
2 484 (24%) 491 (15%) 20% 18% 24% 23%
3 or more 183 (9%) 112 (3%) 6% 6% 9% 10%
Number of previous 17% 15% 14%
MS treatments?®
0 401 (20%) 435 (14%) 19% 14% 20% 15%
1 924 (46%) 1635 (52%) 46% 52% 46% 52%
2 457 (23%) 730 (23%) 23% 23% 23% 23%
3 ormore 207 (10%) 359 (11%) 12% 11% 10% 10%
MS activity in the 29% 3% 3%
previous 12 months®
None 0(21%) 1028 (32%) 26% 28% 21% 20%
Worsening 160 (8%) 259 (8%) 8% 8% 8% 9%
Relapse 886 (44%) 1273 (40%) 42% 42% 44% 43%
Relapse and wors- 533 (27%) 599 (19%) 23% 22% 27% 27%
ening
Data source? 28% 1% 8%
MS Base 41 (57%) 2152 (68%) 30% 29% 57% 53%
DMSR 607 (30%) 837 (26%) 62% 62% 30% 34%
OFSEP 241 (12%) 170 (5%) 8% 8% 12% 13%
2N (%)

b Median (Quartiles)

€ SMD standardized mean differences and Mahalanobis distance between natalizumab treated patients and fingolimod treated patients

Propensity score to control indication bias

Among the four methods using PS, matching and
weighting have shown a superior performance to adjust-
ment and stratification in achieving balance on baseline
characteristics [37], reduction of bias and estimation of
variance [38-40]. Therefore, we restricted our present
work to PS matching and weighting. The results of the

weighting and matching procedures were consistent,
confirming that both methods performed well in suffi-
ciently powered data sets and correctly specified mod-
els. The width of the matching caliper did not have much
influence on the consistency of the results, confirming
that 0.2 is a sufficiently conservative caliper, as previously
reported [30]. The only detectable systematic variability
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Intention-to-treat Per-protocol Pairwise-censoring
(Per-protocol)

Counts of relapses IRR [95%Cl]

Matching’- caliper=0.1  1.01 [0.93; 1.09] - 0.84[0.75; 0.93] - 0.88 [0.86; 0.90] .

Matching*- caliper=0.2  1.01 [0.94; 1.10] * 0.84 [0.75; 0.97] -— 0.86 [UJG: 0.97] -

Matching’- caliper=0.02  1.00 [0.92; 1.08] - 0.80 [0.72; 0.89] - 0.87 [0.80; 0.94] -

Weighting by the odds*  0-78 [0.70; 0.87] - 0.67 [0.58; 0.77] -

Weighting by stpTws¢ 089 [0.81;0.89] = 0.77 [0.68; 0.88] - N B
Time to first relapse HRe [95%CI]

Matching*- caliper=0.1 g g5 [0.76; 0.95] - 0.76 [0.66; 0.87] - 0.76 [0.65; 0.88] -

Matching?- caliper=0.2 .86 [0.76; 0.96] - 0.76 [0.66; 0.87] - 0.74 [0.63; 0.86] -

Matching®- caliper=0.02  0.84 [0.75; 0.94] - 0.76 [0.67; 0.87] - 0.74 [0.63; 0.86] -

Weighting by the odds®  0.79 [0.71; 0.88] - 0.77 [0.64; 0.94] -—

Weighting by serwee  0-89[0.80:089] = 0.80[086;0511 =7 ——
Time to first EDSS worsening HRe [95%CI]

Matching™ caliper=0.1 4 o4 10 83. 1.22] —— 1.08 [0.85; 1.36] - 1.07 [0.79; 1.44] -

Matching’- caliper=0.2 0 94 [0.78; 1.13] —— 0.97 [0.77; 1.22] — 1.01[0.75; 1.37] —

Matching* caliper=0.02 0.2 [0.76; 1.11] —- 0.97 [0.77; 1.21] —— 0.91 [0.67; 1.23] —

Weighting by the odds® ~ 1.05 [0.88; 1.25] —— 1.01 [0.81; 1.27] —

Weighting by steTwas  1-10 [0.93; 1.31] - 1.12 [0.90; 1.39] ——
Time to first EDSS improvement  yge jos%ci)

Matching- caliper=0.1 4 43 [0.94; 1.33] —— 1.23[1.02; 1.48] —— 1.15 [0.93; 1.44] ——

Matching®- caliper=0.2 4 19 [1.00; 1.41] —— 1.29 [1.07; 1.55] —_—— 1.21 [0.97; 1.51] ——

Matching®- caliper=0.02  1.28 [1.06; 1.55] —— 1.28 [1.06; 1.55] —— 1.22[0.98; 1.52] ——

Weighting by the odds® 095 [0.69; 1.33] —— 1.23[1.02; 1.48] ——

Weighting by sierwee  1-14[0.96; 1.37] —— 1.26 [1.06; 1.51] —-—
Fig. 2 Estimated treatment effects for the 4 outcomes, 3 matching and 2 weighting strategies and 2 causal effects, with and without pairwise
censoring in matched cohorts

Table 6 Comparison of treatment effect on relapses and disability violating the positivity assumption

Intention to treat Per-protocol

Counts of relapses
ATT?
ATE?
Time to first relapse
ATT?
ATE?
Time first EDSS worsening
ATT?
ATE

Time to first EDSS improvement

ATT?
ATEP

IRR®[95%Cl]
Matching- caliper=0.1
Weighting by sIPTW!
HR® [95%Cl]

Matching- caliper=0.1
Weighting by sIPTW!
HR® [95%Cl]

Matching- caliper=0.1
Weighting by sIPTWY
HR® [95%(Cl]

Matching- caliper=0.1
Weighting by sIPTW!

149 [1.36; 1.65]
0.92[0.85;0.99]

0.93[0.79,1.09]
0.91[0.83;1.00]

0.92[0.78,1.08]
0.88[0.65; 1.20]

1.07 [0.91, 1.26]
0.89[0.66; 1.19]

0.95[0.86; 1.04]
0.78 [0.70; 0.86]

0.82[0.72,0.92]
0.92[0.79; 1.08]

0.931[0.75,1.14]
1.02[0.77; 1.36]

1.23[1.03,147]
1.01[0.76; 1.35]

2 Average treatment effect for treated

b Average treatment effect for the entire population
Incidence Rate Ratio

d Stabilized inverse probability of treatment weighting

€ Hazard ratio

was noted for the type of estimated effect, with the mag-
nitude of the ATE effect trending towards higher values
for relapse incidence and time to first relapse.

The matched study sample corresponds to an overlap
between the fingolimod- and the natalizumab-treated
target populations, with inclusion of comparable cases
and exclusion of cases outside the common distribution

of the PS (ATT effect of interest). Such reductions in
sample size may lead one to study a very specific sub-
population and, so, impact the precision and the gener-
alizability of the results [41]. An IPTW-weighted sample
is closer to the entire study population, especially where
ATE is the effect of interest. It is therefore not surpris-
ing, given that the use of natalizumab and fingolimod
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in MS differs in clinical settings, that we have observed
differences in the point estimates obtained with the
matched and weighted analyses. Weighting could
potentially be subject to influential cases with extreme
weights, which are excluded from matching, as they
fall outside of the central portion of the PS distribution
[42]. In this work, we used stabilized weights to mitigate
the risk of influential cases, as an alternative to weight
trimming or truncation [33].

Management of censoring

In the present study, most irregularities were related to the
intention-to-treat causal contrast, which resulted in less
stable and often deflated estimates than the per-protocol
analysis. These fluctuations were more pronounced for the
outcomes defined as counts of events and time to medium-
term events (first disability worsening or improvement)
than for time to short-term events (first relapse). The
intention-to-treat evaluates the association with the out-
come, irrespective of treatment status over-time, and
addresses the question of the effect of treatment decision,
irrespective of further persistence on the assigned therapy.
Therefore, such an approach leads to conservative esti-
mates, which explains the observed overall deflation of
effect sizes in comparison to the per-protocol approach
and the minimum impact on short-term outcomes.

On the other hand, patients and neurologists may be
more interested in a per-protocol effect, which estimates the
effect of an intervention while being adhered to. However,
a per-protocol treatment effect can be inflated by attrition
bias and informed censoring, especially when one of the
compared interventions is a-priori perceived as being more
effective [43]. This would lead to the selection of “treatment
responders’, because patients who respond well to treatment
are more likely to remain treated than non-responders [44].
In addition, the per-protocol requirement of adherence to
treatment may introduce additional selection bias, which
may limit generalizability of conclusions [45], whereas the
intention-to-treat approach preserves the balance estab-
lished at baseline. A pairwise-censoring procedure can be
combined with either causal contrast. Its purpose is to sus-
tain the balance between the matched cohorts even when
censoring / treatment cessation is systematically different
between the compared groups. This sustained balance is
achieved at the expense of loss of part of study follow-up due
to right-censoring of the paired cases. However, in the pre-
sent empirical analysis, per-protocol and pairwise-censored
analyses led to similar conclusions and point estimates. The
observed increase in the margin of error in pairwise-cen-
sored analysis suggests some loss of power. Marginal struc-
tural models with IPT'Ws accounting for the probability of
censoring may provide a more efficient solution, as they do
not lead to loss of follow-up information [46—48].
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Positivity assumption

The positivity assumption can be objectively assessed in
several steps. First, the definition of study timeline and
area should be such as both treatments are available to all
included patients. Second, the common support of PS dis-
tribution in the two groups needs to be established [31]. In
our main analysis, these two steps confirmed that the posi-
tivity assumption was met. To examine the importance of
the positivity assumption, in a different analysis, we allowed
inclusion of patients before one of the studied therapies
(fingolimod) became available. This included more natali-
zumab-treated patients from a time period when the prob-
ability of exposure to fingolimod was zero. The results of
this analysis showed the most pronounced variability and
the largest deviation from the primary analysis. Therefore,
in a sufficiently powered longitudinal dataset, non-zero
probability of exposure to both compared therapies at all
baseline time-points is the most important aspect of meth-
odological considerations explored in this study.

Limitations

Through consistency and exchangeability assumptions, it
is assumed that there were no unmeasured confounders.
Nevertheless, our study was limited by incomplete MRI
data, while MRI activity is a known prognostic factor in
MS [49]. Reassuringly, two of our three previous studies
that accounted for MRI at treatment start showed results
consistent with our primary analysis [5, 6].

In addition, heterogeneity of data in multisite regis-
tries (with potential differences in therapeutic practices,
health care systems and treatment access) may increase
variance of the associations between treatments and
outcomes [50]. On the other hand, heterogeneity that is
representative of clinical use of the compared therapies
extends generalizability of the results. We have mitigated
the potential heterogeneity in the present dataset by
including country as a random term in the PS modeling.

Finally, this study did not attempt to compare the effi-
ciency and robustness of different analytical methods, as
this can be done only with simulation studies. Instead, we
have focused on the evaluation of practical methodologi-
cal questions in the context of a specific clinical choice.

Conclusion

This empirical study provides practical insights into
the effects of several methodological choices on the
estimates of the difference between two therapies
in the context of a chronic neurological disease, in
a sufficiently powered analysis and correctly speci-
fied models. Our results lead us to conclude that
methodological considerations such as PS matching/
weighting and their specifications, causal contrast and
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management of censoring have a negligible effect on
the overall analyses, given that the model assumptions
are met. The choice between ATT or ATE as the pre-
ferred approach should be driven by the clinical ques-
tion of interest. In our clinical example, when both
treatments can be prescribed to patients with relaps-
ing—remitting MS following similar rules, there is no
apparent reason to restrict the analysis to the natali-
zumab- or the fingolimod-treated patients, and ATE
may be the preferred estimator of interest.

A recent review highlighted the good practice in the
use and reporting of PS in MS [41]. While methodologi-
cal choices in observational studies remain challenging,
our present work illustrates the priorities for methodo-
logical aspects of PS-based analyses of comparative treat-
ment effectiveness in large registries.
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