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A B S T R A C T

Background: The non-inferiority of the efficacy of subcutaneous (SC) vs intravenous (IV) administration of 
natalizumab (NTZ) once every 4 weeks in relapsing-remitting multiple sclerosis (RRMS) was recently demon-
strated on the primary outcome of the REFINE study, i.e. MRI “combined unique active lesions number” (CUAL). 
To provide further evidence on the comparative efficacy of the two NTZ formulations, the effect of NTZ-SC vs 
NTZ-IV on annualized relapse rate (ARR) was investigated re-analysing the REFINE dataset.
Methods: Post-hoc analysis of the REFINE study dataset aimed at exploring the non-inferiority of the efficacy of 
NTZ-SC vs NTZ-IV on ARR, i.e. the main secondary outcome of the REFINE study. Robustness of the non- 
inferiority analysis on CUAL with respect to the presence of cases from the SC arm who received a rescue 
treatment, including NTZ-IV, was also assessed by sensitivity analyses. Three non-inferiority margins were 
selected, corresponding to 25 %, 33 %, and 50 % fractions of the effect size of NTZ-IV vs placebo observed in the 
AFFIRM study on ARR (i.e. 0.125, 0.170, and 0.250).
Results: Ninety-nine RRMS patients were included. The mean difference in the effect of NTZ-SC vs NTZ-IV on ARR 
was close to 0. The lower bound of the 95 % confidence interval (worst case scenario) was –0.119, corresponding 
to 25 % (p = 0.025) of the effect of NTZ-IV vs placebo on ARR. Sensitivity analyses confirmed the results of the 
primary non-inferiority analysis on the outcome CUAL.
Conclusions: NTZ-SC resulted not inferior to NTZ-IV on ARR for all the non-inferiority margins. The non- 
inferiority analysis of the efficacy of NTZ-SC vs NTZ-IV on CUAL was demonstrated to be robust with respect 
to rescued patients.

1. Introduction

Natalizumab (NTZ) is a humanized monoclonal IgG4 antibody 
against human α4β1 integrin, the main homing molecule involved in 
lymphocyte migration to the brain; its main mechanism of action in 
multiple sclerosis (MS) is based on preventing pathogenetic autoim-
mune lymphocytes from invading the central nervous system (CNS) 
(Steinman, 2005).

NTZ 300 mg intravenously (IV) once every 4 weeks (Q4W) 
(Tysabri®, Biogen) was approved for the treatment of highly active 
relapsing-remitting (RR)MS after demonstration of superior efficacy 

over placebo in the randomized clinical trials (RCTs) AFFIRM (Polman 
et al., 2006) and SENTINEL (Rudick et al., 2006). Post-marketing studies 
showed that the efficacy of NTZ-IV is sustained over long-term follow-up 
(Butzkueven et al., 2020).

Prolonged use of NTZ-IV may be associated with patients’ distress 
due to the potential discomfort of the IV administration and duration of 
inpatient stay (Filippi et al., 2023). The use of a formulation of NTZ 
administered subcutaneously (SC) could therefore improve patients’ 
convenience and possibly generate cost savings for the healthcare sys-
tem by avoiding drug preparation, reducing administration time, and 
freeing up infusion suite capacity (Alonso Torres et al., 2023). However, 
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as lower drug concentrations were associated with the SC compared to 
the IV route (Toorop et al., 2023a; Gelissen et al., 2024), raising con-
cerns for potential inferior efficacy of NTZ-SC, the demonstration of 
similar efficacy between these two formulations is a prerequisite for the 
use of NTZ-SC.

The pharmacokinetic (PK) and pharmacodynamic (PD) profiles of 
NTZ-SC were similar to those of NTZ-IV in the DELIVER (Plavina et al., 
2016) and REFINE (Trojano et al., 2021) studies. In addition, the 
REFINE study compared the efficacy and safety of different NTZ regi-
mens administered over 60 weeks in 290 clinically stable RRMS patients 
previously treated with 300 mg NTZ-IV Q4W for ≥12 months who were 
randomized to the following six regimens of NTZ: (i-ii) 300 mg IV 
(reference treatment) or SC every 4 weeks (Q4W, iii-iv) 300 mg IV or SC 
every 12 weeks (Q12W); or (v-vi) 150 mg IV or SC Q12W (Trojano et al., 
2021). A rescue treatment (including NTZ 300 mg IV Q4W) was offered 
to patients receiving different NTZ dosing regimens who failed to 
maintain no evidence of disease activity. The Q12W dosing (i.e. 
extended interval dosing, EID) arms were terminated early due to 
treatment failure, whereas a few patients developed disease activity in 
the NTZ 300 mg Q4W SC and IV dosing. The latter observation offered 
an informative comparison between the IV and SC Q4W arms regarding 
efficacy, which was similar, but no attempt was made to quantify the 
probability that the two formulations had equivalent efficacy. There-
fore, following EMA approval of NTZ-SC (Agency, E. M. 2021), addi-
tional data on the comparative efficacy of NTZ-SC vs NTZ-IV Q4W were 
generated to provide support for reimbursement approval decisions by 
European national medicines regulatory agencies. In this respect, the 
non-inferiority of the efficacy of NTZ 300 mg SC Q4W versus NTZ 300 
mg IV Q4W on the primary outcome of the REFINE study, i.e. the 
number of MRI combined unique active lesions (CUAL), was recently 
demonstrated (Mealli et al., 2024).

In the present study, the non-inferiority of the efficacy of NTZ-SC 
with respect to NTZ-IV 300 mg Q4W on the main secondary outcome 
of the REFINE study, i.e. annualized relapse rate (ARR), was explored as 
a retrospective post-hoc analysis of the REFINE data set. Furthermore, 
sensitivity analyses were performed to evaluate the robustness of the 
non-inferiority analysis of the efficacy of NTZ-SC vs NTZ-IV on CUAL 
with respect to the presence of cases from the SC arm who met the rescue 
criteria in the REFINE study.

2. Materials and methods

2.1. Study population

The subpopulation of 99 RRMS patients from the REFINE study who 
had been randomly assigned to receive NTZ 300 mg IV Q4W (NTZ-IV; 
standard treatment: n = 54), or NTZ 300 mg SC Q4W (NTZ-SC; new 
treatment: n = 45) was included. Patients assigned to EID in the REFINE 
were not included due to the high number of cases that met the study 
rescue criteria (virtually involving all the patients in EID), thus pre-
venting the generation of additional informative data. The analyses were 
conducted using the modified intention-to-treat (mITT) population as in 
Trojano et al. (2021), which includes patients who received at least one 
dose of the study treatment and underwent at least one efficacy assess-
ment. As one patient did not meet the mITT criteria, the final sample was 
of 98 patients: 53 exposed to NTZ IV and 45 to NTZ SC. Power calcu-
lation analysis in Supplementary materials.

2.2. Ethic statement

As this study was designed as a post-hoc analysis, with no primary 
data collection, no ethical authorisation or additional patient consent 
was required (above that already obtained during the original studies 
and reported in the original publication).

2.3. Descriptive analyses

Baseline clinical-demographic characteristics of the sample stratified 
by treatment status were summarized as mean (standard deviation, SD) 
for continuous variables and number (frequency) for dichotomic vari-
ables. Comparisons between groups were performed using the difference 
in covariate means/proportions between patients assigned to the IV and 
SC arms. The overall balance in the multivariate distribution of the 
baseline characteristics was also assessed by comparing a logit model for 
the treatment indicator that includes all variables with a restricted logit 
model that sets the coefficients of all variables to zero (null model).

2.4. Outcome measures

ARR was calculated as follows: total number of protocol-defined 
relapses in each treatment group divided by the duration of the ran-
domized treatment period in days and multiplied by 365.25. CUAL were 
defined as new/enlarging T2 lesions and gadolinium-enhancing preex-
isting T2 lesions detected by MRI.

2.5. Non-inferiority analysis

Primary non-inferiority analysis followed the ITT principle, 
comparing patients as they were initially randomized into the two 
treatment arms.

According to a predefined protocol, the non-inferiority margins (M) 
were set equal to 25 %, 33 % and 50 % of the difference of the treatment 
effect vs placebo on the outcome measures observed in the second year 
of the AFFIRM study (Polman et al., 2006), the RCT that allows the best 
comparison with the REFINE. The difference between NTZ-IV and pla-
cebo observed in the AFFIRM was 0.5 for ARR, hence the three M were 
set equal to 0.125, 0.170, and 0.250.

One-sided non-inferiority with a 2.5 % significance level was 
concluded if the lower bound (LB) of the 95 % confidence interval (CI) 
did not overlap –M. P-values were also calculated using a normal 
approximation of the test statistics under the null hypothesis H0: mu 
(IV)-mu(SC) = - M.

In the REFINE study, the Normal approximation to the sampling 
distribution of the difference between averages of the number of new T2 
brain lesions and of the ARR was unlikely to hold, due to both the 
relatively small sample size and the distribution of such variables 
(Table 1), therefore the 95 % CI were derived using resampling tech-
niques that more reliably approximate the sampling distribution of 
statistics (Wasserman, 2004). The construction of 95 % empirical 
bootstrap CI is detailed in Supplementary materials.

Table 1 
Baseline clinical and demographic characteristics of the patient population.

Characteristic NTZ-IV Q4W, (n = 54) NTZ-SC Q4W, (n = 45)
mean (SD) mean (SD)

Age, y 38.44 (7.84) 36.27 (8.92)
Sex (Female), n (%) 39 (72 %) 29 (64 %)
Body weight, Kga 69.99 (16.58) 70.82 (14.81)
EDSS score 2.99 (1.33), Median 

(range): 3.00 (0.0 - 6.5)
2.54 (1.37), Median 
(range): 2.5 (0.0 - 6.0)

Time since MS diagnosis, y 9.67 (5.20) 9.02 (6.08)
Time since NTZ start, y 3.24 (1.50) 2.71 (1.34)
No. of NTZ infusions before 

randomization
36.19 (15.14) 30.98 (16.01)

a Body weight was missing for 1 patient in the NTZ-IV Q4W group (data 
calculated on 53 patients). 

Abbreviations: EDSS, expanded disability status scale; IV, intravenously; Kg, 
kilogram; MS, multiple sclerosis; NTZ, natalizumab; Q4W, every four weeks; SC, 
subcutaneously; SD, standard deviation; y, years.
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2.6. Sensitivity analyses on the outcome CUAL

Sensitivity analyses were performed to evaluate the robustness of the 
previously reported non-inferiority analysis on CUAL (Mealli et al., 
2024) with respect to the presence of cases from the SC arm who 
received a rescue treatment (rescued patients). For these cases, infor-
mation on the number of outcome events that would have been observed 
if they had continued the treatment “per protocol” is missing. As expe-
riencing a relapse was a rescue criterion, sensitivity analyses were 
conducted using only the primary endpoint of the REFINE study “CUAL 
number”. All the sensitivity analyses were performed using two triplets 
of margins for the outcome CUAL, as previously reported (Mealli et al., 
2024).

Different assumptions on the mechanism that created these 
“missing” values were used, namely missing completely at random 
(MCAR), missing at random (MAR) and principal ignorability (PI). The 
sensitivity of the results to the presence of rescued patients in the 
analysis was investigated in the SC arm only, as no rescue procedure was 
planned for the IV arm.

Let R denote the indicator for receiving a rescue treatment, for pa-
tients in the SC arm, Ri = 1 if patient i meets the rescue criteria and Ri =

0 otherwise. According to the ICH E9(R1) addendum (E9, I., 2019), R is 
the observed indicator for the occurrence of an intercurrent event, i.e. 
the receipt of a rescue treatment in our study.

We focused on two estimands: the Hypothetical estimand and the 
Principal stratum estimand, which the ICH E9(R1) addendum (E9, I., 
2019) recognized as two alternative strategies to deal with intercurrent 
events (in our case meeting the rescue criteria and receiving the rescue 
treatment).

The Hypothetical estimand (E9, I., 2019) is a scenario in which the 
intercurrent events (rescue treatment) would not occur, therefore it al-
lows assessing what would have happened to rescued patients if they 
had continued SC treatment.

This analysis requires postulating assumptions (MAR, and MCAR) 
(Mealli and Rubin, 2015) on the mechanism underlying intercurrent 
events, which allows using data on patients who were not rescued under 
NTZ-SC to predict what would have happened to rescued patients if they 
had continued to receive NTZ-SC. In the MAR assumption, this estima-
tion is based on baseline covariates using Inverse Probability Weighting 
(IPW) estimators (Robins and Finkelstein, 2000; Olarte Parra et al., 
2023).

Principal stratum estimands are causal effects for two subpopulations 
of patients, named principal strata: (i) the “rescue treatment” principal 
stratum (RT); and (ii) the “non-rescue treatment” principal stratum 
(NRT), including patients who would (i) or would not (ii) experience 
rescue treatment when assigned to NTZ-SC (Mealli and Mattei, 2012).

Further details in Supplementary materials.

3. Results

3.1. Patient population

Baseline clinical-demographic characteristics of the sample of 99 
RRMS patients stratified in 2 arms by treatment status (NTZ-SC or NTZ- 
IV) were well balanced in all the variables, as expected due to 
randomization (Table 1). This was strongly confirmed by the compari-
son of the two logit models (p-value = 0.4857), indicating that there was 
no difference in the multivariate distribution of the baseline character-
istics between IV and SC patients, consistent with published data 
(Trojano et al., 2021). Indeed, Table 1 perfectly replicates the corre-
sponding part of Table 3 from ref. Trojano et al. (2021), thus proving the 
reproducibility of the raw data analysis.

3.2. Outcome: ARR

The ARR at week 60 was 0.070 (Delta method standard error [SE]: 

0.034; Bootstrap SE: 0.036) and 0.084 (Delta method SE: 0.042; Boot-
strap SE: 0.041) for patients in the IV and SC groups, respectively. The 
estimated ITT effect of IV versus SC for ARR slightly favoured the IV 
treatment, although it was close to 0 and statistically negligible: the IV 
administration decreased the ARR by 0.013 points (Delta method SE: 
0.054; Bootstrap SE: 0.054) compared to the SC administration, but the 
95 % CI overlapped zero (− 0.119; 0.087).

3.3. Non-inferiority analysis on ARR

The p-values based on a Normal approximation of the test statistic 
under the null hypothesis for ARR were 0.02, 0.002 and 0.000 for the 
three margins, showing strong evidence against the null hypothesis of 
inferiority (Fig. 1).

3.4. Sensitivity analyses on CUAL

The proportion of patients meeting the rescue criteria in the two 
treatment arms was equivalent, being equal to 17 % (n = 9) and 15.6 % 
(n = 7) in the NTZ-IV and NTZ-SC arms, respectively (Fig. 2), suggesting 
that the absence of difference between IV and SC patients in terms of 
rescue risk is highly probable.

Nevertheless, patients meeting the rescue criteria had access to a 
rescue treatment (including open-label NTZ-IV 300 mg QW4). Hence, in 
principle the rescue treatment could have made the ITT analysis anti- 
conservative, i.e., it may have reduced the differences between the 
groups making the two treatments look “more similar” than they actu-
ally were, because some patients in the SC arm may have received NTZ 
IV.

Non-inferiority analysis for the hypothetical estimand under the MCAR 
and MAR assumptions. Under the MCAR assumption (Mealli and Rubin, 
2015), non-inferiority was assessed excluding the 7 rescued patients.

The LB of the 95 % empirical bootstrap CI of the hypothetical esti-
mand derived under MCAR and MAR for the outcome “CUAL number” 
was equal to − 0.153 and − 0.148, respectively, and never exceeded any 
of the selected margins (Fig. 3, Fig. 4 and Table 2). Thus, the results are 
consistent with those previously obtained using the ITT estimand 
(Mealli et al., 2024), and confirm that the SC treatment was not inferior 
to the IV treatment at 0.1 % of significance (based on the p-value for the 
null hypothesis of non-inferiority).

Principal stratum estimands. Estimates of the principal average causal 

Fig. 1. Non-inferiority analysis for the outcome “ARR”: lower bound of the 
bootstrap 95 % CI = − 0.125. The margins are set to 25 %, 33 % and 50 % of the 
difference between the treatment and the placebo arm observed in the AFFIRM 
study (Polman et al., 2006). The lower 95 % CI does not overlap any margin, 
hence non-inferiority is concluded. The p-values based on a Normal approxi-
mation of the test statistic under the null hypothesis were 0.02, 0.002 and 0.000 
respectively for the three margins, showing strong evidence against the null 
hypothesis of inferiority.
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effects, obtained under the PI assumption, suggested that causal effects 
were quite heterogeneous with respect to principal stratum member-
ship, although the 95 % CIs for both estimands covered zero (Table 2). 
The non-inferiority analysis (Figs. 3 and 4) rejected the null hypothesis 
that the SC treatment was worse than the IV treatment for both principal 
stratum estimands regardless of the selected margin at the 2.5 % level, 
confirming the results found under the ITT principle (Mealli et al., 
2024).

In summary, all the results of the sensitivity analyses were consistent 
with the non-inferiority hypothesis based on the ITT principle, showing 
non-inferiority of the SC treatment with respect to the IV treatment on 
the outcome CUAL at the 2.5 % significance level.

4. Discussion

In a recent post-hoc analysis of the REFINE study (Mealli et al., 
2024), NTZ-SC Q4W was demonstrated to be non-inferior to NTZ-IV 
Q4W on CUAL at the 2.5 % significance level, adopting a triplet of 
non-inferiority margins derived from the AFFIRM study. In the 
worst-case scenario, the effect of NTZ-SC over NTZ-IV did not exceed 3.5 
% of the effect of NTZ-IV vs placebo on this outcome. The results were 
similar adopting a triplet of margins increased by 25 %, in order to 
correct for the difference expected if new T2 lesions were analysed in 
terms of CUAL, as new/enlarging T2 were assessed separately from 
gadolinium-enhancing lesions in the AFFIRM trial. In the latter case, the 
LB of the 95 % CI was equal to only 2.8 % of the effect of NTZ-IV vs 
placebo.

In the present study, disaggregated data of each patient included in 
the NTZ-SC or NTZ-IV Q4W arms of the REFINE study related to ARR (i. 
e. the main secondary outcome of the REFINE) were re-analysed with 
the same methodological approach as in Ref. Mealli et al. (2024) in order 
to explore the non-inferiority of the efficacy of NTZ-SC vs NTZ-IV on this 
outcome. Patients randomized to EID in the REFINE were not included 
due to the high number of rescued patients and the different dosing 
regimens, as their inclusion would plausibly increase marginally the 
power of the present study, generating in the meantime a possible bias.

To reduce the risk of wrongly concluding non-inferiority, which is 
particularly relevant in non-inferiority studies, the significance level was 
set at 2.5 %, instead of 5 %. The non-inferiority analysis demonstrated 
that NTZ-SC was not inferior to NTZ-IV on the outcome ARR, as the LB of 

95 % CI was within the smallest and most conservative of the predefined 
non-inferiority margins. The LB of the 95 % CI corresponding to the 
worst-case scenario indicates that the effect of NTZ-SC vs NTZ-IV is at 
most 25 % of the effect of NTZ-IV vs placebo on ARR. This could be 
regarded as a remarkable result, considering that the REFINE study was 
not powered for detecting differences in ARR between arms.

As 7 patients included in the SC arm of the REFINE study were 
rescued with NTZ-IV for different periods, sensitivity analyses were 
performed to explore whether these protocol violations could have 
affected the results of the non-inferiority analysis on the outcome CUAL 
previously reported (Mealli et al., 2024). For this purpose, the number of 
patients who met rescue criteria was preliminary compared, resulting 
similar between the two treatment arms. The non-inferiority analysis 
was then conducted excluding the patients of the SC group who met the 
rescue criteria and estimating their outcomes under MAR, and also 
conducting a Principal Stratification analysis. All the sensitivity analyses 
confirmed the results of the primary non-inferiority analysis.

Based on the evidence of non-inferior efficacy of NTZ-SC vs NTZ-IV, 
reimbursement for NTZ-SC was recently approved by the Italian Drug 
Agency (AIFA) for RRMS patients who had been successfully treated 
with at least 12 administrations of NTZ-IV (Farmaco, 2023). In addition 
to improving patients’ convenience, switching from NTZ-IV to NTZ-SC 
may provide time- and cost-saving for healthcare systems. In a recent 
multicentric Italian study, it was estimated that this could reduce 
inpatient procedure time and healthcare professional active working 
time by 50 % and 55 %, respectively, corresponding to a 63 % cost 
reduction for the MS centre per NTZ administration procedure (Filippi 
et al., 2023). Furthermore, the reduction of quality of life in the days of 
NTZ administration with respect to standard days was lower for patients 
receiving the SC vs IV formulation (delta 2.3) (Filippi et al., 2023). 
Further cost and time-savings may be obtained if NTZ-SC could be 
administered at home. The safety of home NTZ procedures was recently 
explored in a small cohort of MS patients who temporarily received 
NTZ-IV or SC at home during the COVID-19 pandemic (Lafontaine et al., 
2023). The study suggested that the procedure was safe using a uni-
versity hospital home-care department, but reproducibility of the model 
in larger sample sizes is needed to confirm the feasibility of such an 
approach.

PK/PD profiles were not compared between NTZ-SC and NTZ-IV, as 
this was beyond the aim of the study. Differences in PK/PD between the 

Fig. 2. Patients who experienced an event meeting the rescue criteria during the randomized treatment period. Panel a: frequency of non-rescued and rescued 
patients in the IV and SC treatment arm. Panel b: Number of patients stratified by rescue criterion in the IV and SC treatment arm. A few patients met more than one 
rescue criterion.
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two formulations could account for different drug concentrations after 
IV or SC administration, potentially determining different efficacy pro-
files. In the DELIVER study, the drug peak concentration was higher and 
the time to peak concentration was shorter after a single dose of NTZ-IV 
compared to NTZ-SC (Plavina et al., 2016), raising concerns for a po-
tential lower efficacy of the SC compared to the IV formulation. None-
theless, α4 integrin saturation reached >80 % within 4 h of SC dosing, a 
cut-off previously associated with a remarkable reduction in 
gadolinium-enhancing lesions activity (Derfuss et al., 2017). The latter 
observation suggests that high levels of NTZ-lymphocytes binding may 
take place at very low concentrations of the drug in the vascular and 
lymphatic systems, where monoclonal antibodies delivered subcutane-
ously are directly absorbed (Plavina et al., 2016). After repeated dosing, 
trough NTZ serum concentrations were similar between the IV and SC 
groups, and all PD measures (including α4 integrin saturation) were 
comparable (Plavina et al., 2016). Accordingly, in the REFINE study 
(including patients pre-treated with NTZ IV for ≥12 months), serum NTZ 
concentrations and α4 integrin saturation were both similar between the 
IV and SC Q4W arms, and remained comparable to baseline values 
throughout the randomized period (Trojano et al., 2021).

Conversely, in EID, NTZ-SC was associated with lower NTZ serum 
concentration compared to the IV route (Toorop et al., 2023a; Gelissen 
et al., 2024; Trojano et al., 2021), possibly requiring shorter treatment 
intervals compared to the latter in order to maintain a similar efficacy. In 
this respect, target NTZ serum concentrations could be used to identify 
personalized treatment intervals, an approach currently under investi-
gation in the NEXT-MS trial (Toorop et al., 2023a). Interestingly, NTZ 
serum concentrations were similar in capillary blood samples by 
finger-prick and venous blood samples, suggesting that monitoring of 
drug concentrations may be performed by a simple finger-prick (Toorop 
et al., 2023b).

Another issue that could undermine the efficacy of NTZ-SC is the 
production of anti-drug antibodies, as a more robust immunogenic 
response was suggested to be elicited by protein vaccines administered 
via the SC compared to the IV route, although available data on other 
therapeutic proteins are generally not supportive of this hypothesis 
(Davis et al., 2024). In this respect, anti-NTZ antibodies were negative in 
all the patients from the IV Q4W and SC Q4W arms of the REFINE 
(Trojano et al., 2021), and similar rates between the two routes were 
observed in NTZ-naïve patients from the DELIVER (Plavina et al., 2016). 

Fig. 3. Non-inferiority of NTZ-SC versus NTZ-IV on the outcome “CUAL number” under MCAR (a), MAR (b), rescue treatment (RT) principal stratum (c) and non- 
rescue treatment (NRT) principal stratum (d). The LB of the bootstrap 95 % CI was equal to − 0.153, − 0.148, − 0.079, and − 0.192 for MCAR, MAR, RT and NRT 
principal stratum, respectively. The margins are set to 25 %, 33 % and 50 % of the difference between the treatment and the placebo arm observed in the AFFIRM 
study (Polman et al., 2006).
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Fig. 4. Non-inferiority of NTZ-SC versus NTZ-IV on the outcome CUAL number under MCAR (a), MAR (b), rescue treatment (RT) principal stratum (c) and non- 
rescue treatment (NRT) principal stratum (d). The LB of the bootstrap 95 % CI was equal to − 0.153, − 0.148, − 0.079, and − 0.192 for MCAR, MAR, RT and NRT 
principal stratum, respectively. The margins are set to 25 %, 33 % and 50 % of the difference between the treatment and the placebo arm observed in the AFFIRM 
study, increased by 25 % to account for the difference between the number of new T2 lesions and CUAL for the following reasons: (i) new/enlarging T2 lesions were 
assessed separately from gadolinium-enhancing lesions in the AFFIRM trial, and (ii) it was estimated that, in an RRMS population similar to that included in this 
study (Zamboni et al., 2018), the average CUAL number exceeded that of the new T2 lesions analysed in the AFFIRM study to an observed extent of 25 %.

Table 2 
Hypothetical estimates and 95 % CI under MCAR and MAR assumptions and with respect to the principal stratum estimands.

NTZ 300 mg IV Q4W NTZ 300 mg SC Q4W Difference: muobs(IV) -muobs(SC) Bootstrap 95 % CI

n Mean N Mean

MCAR 52 0.231 37 0.027 0.204 (− 0.153, 0.447)
MAR 52 0.231 37 0.023 0.207 (− 0.148, 0.451)

Principal stratum estimands Sum of 
weights

Weighted 
Mean

n Mean Difference: muweighted(IV) 
-muobs(SC)

(LB, UB)

Average casual effect for the rescue treatment principal stratum 49.06 0.085 7 0.000 0.085 (− 0.079, 
0.169)

Average casual effect for the non-rescue treatment principal 
stratum

52.56 0.257 37 0.027 0.230 (− 0.192, 
0.497)

Abbreviations: CI, confidence interval; IV, intravenously; LB, lower bound; MAR, missing at random; MCAR, missing completely at random; NTZ, natalizumab; SC, 
subcutaneously; UB, upper bound; Q4W, once every 4 weeks.
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To our knowledge, there is currently no evidence suggesting different 
immunogenicity of NTZ between the SC and IV routes.

The main limitation of the study is the post-hoc design. Other limi-
tations include the lack of patient-reported outcome measures, PK/PD 
and safety outcomes, as these were beyond the aim of the study. As for 
safety, rates of the most common treatment-related adverse events were 
consistently low in both the IV and SC Q4W arms of the REFINE study; 
7.3 % of the patients in the SC treatment arms experienced mild or 
moderate site injection reactions (Trojano et al., 2021).

5. Conclusions

These data demonstrate that there was only a 2.5 % risk of NTZ-SC 
being inferior to NTZ-IV with respect to ARR, hence non-inferiority 
can be concluded at the 2.5 % significance level. The LB of the 95 % 
CI indicates that, in the worst-case scenario, the effect of SC vs IV on ARR 
did not exceed 25 % of the effect of NTZ-IV vs placebo on this outcome. 
Furthermore, the non-inferiority analysis of the efficacy of NTZ-SC vs 
NTZ-IV on CUAL was demonstrated to be robust with respect to rescued 
patients.
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