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Abstract
Background and Objectives
Ocrelizumab improved clinical andMRI measures of disease activity and progression in three phase 3
multiple sclerosis (MS) studies. Post hoc analyses demonstrated a correlation between the ocrelizu-
mab serum concentration and the degree of blood B-cell depletion, and body weight was identified as
the most influential covariate on ocrelizumab pharmacokinetics. The magnitude of ocrelizumab
treatment benefit ondisability progressionwas greater in lighter vs heavier patients. These observations
suggest that higher ocrelizumab serum levels provide more complete B-cell depletion and a greater
delay in disability progression. The current post hoc analyses assessed population exposure–efficacy/
safety relationships of ocrelizumab in patients with relapsing and primary progressive MS.

Methods
Patients in OPERA I/II and ORATORIO were grouped in exposure quartiles based on their
observed individual serum ocrelizumab level over the treatment period. Exposure–response
relationships were analyzed for clinical efficacy (24-week confirmed disability progression
(CDP), annualized relapse rate [ARR], and MRI outcomes) and adverse events.

Results
Ocrelizumab reduced newMRI lesion counts to nearly undetectable levels in patients with relapsing
or primary progressive MS across all exposure subgroups, and reduced ARR in patients with
relapsing MS to very low levels (0.13–0.18). A consistent trend of higher ocrelizumab exposure
leading to lower rates of CDP was seen (0%–25% [lowest] to 75%–100% [highest] quartile hazard
ratios and 95% confidence intervals; relapsing MS: 0.70 [0.41–1.19], 0.85 [0.52–1.39], 0.47
[0.25–0.87], and 0.34 [0.17–0.70] vs interferon β-1a; primary progressive MS: 0.88 [0.59–1.30],
0.86 [0.60–1.25], 0.77 [0.52–1.14], and 0.55 [0.36–0.83] vs placebo). Infusion-related reactions,
serious adverse events, and serious infections were similar across exposure subgroups.

Discussion
The almost complete reduction of ARR and MRI activity already evident in the lowest quartile,
and across all ocrelizumab-exposure groups, suggests a ceiling effect. A consistent trend of
higher ocrelizumab exposure leading to greater reduction in risk of CDP was observed, par-
ticularly in the relapsing MS trials, and was not associated with a higher rate of adverse events.
Higher ocrelizumab exposure may provide improved control of disability progression by re-
ducing disease activity below that detectable by ARR and MRI, and/or by attenuating other
B-cell–related pathologies responsible for tissue damage.
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Classification of Evidence
This analysis provides Class III evidence that higher ocrelizumab serum levels are related to greater reduction in risk of disability
progression in patients with multiple sclerosis. The study is rated Class III because of the initial treatment randomization
disclosure that occurred after inclusion in the open-label extension.

Trial Registration Information
ClinicalTrials.gov Identifier: NCT01247324 (OPERA I), NCT01412333 (OPERA II), and NCT01194570 (ORATORIO).

Ocrelizumab, at an IV dose of 600mg every 6 months, was the
first CD20+ B-cell–selective humanized monoclonal anti-
body1 approved for the treatment of patients with relapsing
multiple sclerosis (RMS) or primary progressive multiple
sclerosis (PPMS).

Ocrelizumab had significant benefit on 12- and 24-week con-
firmed disability progression (12 W-CDP and 24 W-CDP),
annualized relapse rate (ARR), and MRI measures vs compar-
ator in pivotal phase 3 studies in patients with RMS2 or PPMS,3

with sustained efficacy in the respective open-label extension
(OLE) periods.4,5 Further analysis of data from these studies6

and others7,8 has demonstrated that most disability progression
in patients with RMS receiving disease-modifying therapies
(DMTs) occurs independent of relapse activity, and is attrib-
utable to an underlying and continuous progressive disease
course. Although ocrelizumab demonstrated substantial reduc-
tions of disability progression in patients with both RMS and
PPMS, the need for providing a more pronounced effect on
disability progression, or even stopping disability progression
altogether, remains the greatest challenge to the field.

In pharmacokinetic and pharmacodynamic analyses of the
OPERA I, OPERA II, and ORATORIO studies, a correlation
between the individual ocrelizumab serum concentration over
the treatment period for each patient and the level of B-cell
depletion in blood was observed,9 where higher ocrelizumab
exposure led to lower blood B-cell counts in patients with
RMS and PPMS. The population pharmacokinetic analysis
identified body weight as the most influential covariate on
ocrelizumab serum levels. In the prespecified subgroup anal-
yses of ocrelizumab efficacy in the pooled OPERA trials, body
mass index (BMI) showed a significant treatment-by-
subgroup interaction for both 12 W- and 24 W-CDP end-
points, indicating that the magnitude of ocrelizumab treat-
ment benefit on disability progression was greater in lighter vs
heavier patients (BMI ≤25 kg/m2 vs >25 kg/m2).10 A plausible

explanation for this observation could be that higher ocrelizumab
exposure in lighter patients leads to more complete B-cell de-
pletion and to amore pronounced delay in disability progression.
In this study, we investigated the relationship between higher
ocrelizumab exposure and clinical, imaging, and safety outcomes,
with a special focus on disability progression.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
The relevant institutional review boards/ethics committees ap-
proved the trial protocols (NCT01247324, NCT01412333, and
NCT01194570). All patients provided written informed consent.

Trial Design and Patients
The conduct and clinical results from the pivotal phase 3
studies, and the pharmacokinetic–pharmacodynamic analy-
ses, have been reported previously.2-5 In the phase 3 studies,
patients received the approved dose of ocrelizumab (600 mg
administered IV preceded by 100 mg methylprednisolone [or
equivalent] IV every 6 months) or comparator. Patients with
RMS were randomized 1:1 to ocrelizumab or subcutaneous
interferon (IFN) β-1a 44 μg 3 times weekly for 96 weeks,
whereas those with PPMS were randomized 2:1 to either
ocrelizumab or placebo every 24 weeks until the last enrolled
patient completed at least 120 weeks of study treatment and
the planned total number of CDP events had been reached
(median 7 doses).

Measures of Exposure
Ocrelizumab serum concentrations were measured with a val-
idated ELISA with a lower limit of quantitation of 250 ng/mL,
as described previously.9 Briefly, blood samples for pharma-
cokinetic assessments were drawn inOPERA: predose at weeks
1, 24, 48, and 72; 30 minutes postinfusion at week 72; and on
days 84 and 96; and inORATORIO: preinfusion on days 1 and

Glossary
12W = 12-week; 24W = 24-week; 9HPT = Nine-Hole Peg Test; ARR = annualized relapse rate; BMI = body mass index; cCDP =
composite confirmed disability progression;CDP = confirmed disability progression;CI = confidence interval;DBP = double-blind
period; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; HR = hazard ratio; IFN = interferon;MS =
multiple sclerosis; OLE = open-label extension; PIRA = progression independent of relapse activity; PPMS = primary progressive
multiple sclerosis;RMS = relapsingmultiple sclerosis;RR = rate ratio; SAE = serious adverse event;T25FW = Timed 25-FootWalk.
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15, and at weeks 24, 48, 72, and 96; 30 minutes postinfusion
on days 1 and 15 and at week 72; and at weeks 12, 84, and
120. The serum concentration data were analyzed using the
population pharmacokinetic method. Concentration vs time
curves over the 6-monthly dosing intervals were modeled
from the individual estimated pharmacokinetic parameters,
and subsequently Cmean, i.e., the average concentration over
the treatment period, derived for each patient. Ocrelizumab
exposure (Cmean) was defined as the average ocrelizumab
serum concentration in an individual patient during their
treatment with ocrelizumab. The exposure quartiles split all
patients into 4 equal groups based on where an individual’s
exposure ranks in the range of ocrelizumab serum concen-
trations observed in the study patient population. For pa-
tients who received all planned doses, this corresponded to
the average concentration over the entire treatment period
of 96 weeks in patients with RMS in OPERA I and OPERA
II, whereas treatment duration varied in patients with PPMS
because of the event-driven design of the ORATORIO study
(median [range] number of infusions: OPERA I/II, 4 [1–4];
ORATORIO, 7 [1–10]).

For investigation of the potential association between a pa-
tient’s ocrelizumab serum level and clinical outcomes,
ocrelizumab-treated patients were divided into subgroups
based on the quartiles of the serum ocrelizumab exposure
range. In patients with RMS, the ranges for ocrelizumab expo-
sure Quartiles 1–4 were min–<15.4, ≥15.4–<18.7, ≥18.7–<22.2,
and ≥22.2–max μg/mL, respectively. The corresponding ranges
in patients with PPMS were min–<15.8, ≥15.8–<18.9,
≥18.9–<23.2, and ≥23.2–max μg/mL.9 To estimate treatment
effects between ocrelizumab and control within comparable
patient groups, ocrelizumab and IFN β-1a–treated patients were
divided into subgroups based on BMI as a strong predictor of
ocrelizumab exposure.

Endpoints and Populations Analyzed
Analyses of endpoints in patients with RMS and PPMS are
based on the pooled population of OPERA I and OPERA II,
and ORATORIO, respectively. Unless otherwise stated,
analyses of endpoints are based on the complete double-blind
controlled treatment phases (96 weeks for OPERA I and
OPERA II [pooled data], >120 weeks for ORATORIO). For
B-cell–related endpoints, the OLE was included for the
ocrelizumab-treated patients from the pooled population of
OPERA I and OPERA II, and the extended-controlled period
and OLE for the ORATORIO population.4,5

Exposure–response analyses of ARR are presented only for
patients with RMS because ARR was not specified as an end-
point in ORATORIO; the low number of protocol-defined
relapses in ORATORIO also precluded any meaningful anal-
ysis. Analyses of 12W-CDP, 24W-CDP,MRI-based measures,
and safety outcomes, including serious adverse events (SAEs),
infusion-related reactions, and serious infections, are presented
for both RMS and PPMS populations. MRI measures assessed
were T1 gadolinium-enhancing lesions, new and/or enlarging

T2 lesions, and percent change in whole brain volume from
baseline; for brain volume change, MRI rebaselining at week 8
was also included to excludeMRI activity that occurs during the
first 8 weeks of treatment before the potential treatment benefit
of ocrelizumab is realized.

In addition to the exposure–response analyses of disability
progression defined by the Expanded Disability Status Scale
(EDSS) score (an increase from baseline of at least 1 point
[or 0.5 points if the baseline EDSS score was >5.5]), analyses
by baseline BMI quartile and blood B-cell depletion (3
groups based on the median blood CD19+ B-cell count over
the treatment period of each patient, i.e., 0, 1–5, and >5
B cells/μL, or grouped by < and ≥ the median of the post-
baseline median CD19+ B-cell count of each patient; blood
CD19+ B-cell counts were assessed by flow cytometry),
along with an exposure–response analysis of composite CDP
(cCDP; first confirmed occurrence of an increase in the
EDSS score and/or increase in Timed 25-Foot Walk
[T25FW] or Nine-Hole Peg Test [9HPT] of ≥20%), were
conducted.

Statistical Analyses
All patients with available ocrelizumab serum concentrations
were included in the pharmacokinetic analysis.9 Analyses of
BMI subgroups were based on the intention-to-treat pop-
ulation and randomized treatment assignment. Time-to-
progression analyses of exposure–outcome dependencies
were based on a Cox regression model with a binary exposure
main effect (low and high) based on a median exposure cut.
Analyses of treatment effect within exposure quartiles were
based on a Cox regression model, with treatment as the main
effect, where treatment groups consisted of all control pa-
tients (IFN β-1a or placebo), and ocrelizumab-treated pa-
tients divided into 4 groups based on ocrelizumab exposure
quartiles. For univariate subgroup analyses, ocrelizumab-
treated patients were divided into 2 groups based on a median
exposure cut; in addition to the treatment effect, the re-
spective baseline covariate and its interaction with treatment
were included in the Cox regression model. For the multi-
variate subgroup analyses, all baseline covariates and their
interactions with treatment were fitted in 1 Cox regression
model. For the exposure response analyses, the average serum
concentration for a patient over their treatment period
(Cmean) was treated as a time-invariant measure, because a
patient’s characteristics determining their pharmacokinetics
are not expected to change over the observation period. For
analyses of blood B-cell counts, the median CD19+ B-cell
count over all postbaseline dosing visits was calculated for
every patient (measured before the ocrelizumab infusion at
weeks 24, 48, 72, 96, and for ORATORIO week 120) and
ocrelizumab-treated patients were allocated to 3 groups of 0,
1–5, and >5 B cells/μL (based on the sensitivity of the assay,
repeated B-cell counts of 0 and >5 cells/μL were considered
to represent certainty on blood B-cell levels, with 1–5 cells/μL
being between the thresholds of certainty). Patients with an
initial disability progression during the controlled treatment
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period who discontinued treatment early without a sub-
sequent EDSS assessment were censored for OPERA or im-
puted as having a CDP event for ORATORIO. Analyses of
relapse and MRI lesion rates were based on Poisson re-
gression models with follow-up time or number of MRI scans
as an offset variable. Analyses of brain volume changes were
performed using Mixed Model Repeated Measures re-
gression. These analyses were post hoc; hence, the studies
were likely underpowered to detect a statistically significant
difference. However, consistent results for outcomes across
exposure quartiles and B-cell levels lend support to the con-
clusions derived from the data; hence, the word “trend” is
used whenever there is a numeric difference without reaching
statistical significance, and a consistent pattern in outcomes is
observed across the exposure quartiles and B-cell levels.

Data Availability
For eligible studies, qualified researchers may request access
to individual patient-level clinical data through a data request
platform. At the time of writing, this request platform is Vivli,
vivli.org/ourmember/roche/. For up-to-date details of
Roche’s Global Policy on the Sharing of Clinical Information
and how to request access to related clinical study documents,
see go.roche.com/data_sharing.

Results
Baseline Demographic and
Disease Characteristics
In patients with RMS (Table 1), ocrelizumab exposure-
grouped baseline demographic and disease characteristics were
comparable for most covariates. Higher proportions of patients
were male, had a higher weight/BMI, or were from the United
States in lower exposure quartiles (Quartiles 1 and 2) vs higher
quartiles (Quartiles 3 and 4). The presence of T1 gadolinium-
enhancing lesions was lower in patients within the lower vs the
higher exposure quartiles; however, no effect was noted be-
tween baseline enhancing lesions and progression outcomes. In
patients with PPMS (Table 1), the pattern of exposure-
grouped baseline demographic and disease characteristics was
generally consistent with those observed in patients with RMS.

Annualized Relapse Rate Grouped by
Ocrelizumab Exposure Quartile in Patients
With RMS
In ocrelizumab-treated patients with RMS, adjusted ARRs
through week 96 were low and comparable across exposure
quartiles (Quartile 1, 0.14 [95% confidence interval (CI):
0.10–0.20]; Quartile 2, 0.18 [95% CI: 0.13–0.25]; Quartile
3, 0.13 [95% CI: 0.09–0.19]; Quartile 4, 0.17 [95% CI:
0.12–0.23]); the ARR in patients receiving IFN β-1a was
0.29 (95% CI: 0.25–0.34). The treatment effect of ocreli-
zumab relative to the IFN β-1a arm on ARR (rate ratios
[RR]) in individual exposure quartiles is reported in
Table 2. Overall, no association between exposure and
ARR was observed.

Disability Progression in Patients With RMS

ConfirmedDisability ProgressionMeasuredWith theEDSS
An exposure dependency of time to onset of 24 W-CDP was
seen within ocrelizumab-treated patients with RMS, when
comparing high-exposure (combined Quartiles 3 and 4 [3/4])
with low-exposure (combined Quartiles 1 and 2 [1/2]) patients
(hazard ratio [HR] 0.52 [95% CI: 0.30, 0.90; p = 0.0178];
Figure 1). Exposure dependency of 24 W-CDP was observed in
the individual quartile exposure-grouped Kaplan–Meier analysis
(Figure 2) and the associated HRs in ocrelizumab-treated pa-
tients compared with all IFN β-1a–treated patients (Figure 1).
Point estimates of 24W-CDPHRs vs IFN β-1a were lower in the
higher exposure quartiles (Quartile 3, 0.47 [95% CI: 0.25–0.87;
p = 0.02]; Quartile 4, 0.34 [95% CI: 0.17–0.70; p = 0.004])
compared with the lower exposure quartiles (Quartile 1, 0.70
[95% CI: 0.41–1.19; p = 0.19]; Quartile 2, 0.85 [95% CI:
0.52–1.39; p = 0.52]).

When comparing time to onset of 24 W-CDP between treat-
ment arms (IFN β-1a vs ocrelizumab) within BMI quartiles,
numerically, the greatest reductions in risk of disability pro-
gression were seen in the lower BMI quartiles (Figure 1). An
important advantage of the BMI analysis is that it permits the
control and treatment groups to be compared based on the same
baseline patient characteristic as the treatment group, allowing
for a randomized treatment comparison in the same patient
population. Consistent with the observed exposure dependency,
a significant treatment-by-baseline BMI (low ≤median vs high
>median) interaction was also observed between patients for 24
W-CDP, where lighter patients received more benefit than
heavier patients (Figure 1).

In ocrelizumab-treated patients with RMS, there was a trend of
highermedian B-cell levels during the double-blind period (DBP)
being associated with greater rates of 24 W-CDP during the
combined DBP and OLE (median circulating B-cell levels vs
0 cells/μL, HR [95% CI]: 1–5/μL, 1.36 [0.82–2.25] p = 0.23;
>5/μL, 1.43 [0.79–2.62] p = 0.28) as well as during theOLE only
(median circulating B-cell levels vs 0 cells/μL, HR [95% CI]:
1–5/μL, 1.31 [0.76–2.24] p = 0.36; >5/μL, 1.63 [0.88–3.03]
p = 0.079; eFigure 1, links.lww.com/NXI/A801). In the DBP,
when splitting ocrelizumab-treated patients with RMS at the
median of the individual patient median B-cell levels (1 cells/μL;
<median n = 305, ≥median n = 509) and comparing with IFN
β-1a–treated patients (n = 829), patients with more B-cell de-
pletion showed a greater reduction in risk of 24 W-CDP (HR
[95%CI]: CD19<median, 0.38 [95%CI: 0.21–0.68; p= 0.0011]
vs IFN β-1a; CD19 ≥ median, 0.73 [95% CI: 0.51–1.05;
p = 0.0881] vs IFN β-1a).

Composite Disability Progression
The ocrelizumab exposure dependency in 24 W-CDP (assessed
by EDSS) was also observed in the composite measure of dis-
ability progression (cCDP)when comparing within ocrelizumab-
treated patients (high vs low exposure; HR 0.64 [95% CI:
0.45–0.92; p = 0.0135]) and by ocrelizumab exposure quartile vs
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Table 1 Baseline Demographics and Disease Characteristics of Patients With Relapsing Multiple Sclerosis (RMS) and
Primary Progressive Multiple Sclerosis (PPMS) Grouped by OCR Exposure Quartile

Parameter

OCR exposure (Cmean)

Quartile 1 (lowest)
RMS: min–<15.4 μg/mL
PPMS: min–<15.8 μg/mL

Quartile 2
RMS: ≥15.4–<18.7 μg/mL
PPMS: ≥15.8–<18.9 μg/mL

Quartile 3
RMS: ≥18.7–<22.2 μg/mL
PPMS: ≥18.9–<23.2 μg/mL

Quartile 4 (highest)
RMS: ≥22.2–max μg/mL
PPMS:≥23.2–maxμg/mL

Data in patients with RMS N = 196 N = 197 N = 196 N = 197

Data in patients with PPMS N = 120 N = 120 N = 120 N = 121

Age, mean (SD), y

RMS 38.2 (8.6) 37.8 (9.2) 36.6 (9.7) 36.4 (9.3)

PPMS 45.3 (7.5) 44.2 (7.7) 45.3 (7.4) 44.1 (8.8)

Female, n (%)

RMS 109 (55.6) 107 (54.3) 132 (67.3) 163 (82.7)

PPMS 32 (26.7) 58 (47.9) 57 (47.5) 89 (73.6)

Weight, median (range), kg

RMS 89.1 (48.9–170.0) 78.8 (48.9–123.0) 67.0 (46.0–108.0) 60.0 (38.0–96.6)

PPMS 84.3 (46.0–135.9) 74.4 (45.8–125.0) 68.2 (45.9–115.5) 56.3 (40.2–93.5)

BMI, median (range), kg/m2

RMS 29.4 (17.3–61.7) 26.3 (17.9–43.8) 23.4 (17.2–37.5) 21.8 (15.2–38.2)

PPMS 27.6 (17.0–45.6) 25.2 (16.7–46.4) 23.6 (15.6–46.2) 21.3 (15.2–30.4)

Region the United States, n (%)

RMS 64 (32.7) 49 (24.9) 48 (24.5) 37 (18.8)

PPMS 24 (20.0) 16 (13.2) 16 (13.3) 9 (7.4)

Time since diagnosis, mean (SD), y

RMS 3.6 (4.2) 4.3 (5.7) 3.6 (4.8) 4.3 (4.8)

PPMS 3.1 (3.5) 2.6 (3.0) 2.4 (2.8) 3.4 (3.3)

Baseline EDSS score, mean (SD)

RMS 2.7 (1.32) 2.8 (1.2) 2.9 (1.3) 2.8 (1.3)

PPMS 4.9 (1.20) 4.6 (1.2) 4.7 (1.2) 4.7 (1.2)

Treatment-naive, n (%)

RMS 146 (74.5) 140 (71.1) 148 (75.5) 143 (72.6)

PPMS 104 (86.7) 102 (84.3) 112 (93.3) 110 (90.9)

Normalized brain volume, mean (SD), cm3

RMS 1,501 (87) 1,498 (88) 1,505 (88) 1,504 (91)

PPMS 1,451 (83) 1,468 (86) 1,463 (92) 1,468 (74)

T1 Gd-enhancing lesions present, n (%)

RMS 72 (37.1) 73 (37.4) 86 (44.1) 86 (44.6)

PPMS 30 (25.4) 31 (25.6) 33 (27.7) 38 (31.7)

T2 lesions, mean (SD), n

RMS 45.02 (37.25) 48.76 (37.13) 53.48 (40.52) 53.65 (40.06)

PPMS 44.36 (35.19) 52.08 (41.23) 46.53 (39.06) 51.62 (37.12)

Abbreviations: BMI = bodymass index; EDSS = ExpandedDisability Status Scale; Gd = gadolinium; OCR = ocrelizumab; PPMS = primary progressiveMS; RMS =
relapsing MS; y = year.
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all IFN β-1a–treated patients (Figure 3). Among the subcom-
ponents of 24 W-cCDP, an exposure trend was observed for
T25FW (high vs low exposure; HR 0.70 [95% CI: 0.44–1.11;
p = 0.1281]). There was no association between exposure and
outcome observed for the 9HPT subcomponent.

Disability Progression in Patients With PPMS

ConfirmedDisability ProgressionMeasuredWith theEDSS
In patients with PPMS, exposure dependency analysis of 24
W-CDP was directionally consistent with RMS but did not
reach statistical significance (high vs low exposure: HR 0.76
[95% CI: 0.54–1.06; p = 0.099]); HRs of 24 W-CDP and

associated Kaplan–Meier analyses (grouped by quartile and
high vs low exposure, and BMI quartile and high vs low BMI)
and overall 24 W-cCDP (grouped by quartile and high vs low
exposure) are presented in Figures 1 and 2, respectively.
Unlike RMS, in patients with PPMS there was no association
of grouped median B-cell levels during the DBP with rates of
24 W-CDP during the combined DBP and OLE (median
circulating B-cell levels vs 0 cells/μL, HR [95% CI]: 1–5/μL,
0.95 [0.71–1.28] p = 0.77; >5/μL, 1.14 [0.74–1.74] p = 0.72)
or the OLE only (median circulating B-cell levels vs 0 cells/
μL, HR [95% CI]: 1–5/μL, 0.90 [0.63–1.27] p = 0.59; >5/μL,
0.65 [0.34–1.23] p = 0.26; eFigure 1, links.lww.com/NXI/
A801). When splitting ocrelizumab-treated patients with

Table 2 Annualized Relapse Rate, T1 Gadolinium-Enhancing Lesions, and New and/or Evolving T2 Lesions Grouped by
OCR Exposure Quartile vs Overall Control and Low vs High Exposure in Patients With RMS or PPMS

Quartile exposure groups (Cmean) Comparator Rate ratio

OCR 1 OCR 2 OCR 3 OCR 4 IFN or PBO

High (OCR 3/4) vs
low (OCR 1/2)
exposure

ARR in patients with
RMS (vs IFN β-1a)

Rate (95% CI); n 0.14 (0.10–0.20); 196 0.18 (0.13–0.25); 197 0.13 (0.09–0.19); 196 0.17 (0.12–0.23); 197 0.29 (0.25–0.34); 829 –

Rate ratio (95% CI)a 0.48 (0.33–0.69)
p < 0.001

0.63 (0.45–0.88)
p < 0.010

0.45 (0.32–0.65)
p < 0.001

0.57 (0.41–0.80)
p = 0.001

0.92 (0.70–1.23) p = 0.59

T1 Gd-enhancing lesions
in patients with
RMS (vs IFN β-1a)

Rate (95% CI); n 0.03 (0.01–0.07); 169 0.01 (0.00–0.04); 181 0.02 (0.01–0.05); 183 0.02 (0.01–0.05); 185 0.50 (0.43–0.59); 646 –

Rate ratio (95% CI)b 0.05 (0.02–0.13) 0.01 (0.00–0.08) 0.03 (0.01–0.10) 0.03 (0.01–0.11) 1.14 (0.37–3.58) p = 0.82

New/enlarging T2
lesions in patients
with RMS (vs IFN β-1a)

Rate (95% CI); n 0.14 (0.09–0.20); 169 0.03 (0.01–0.06); 181 0.02 (0.01–0.06); 184 0.04 (0.02–0.08); 186 2.40 (2.21–2.53); 650 –

Rate ratio (95% CI)b 0.06 (0.04–0.08) 0.01 (0.00–0.03) 0.01 (0.00–0.02) 0.02 (0.01–0.04) 0.46 (0.24–0.86) p = 0.01

T1 Gd-enhancing lesions
in patients with PPMS
(vs PBO)

Rate (95% CI); n 0 (0–0); 88 0 (0–0); 99 0 (0–0); 103 0 (0–0); 109 0.39 (0.26–0.57); 183 –

Rate ratio (95% CI)b NE NE NE NE NE

New/enlarging T2
lesions in patients with
PPMS (vs PBO)

Rate (95% CI); n 0.03 (0.01–0.09); 89 0.03 (0.01–0.08); 99 0.02 (0.00–0.06); 103 0.04 (0.02–0.09); 110 3.75 (3.31–4.24); 183 –

Rate ratio (95% CI)b 0.01 (0.00–0.03) 0.01 (0.00–0.02) 0.00 (0.00–0.02) 0.01 (0.01–0.03) 1.28 (0.44–3.74) p = 0.65

Abbreviations: ARR = annualized relapse rate; CI = confidence interval; EDSS = Expanded Disability Status Scale; Gd = gadolinium; IFN = interferon; NE = not
evaluable; OCR = ocrelizumab; PBO = placebo; PPMS = primary progressive MS; RMS = relapsing MS; ROW = rest of world.
Exposure–response analyses of ARR are presented only for patients with RMS because ARRwas not specified as an endpoint in ORATORIO. A total number of
T1 Gd-enhancing lesions and new/enlarging T2 lesions in patients with RMS (week 96 data) and PPMS (week 120 data) weremodeled by Poisson distribution;
each OCR exposure (Cmean) quartile was individually modeled against the study comparator. Lesion rates and rate ratios were adjusted for baseline lesion
status (present/absent; binary for T1 Gd-enhancing, continuous for T2), geographic region (the United States vs ROW), study (OPERA I vs OPERA II; RMS only),
baseline EDSS score (<4.0 vs ≥ 4.0; RMS only), and age (≤45 y vs >45 years; PPMS only).
a p values for all rate ratios <0.001.
b Rate ratios and/or associated comparative statistics were not evaluable because of zero rates in patients treated with OCR. RMS exposure quartile ranges:
Quartile 1 min–<15.4 μg/mL, Quartile 2 ≥15.4–<18.7 μg/mL, Quartile 3 ≥18.7–<22.2 μg/mL, Quartile 4 ≥22.2–max μg/mL. PPMS exposure quartile ranges:
Quartile 1 min–<15.8 μg/mL, Quartile 2 ≥15.8–<18.9 μg/mL, Quartile 3 ≥18.9–<23.2 μg/mL, Quartile 4 ≥23.2–max μg/mL.

6 Neurology: Neuroimmunology & Neuroinflammation | Volume 10, Number 2 | March 2023 Neurology.org/NN

http://links.lww.com/NXI/A801
http://links.lww.com/NXI/A801
http://neurology.org/nn


PPMS at the median of the individual patient median B-cell
levels and comparing with placebo-treated patients, there was
no association of median B-cell levels with rates of 24W-CDP
(HR [95% CI]: CD19 <median, 0.81 [95% CI: 0.59, 1.11;
p = 0.20 vs placebo]; CD19 ≥median, 0.70 [95% CI: 0.51,
0.96; p = 0.03 vs placebo]).

Composite Disability Progression
Exposure dependency analysis of 24W-cCDPwas directionally
consistent with RMS but did not reach statistical significance
(high vs low exposure:HR 0.90 [95%CI: 0.70, 1.15; p = 0.39]).
An exposure dependency trend on 24 W-cCDP was also

observed across quartiles in patients with PPMS (Figure 3).
The exposure dependency trend was also observed in time to
20% increase in T25FW (Quartile 1 HR: 0.88 [95% CI:
0.63–1.21; p = 0.43]; Quartile 2 HR: 0.66 [95% CI: 0.47–0.92;
p = 0.014]; Quartile 3 HR: 0.79 [95% CI: 0.57–1.09; p = 0.15];
Quartile 4 HR: 0.64 [95% CI: 0.46–0.89; p = 0.008]). No as-
sociation between exposure and outcome was observed for time
to 20% increase in 9HPT (data not shown).

In general, for the abovemeasures, consistent results were also
observed for 12-week confirmed data in patients with either
RMS or PPMS (eTable 1, links.lww.com/NXI/A801).

Figure 1 Hazard Ratios of 24 W-CDP Grouped by (A and B) OCR Exposure Quartiles vs Overall Control Arm; (C and D) High
(Quartiles 3/4) vs Low (Quartiles 1/2) OCR Exposure; (E and F) OCR vs Control ArmWithin BMIQuartiles; and (E and
F) Interaction Effects of OCR vs Control Arm Between High (Quartiles 3/4) and Low (Quartiles 1/2) BMI in Patients
With RMSa (A, C, E) and PPMSb (B, D, F)

Hazard ratioswereestimatedbya stratifiedCox regressionmodelwith treatmentgroupasa covariate. TreatedpatientswithmissingCmean valueswereexcluded.
a,bStratifiedby region (theUnitedStates vsROW), abaseline EDSS (<4.0 vs≥4.0), and bage (≤45 vs>45years). cInteractioneffectsofOCRvs control betweenhighand
lowBMI inRMS (HR, 95%CI: 2.39, 1.18–4.83) and PPMS (HR, 95%CI: 1.27, 0.74–2.16). 24W-CDP = 24-week confirmeddisease progression; BMI = bodymass index;
CI = confidence interval; Cmean = average OCR serum concentration in an individual patient over their treatment period; EDSS = Expanded Disability Status Scale;
HR = hazard ratio; IFN = interferon; OCR = ocrelizumab; PBO = placebo; PPMS = primary progressive MS; Q = quartile; RMS = relapsing MS; ROW = rest of world.
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Influence of Baseline Patient Characteristics
In RMS, all subgroups, with the exceptions of region the
United States and EDSS ≥4, showed numerically greater
reduction in risk of disability progression in the high-
exposure group compared with the low-exposure group in
both the univariate and multivariate analyses (eFigure 2A
and eTable 2, links.lww.com/NXI/A801). In the univariate
subgroup analyses in PPMS, comparing the time to 24
W-CDP of ocrelizumab-treated patients with low and high
exposures with all placebo patients, all subgroups with the
exceptions of region the United States showed numerically
greater or approximately identical reduction in risk of dis-
ability progression in the high-exposure group compared
with the low-exposure group. Multivariate analysis results

were consistent with the univariate analyses except for
patients with a duration since symptom onset of ≤5 years,
where the treatment effect in high-exposure patients with
PPMS was markedly reduced (eFigure 2B and eTable 2,
links.lww.com/NXI/A801). The interpretation of the
multivariate analysis is limited by the small sample size.

Magnetic Resonance Imaging

T1 Gadolinium-Enhancing Lesions and New and/or
Enlarging T2 Lesions
Owing to the near-zero rate of T1 gadolinium-enhancing le-
sions with ocrelizumab treatment in patients with RMS or
PPMS, exposure dependency could not be reliably assessed.
For new and/or evolving T2 lesions, exposure dependency

Figure 2 Kaplan–Meier Analyses of 24 W-CDP Grouped by (A and B) OCR Exposure Quartiles vs Overall Control Arm or
(C and D) BMI Quartiles vs Overall Control Arm in Patients With RMSa (A and C) or PPMSb (B and D)

a,bStratified by region (the United States vs ROW), abaseline EDSS (<4.0 vs ≥4.0), and bage (≤45 vs >45 years). Treated patients with missing Cmean values were
excluded. 24W-CDP = 24-week confirmed disease progression; BMI = bodymass index; IFN = interferon; OCR = ocrelizumab; PBO = placebo; PPMS = primary
progressive MS; RMS = relapsing MS; ROW = rest of world.
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Figure 3 Kaplan–Meier Analyses (A and B) and Hazard Ratios (C and D) of 24 W-cCDP Grouped by OCR Exposure Quartiles
vs Overall Control, and Hazard Ratios of 24 W-cCDP, T25FW, and 9HPT (E and F) by High (Quartiles 3/4) vs Low
(Quartiles 1/2) OCR Exposure in Patients With RMSa (A, C, E) or PPMSb (B, D, F)

Hazard ratios were estimated by a stratified Cox regression model with treatment group as a covariate. a,bStratified by region (the United States vs ROW),
abaseline EDSS (<4.0 vs ≥4.0), and bage (≤45 vs >45 years). Treated patients withmissing Cmean values were excluded. 9HPT = Nine-Hole Peg Test; 24W-cCDP =
24-week composite confirmed disease progression; Cmean = average OCR serum concentration in an individual patient over their treatment period; EDSS =
Expanded Disability Status Scale; IFN = interferon; OCR = ocrelizumab; PBO = placebo; PPMS = primary progressive MS; Q = quartile; RMS = relapsing MS;
ROW = rest of world; T25FW = Timed 25-Foot Walk.
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was evident for new and/or evolving T2 lesion rates in pa-
tients with RMS (high vs low exposure, RR [95% CI]: 0.46
[0.24–0.86] p = 0.0124) but not PPMS. Of note, the observed
dependency in RMSwas entirely driven by an increased lesion
rate in the lowest exposure quartile.

Brain Atrophy
An exposure-dependent trend for whole brain volume
change and an association with white matter volume
change from rebaseline at week 24 to week 96, vs IFN β-1a,
was seen in patients with RMS, with greater volume re-
duction at higher ocrelizumab exposure; no such associa-
tions were seen in patients with PPMS (Table 3). An
exposure-dependent association with gray matter volume
change from rebaseline at week 24 to week 96, vs com-
parator, was seen in patients with RMS and PPMS; how-
ever, less gray matter volume reduction was seen with
higher ocrelizumab exposure (Table 3).

For the above measures, consistent results were also observed
when the study baseline (week 0) was used for volumetric
assessments in patients with either RMS or PPMS (eTable 3,
links.lww.com/NXI/A801).

Safety Endpoints
No association between higher exposure and the incidence of
SAEs, infections, serious infections, or infusion-related reac-
tions was observed in either RMS or PPMS (Table 4).

Discussion
Ocrelizumab, the first anti-CD20+ B-cell–selective mono-
clonal antibody approved for the treatment of RMS and
PPMS, at a dose of 600 mg IV every 6 months, had a sig-
nificant benefit on disability progression in the pivotal phase
3 studies2,3 and sustained efficacy and safety with continu-
ous therapy up to 6.5–7 years in their OLEs.4,5,11 In a pre-
specified subgroup-efficacy analysis of the pooled OPERA I/II
studies, a significant treatment-by-subgroup interaction was
observed between patients by baseline BMI for both 12 W-
and 24 W-CDP, where benefits were evident across both
subgroups vs IFN β-1a, but lighter patients received more
benefit than heavier patients.10 In this study, we report that
higher ocrelizumab exposure, which leads to greater B-cell
depletion in the blood,9 was also associated with a reduced
rate of disability progression. Disability may progress in MS
because of both relapsing disease activity with incomplete
recovery (relapse-associated worsening), and progression
independent of relapse activity (PIRA).6 We found that for
most measures reflecting relapsing disease biology, including
clinical (ARR) and MRI (new lesion) outcomes, no associa-
tion with ocrelizumab exposure could be observed. This is
potentially due to treatment-related reduction of these in-
flammatory pathology-related measures to such low levels
that the effect size is no longer exposure-dependent (ceiling
effect). An exception was seen for new and/or evolving T2
lesion rates in patients with RMS, possibly driven by an

incomplete suppression of inflammation in the lowest expo-
sure quartile, although the clinical relevance of differences
between such low residual lesion rates at the boundaries of
measurement sensitivity is uncertain.

In contrast to the inflammatory mechanisms involved in RMS
disease activity, pathophysiologic processes underlying PIRA
are believed to include slowly evolving chronic-active plaques,
cortical demyelination and neuronopathy possibly related to
B-cell rich inflammation in the meninges, diffuse white matter
microgliosis and associated myelin injury, and age-related
degeneration.12-16 Furthermore, an increasing body of evi-
dence suggests that progression observed in patients with
RMS treated with highly effective DMTs reflects the same or
at least very similar pathology with progression observed in
secondary progressive MS and PPMS.12-18 At present, it is not
known to what degree each of these pathologies contributes
to progression in different patients and/or different stages of
disease, and which components of this pathology may re-
spond to higher ocrelizumab exposure specifically, although
ocrelizumab favorably affects chronic-active evolving
lesions.19,20 The mostly statistically nonsignificant observa-
tions on different measures of brain volume loss are intriguing
but could be dependent on methodologic constraints or dif-
ferential effects on the gray and white matter compartments.
An inverse exposure–response relationship was evident for
white matter volume loss, perhaps through the strong re-
duction of lesion pathology and inflammatory processes
by ocrelizumab that decreases the volume of white matter
(pseudoatrophy).21 On measures of disease progression
(EDSS-based CDP, cCDP including T25FW measure of gait,
and 9HPT of hand motor function) where the observed
effects of ocrelizumab are statistically and clinically relevant
but incomplete, we observed a consistent trend toward
higher efficacy with higher drug exposure across the 3
studies in univariate and multivariate analyses. Owing to the
strong effects of ocrelizumab on relapse prevention in RMS,
the majority of disability progression was relapse-in-
dependent,6 and when relapse-independent CDP (PIRA)
was investigated separately here, similar associations were
found (data not shown). In PPMS, the lack of statistical
significance for the comparison in CDP and cCDP between
high vs low exposure by median cut could be due to lower
power (smaller sample size) or differences in the contri-
butions of individual pathologies associated with pro-
gression. However, the highest exposure quartile was still
associated with significant differences for both CDP and
cCDP in PPMS.

As previously shown, the pharmacokinetics of ocrelizumab
(measured in serum) can be accurately described by a
2-compartment pharmacokinetic model with time-dependent
clearance, typical for an immunoglobulin G1 monoclonal
antibody,22 and with body weight as the main covariate.9

Greater B-cell depletion, and less B-cell repletion between
doses, was observed in patients with higher ocrelizumab ex-
posure.9 It has previously been reported that repletion after
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anti-CD20 therapy is body surface area dependent,23 and
specifically after ocrelizumab therapy repletion was shown
to be BMI dependent.24 Other factors influencing the level
of B-cell depletion with anti-CD20 therapies include the

Fc-gamma receptor genotype, as described with ritux-
imab.25 Preclinical data have also noted an effect of the
route of administration on lymphoid B-cell depletion.26-28

IV vs subcutaneous dosing of anti-CD20 monoclonal

Table 3 Measures of Brain Atrophy in PatientsWith RMSa or PPMSbGrouped byOCR Exposure (Cmean) Quartile vsOverall
Control and Low vs High Exposure (Rebaselined at Week 24, and Assessed at Week 96 in RMS and Week 120
in PPMS)

Quartile exposure groups Comparator
Mean change
difference

OCR 1 OCR 2 OCR 3 OCR 4 IFN or PBOa
High (OCR 3/4) vs low
(OCR 1/2) exposure

Percentage change in total brain volume
in patients with RMS (vs IFN β-1a)

Mean (95% CI); n −0.54 (−0.67 to
−0.42); 138

−0.61 (−0.74 to
−0.49); 139

−0.61 (−0.73 to
−0.49); 141

−0.66 (−0.78 to
−0.54); 150

−0.75 (−0.81 to
−0.68); 526

–

D Mean (95% CI) 0.20
(0.06–0.34)
p = 0.004

0.13 (−0.00 to
0.27) p > 0.05

0.13 (−0.00 to
0.27) p > 0.05

−0.08 (−0.05 to
0.22) p > 0.1

−0.07 (−0.18 to 0.04)
p = 0.22

Percentage change in cortical gray
matter in patients with RMS (vs IFN β-1a)

Mean (95% CI); n −0.58 (−0.73 to
−0.43); 134

−0.64 (−0.80 to
−0.49); 135

−0.55 (−0.71 to
−0.40); 136

−0.47 (−0.62 to
−0.32); 145

−0.66 (−0.75 to
−0.58); 506

–

D Mean (95% CI) 0.08 (−0.09 to
0.25) p > 0.1

0.02 (−0.15 to
0.19) p > 0.5

0.11 (−0.06 to
0.27) p > 0.1

0.19
(0.03–0.35)
p = 0.02

0.08 (−0.06 to 0.22)
p = 0.26

Percentage change in white matter in
patients with RMS (vs IFN β-1a)

Mean (95% CI); n −0.44 (−0.58 to
−0.30); 134

−0.44 (−0.58 to
−0.30); 135

−0.50 (−0.64 to
−0.36); 136

−0.66 (−0.80 to
−0.52); 145

−0.63 (−0.71 to
−0.55); 504

–

D Mean (95% CI) 0.19
(0.03–0.35)
p = 0.02

0.19
(0.04–0.35)
p = 0.02

0.13 (−0.03 to
0.28) p > 0.1

−0.03 (−0.18 to
0.12) p > 0.5

−0.18 (−0.31 to −0.04)
p = 0.0111

Percentage change in total brain volume
in patients with PPMS (vs PBO)

Mean (95% CI); n −0.85 (−1.05 to
−0.65); 69

−0.95 (−1.14 to
−0.77); 86

−1.03 (−1.22 to
−0.84); 80

−0.77 (−0.96 to
−0.59); 90

−1.09 (−1.24 to
−0.95); 150

–

D Mean (95% CI) 0.24
(0.00–0.48)
p = 0.047

0.14 (−0.08 to
0.36) p > 0.1

0.06 (−0.17 to
0.29) p > 0.5

0.32
(0.10–0.54)
p = 0.005

0.001 (−0.18 to 0.19)
p = 0.99

Percentage change in cortical gray
matter in patients with PPMS (vs PBO)

Mean (95% CI); n −0.65 (−0.85 to
−0.46); 68

−0.76 (−0.95 to
−0.58); 80

−0.59 (−0.78 to
−0.40); 75

−0.54 (−0.72 to
−0.36); 85

−0.75 (−0.89 to
−0.60); 144

–

D Mean (95% CI) 0.09 (−0.14 to
0.32) p = 0.42

−0.02 (−0.23 to
0.20) p = 0.88

0.16 (−0.06 to
0.38) p = 0.16

0.21 (−0.01 to
0.42) p = 0.06

0.15 (−0.04 to 0.34)
p = 0.11

Percentage change in white matter in
patients with PPMS (vs PBO)

Mean (95% CI); n −0.63 (−0.85 to
−0.40); 67

−0.70 (−0.91 to
−0.49); 82

−0.80 (−1.01 to
−0.58); 79

−0.70 (−0.91 to
−0.49); 85

−0.89 (−1.05 to
−0.73); 145

–

D Mean (95% CI) 0.26 (−0.01 to
0.53) p = 0.06

0.19 (−0.06 to
0.44) p = 0.14

0.09 (−0.16 to
0.35) p = 0.48

0.19 (−0.06 to
0.44) p = 0.14

−0.08 (−0.30 to 0.14)
p = 0.45

Abbreviations: CI = confidence interval; IFN = interferon; OCR = ocrelizumab; PBO = placebo; PPMS = primary progressive MS; RMS = relapsing MS.
a For every quartile comparison, the same complete control arm was used and that numerical differences in atrophy are due to different model fits. RMS
exposure quartile ranges: Quartile 1 min–<15.4 μg/mL, Quartile 2 ≥15.4–<18.7 μg/mL, Quartile 3 ≥18.7–<22.2 μg/mL, Quartile 4 ≥22.2–max μg/mL. PPMS
exposure quartile ranges: Quartile 1 min–<15.8 μg/mL, Quartile 2 ≥15.8–<18.9 μg/mL, Quartile 3 ≥18.9–<23.2 μg/mL, Quartile 4 ≥23.2–max μg/mL.
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antibodies show different pharmacokinetics (e.g., peak and
mean blood concentration), which may manifest in differ-
ing clinical dynamic profiles. Only 2% of the body’s
total lymphocyte pool resides in peripheral blood,29 and
B-cell depletion in lymphoid organs is less complete than in
blood. Furthermore, the relationship between blood and
extravascular B-cell repletion kinetics is unclear, although
preclinical data indicate repletion in the bone marrow and
lymphoid tissue before the blood.30

In the present analysis, a consistent pharmacodynamic effect
was observed in patients with RMS, where an incomplete B-cell
depletion or higher B-cell counts in blood before the next
infusion showed a trend toward elevated risk of disease pro-
gression over the DBP and OLE, and higher median B-cell
levels during the 96-week DBP showed a trend for more dis-
ability progression in the OLE. This suggests that maintaining
lower B-cell levels over a longer time may lead to better dis-
ability outcomes. In PPMS, these associations were not ob-
served; however, this post-hoc analysis was not powered to
detect an effect of B-cell lowering on progression in PPMS.

It is important that there was no association between ocreli-
zumab exposure and analyzed adverse events (SAEs, serious
infections, and infusion-related reactions) in patients with
RMS or PPMS.

The analyses presented here are subject to the limitations of
any post hoc investigation, including sample and effect sizes.
As noted, Cmean was treated as a time-invariant measure be-
cause a patient’s characteristics (e.g., body weight and sex)
determining their pharmacokinetics are not expected to
change during the course of the given observation period. The
pharmacodynamics of ocrelizumab-mediated B-cell depletion

are different compared with, e.g., drugs displaying a direct
effect based on reversible receptor occupancy, which fluctu-
ates in parallel to the pharmacokinetic profile. Owing to the
mechanism of action of ocrelizumab, i.e., destruction of
B cells,2,3,9,30 B cells are depleted with immediate onset upon
contact with ocrelizumab, but return only slowly, after re-
generation from stem or progenitor cells in bone marrow.31

The median time to B-cell repletion in blood was 72 weeks
based on a lower limit of normal of 80 cells/μL, after dosing
cessation.9 B-cell depletion kinetics in other body com-
partments and particularly the CNS is less clear. However,
this may affect clinical efficacy and could be linked to cu-
mulative effects over time on B cells in blood and tissues
because B-cell depletion becomes more pronounced in tis-
sues with repeated ocrelizumab administrations. This could
be a potential explanation for the exposure-dependent ef-
fects on long-term outcomes such as disability progression
demonstrated in this study.

The observed differences in the demographic character-
istics of sex and weight/BMI, when grouped by exposure
quartile, were expected because these characteristics were
identified as covariates in the population pharmacoki-
netic analysis,9 and BMI was shown to affect disability
outcome in a prespecified subgroup analysis for efficacy.10

Furthermore, although an association between ocrelizu-
mab exposure quartile and efficacy on progression mea-
sures was observed, no causal dependence can be
definitively concluded.

Treatment with ocrelizumab 600 mg is known to lead to rapid
and near-complete depletion of B cells in blood, which is
maintained over time with subsequent doses,9 accompanied
with a rapid suppression of acute disease activity (suppression of

Table 4 Adverse Events Grouped by OCR Exposure (Cmean) Quartile in Patients With RMS and PPMS

OCR exposure
quartile

Multiple
sclerosis type N

Serious adverse events Infections Serious infections
Infusion-related
reactionsa

n
Rate per 100 PY
(95% CI) n

Rate per 100 PY
(95% CI) n

Rate per 100 PY
(95% CI) n (%)

Quartile 1 RMS 194 19 5.5 (3.3–8.5) 282 80.9 (71.7–90.9) 6 1.7 (0.6–3.8) 80 (41.2)

PPMS 120 40 12.1 (8.7–16.5) 243 73.7 (64.7–83.6) 9 2.7 (1.3–5.2) 47 (39.2)

Quartile 2 RMS 197 28 7.7 (5.1–11.2) 347 95.8 (86.0–106.4) 1 0.3 (0.0–1.5) 64 (32.5)

PPMS 121 27 7.6 (5.0–11.1) 261 73.8 (65.1–83.3) 7 2.0 (0.8–4.1) 44 (36.4)

Quartile 3 RMS 196 15 4.1 (2.3–6.7) 280 75.9 (67.3–85.4) 1 0.3 (0.0–1.5) 53 (27.0)

PPMS 120 49 14.1 (10.4–18.6) 284 81.7 (72.5–91.8) 19 5.5 (3.3–8.5) 55 (45.8)

Quartile 4 RMS 197 8 2.2 (0.9–4.3) 306 83.6 (74.5–93.5) 2 0.6 (0.1–2.0) 67 (34.0)

PPMS 121 28 7.5 (5.0–10.9) 282 75.7 (67.1–85.0) 7 1.9 (0.8–3.9) 47 (38.8)

Abbreviations: CI = confidence interval; OCR = ocrelizumab; PPMS = primary progressive MS; PY = patient years; RMS = relapsing MS.
Multiple events in individual patients were counted separately, except for infusion-related reactions.
a Total patients with at least 1 infusion-related reaction. RMS exposure quartile ranges: Quartile 1 min–<15.4 μg/mL, Quartile 2 ≥15.4–<18.7 μg/mL,
Quartile 3 ≥18.7–<22.2 μg/mL, Quartile 4 ≥22.2–max μg/mL. PPMS exposure quartile ranges: Quartile 1 min–<15.8 μg/mL, Quartile 2 ≥15.8–<18.9 μg/mL,
Quartile 3 ≥18.9–<23.2 μg/mL, Quartile 4 ≥23.2–max μg/mL.

12 Neurology: Neuroimmunology & Neuroinflammation | Volume 10, Number 2 | March 2023 Neurology.org/NN

http://neurology.org/nn


MRI activity within 4 weeks and relapse activity within 8
weeks).32 It is, however, unclear to what extent efficacy and
pathology track with levels of B cells in blood, and whether
greater exposure and/or deeper depletion of B cells in tissue in
the periphery andCNS is required to furthermodify disease and
disability progression. The results from these post hoc
exposure–response analyses suggest that a higher dose of
ocrelizumab could lead to an improved efficacy on disability
progression. However, the multivariate analysis did not identify
whether this would benefit all or only subgroups of patientswith
MS. The absence of an increase of SAEs with higher ocreli-
zumab exposure encourages further exploration of the
potential benefits of a higher dose in controlled prospective
clinical studies. To this end, 2 double-blind, parallel-group,
randomized phase 3b studies (one in RMS [MUSETTE;
NCT04544436] and the other in PPMS [GAVOTTE;
NCT04548999]) investigating the efficacy and safety of
higher doses of ocrelizumab (1,200 mg for patients <75 kg
or 1,800 mg for patients ≥75 kg, every 24 weeks) are on-
going and will inform whether higher ocrelizumab doses
can further decrease the risk of disability progression.

Observational data from the OLE period of the phase 2 ocreli-
zumab trial indicated that both clinical relapses and new focal
inflammatory lesions measured by MRI remain low even after
some B-cell repletion occurs.33 Other data also suggested that a
long-term favorable modulation of circulating B cells, and other
immune parameters, follows treatment with anti-CD20 mono-
clonal antibodies.34-36 Some clinicians have interpreted these
data to indicate that treatment intervals can be safely extended
beyond the recommended 6-month schedule without any dec-
rement in efficacy. The current data, indicating that higher serum
levels of ocrelizumab were associated with improved efficacy
against progression in both RMS and PPMS, strongly suggest
that an every-6-month dosing schedule will provide better pro-
tection against disability progression than less frequent dosing.

In conclusion, higher ocrelizumab exposure and lower
median B-cell levels in the blood were associated with a
consistent and sustained benefit on rates of disability pro-
gression, across several outcome measures in RMS and, to
some extent, PPMS. Higher ocrelizumab exposure and
greater B-cell depletion may be important for the control of
disability progression.
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(F. Hoffmann-La Roche Ltd) for additional critical review of
this manuscript and technical advice. Initial assistance and
discussion regarding data and analyses was provided by
Andrew Stead of Articulate Science, UK, and funded by
F. Hoffmann-La Roche Ltd. The authors had full editorial
control of the manuscript and provided their final approval of
all content.

Study Funding
This work was supported by financial support from
F. Hoffmann-La Roche Ltd, Basel, Switzerland, for the study
and publication of the manuscript.

Disclosure
S.L. Hauser serves on the Board of Directors for Neurona and
on scientific advisory boards for Accure, Alector, and
Annexon; has previously consulted for BD, Moderna, and
NGMBio; and has received travel reimbursement and writing
assistance from F. Hoffmann-La Roche Ltd and Novartis AG
for CD20-related meetings and presentations. A. Bar-Or has
received consulting fees from Accure, Atara Biotherapeutics,
Biogen Idec., BMS/Celgene/Receptos, GlaxoSmithKline,
Gossamer, Janssen/Actelion, MedImmune, Merck/EMD
Serono, Novartis, Roche/Genentech, and Sanofi-Genzyme.
He has carried out contracted research for Genentech and
Biogen. He receives a salary from The University of Penn-
sylvania, Perelman School of Medicine. M.S. Weber receives
research support from the Deutsche Forschungsgemeinschaft
(DFG; WE 3547/5-1), from Novartis, Teva, Biogen Idec.,
Roche, Merck, and the ProFutura Program of the Uni-
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CORRECTION & REPLACEMENT

Association of Higher Ocrelizumab Exposure With
Reduced Disability Progression in Multiple Sclerosis
Neurol Neuroimmunol Neuroinflamm 2023;10:e200120. doi:10.1212/NXI.0000000000200120

In the Research Article, “Association of Higher Ocrelizumab Exposure With Reduced Disability
Progression in Multiple Sclerosis,” by Hauser et al.1, the tenth author’s name should be spelled
“Qing Wang.” The article has been replaced by a corrected version. The authors regret the error.
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