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Abstract
Background and Objective
To determine whether rituximab is safe and potentially beneficial, warranting further in-
vestigation in an efficacy trial for acetylcholine receptor antibody-positive generalized myas-
thenia gravis (AChR-Ab+ gMG).

Methods
The B-Cell Targeted Treatment in MG (BeatMG) study was a randomized, double-blind,
placebo-controlled, multicenter phase 2 trial that utilized a futility design. Individuals 21–90
years of age, with AChR-Ab+ gMG (MG Foundation of America Class II–IV) and receiving
prednisone ≥15 mg/d were eligible. The primary outcome was a measure of steroid-sparing
effect, defined as the proportion achieving ≥75% reduction inmean daily prednisone dose in the
4-weeks prior to week 52 and with clinical improvement or no significant worsening as com-
pared to the 4-week period prior to randomization. The coprimary outcome was safety. Sec-
ondary outcomes included MG-specific clinical assessments. Fifty-two individuals were
randomized (1:1) to a 2-cycle rituximab/placebo regimen, with follow-up through 52 weeks.

Results
Of the 52 participants included,mean± SDage at enrollment was 55.1 ± 17.1 years; 23 (44.2%)were
women and 31 (59.6%) were Myasthenia Gravis Foundation of America Class II. The mean ± SD
baseline prednisone dosewas 22.1 ± 9.7mg/d. The primary steroid-sparing outcomewas achieved in
60% of those on rituximab vs 56% on placebo. The study reached its futility endpoint (p = 0.03),
suggesting that the predefined clinically meaningful improvement of 30% due to rituximab over
placebo was unlikely to be achieved in a subsequent, larger trial. No safety issues were identified.

Discussion
Although rituximab was safe and well-tolerated, these results suggest that there is a low probability
of observing the defined clinically meaningful steroid-sparing effect over a 12-month period in a
phase 3 trial of mild to moderately symptomatic AChR-Ab+ gMG.
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Classification of Evidence
This study provides Class I evidence that for mild to moderate AChR-Ab+ gMG, compared with placebo, rituximab is safe but
unlikely to reduce steroid use by an absolute difference of at least 30% at 1 year.

Trial Registration Information
ClinicalTrials.gov identifier: NCT02110706.

Despite available therapies, 10%–15% of patients with my-
asthenia gravis (MG) have inadequately controlled disease or
experience intolerable medication side effects and are cate-
gorized as medically resistant.1 As there are few proven ef-
fective therapies for these patients, there is a need for other
agents in the management of MG. Ideal therapeutics should
be safe, well-tolerated, efficacious, and steroid-sparing.

A B-cell–directed therapy would naturally be appropriate for
further investigation as autoreactive Bcells play an important
role in the immunopathogenesis of MG.2 Over the past de-
cade, several uncontrolled studies have suggested potential
benefit of rituximab, an anti-CD20 biologic, in MG3-8 as well
as in several other autoimmune conditions.9-13

Promising anecdotal reports and retrospective studies suggesting
a potential beneficial effect of rituximab in MG supported the
need for further investigation.14,15 The aim of our study was to
assess the safety, tolerability, and potential benefit of rituximab in
acetylcholine receptor antibody-positive generalized MG
(AChR-Ab+ gMG) and to identify putative biomarkers pre-
dictive of treatment response. Our primary goal was to de-
termine whether rituximab warranted a further efficacy trial in
the same patient population. We limited our study to AChR-
Ab+ patients as they represent the majority of gMG cases and
due to drug availability sample size constraints and initial feasi-
bility concerns of enrolling only treatment-refractory or muscle-
specific kinase antibody-positive (MuSK-Ab+) patients.

Methods
Study Design
This was a multicenter, randomized, double-blind, placebo-
controlled phase 2 study with the primary goal of determining
whether treatment with rituximab is a safe (Class of Evidence I)
and potentially beneficial therapeutic option for gMG that
would warrant further examination in a larger phase 3

efficacy trial. We utilized a futility (nonsuperiority) design
for the primary outcome that tested the null hypothesis that
rituximab-treated participants would achieve at least a 30%
absolute increase in the frequency of favorable responses
vs placebo-treated participants.16 A finding of futility
(i.e., rejecting the null hypothesis) would imply that there
would be a low probability for a future successful efficacy
trial in this population, whereas not finding futility (i.e., not
able to reject the null hypothesis) would suggest that there
could be a clinically meaningful effect, thus supporting ex-
ploration in a larger, phase 3 trial (Class of Evidence I).

Participants were randomized (1:1) to either rituximab or
placebo, with randomization stratified on baseline prednisone
dose (≤35 mg/d vs >35 mg/d) and concomitant immuno-
suppressive therapy (IST) use at baseline. Eligibility was ini-
tially restricted to patients on prednisone alone, but criteria
were amended to allow concomitant IST use due to early
recruitment challenges.

Participants were assigned a unique study ID to identify the
center and subject. The data coordination center generated a
randomization table for each of the strata using a permuted
block design with random block sizes. All participants, in-
vestigators, and study staff were blinded to treatment as-
signment until after database lock. Clinical evaluators
assessing outcomes were also blinded to adverse events.

Standard Protocol Approvals, Registrations,
and Patient Consents
This study (clinicaltrials.gov Unique Identifier: NCT02110706)
was performed in compliance with the protocol, In-
ternational Council for Harmonisation of Technical Re-
quirements for Pharmaceuticals for Human Use, Good
Clinical Practice guidelines, ethical procedures outlined in
the Declaration of Helsinki, and other applicable regula-
tory requirements. A centralized institutional review

Glossary
AChR-Ab+ = acetylcholine receptor antibody-positive; AE = adverse event; AUDTC = area under the dose time curve; CI =
confidence interval; gMG = generalized myasthenia gravis; IST = immunosuppressive therapy; IVIg = IV immunoglobulin;
LLN = lower limit of normal;MG = myasthenia gravis;MG-ADL = Myasthenia Gravis–Activities of Daily Living;MG-QoL =
15-item Myasthenia Gravis Quality of Life questionnaire;MGC = Myasthenia Gravis Composite;MGFA = Myasthenia Gravis
Foundation of America; MSE = minimal symptom expression; MuSK-Ab+ = muscle-specific kinase antibody-positive; OR =
odds ratio; PLEX = plasma exchange; QMG = Quantitative Myasthenia Gravis; SAE = serious adverse event.
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board and independent ethics committee provided ap-
proval for the study protocol and all amendments. All
participants provided written informed consent prior to
study entry.

Participants
Individuals age 21–90 with a diagnosis of AChR-Ab+ gMG and
Myasthenia Gravis Foundation of America (MGFA) Class
II–IV were enrolled across 16 of the 26 National Institute of
Neurological Disorders and Stroke–sponsored NeuroNEXT
(Network for Excellence in Neuroscience Clinical Trials)
centers across the United States between August 2014 and July
2016. Eligible participants were on a stable dose of either

prednisone alone (≥15mg/d) for 4 weeks prior to baseline visit
or prednisone and a stable dose of another IST for ≥6 months
prior to baseline. Azathioprine, mycophenolate mofetil, cyclo-
sporine, tacrolimus, and methotrexate were permitted. Exclu-
sion criteria included history of thymic neoplasm, thymectomy
in the previous 6months, previous treatment with rituximab, or
IV immunoglobulin/plasma exchange (IVIg/PLEX) treatment
within 4 weeks of baseline.

Intervention
The treatment group received a 2-cycle rituximab regimen sep-
arated by 6 months. Each cycle was defined as 1 weekly infusion
(375mg/m2) for 4 consecutive weeks. Cycle 1 was administered

Figure 1 CONSORT Flow Diagram

AE = adverse event; FVC = forced vital capacity; MG = myasthenia gravis.
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in weeks 0–3 and cycle 2 was given in weeks 24–27. The placebo
group received an infusion that contained only vehicle compo-
nents. A predetermined steroid taper schedule was utilized
(eFigure 1, links.lww.com/WNL/B681). Prednisone dose was
gradually reduced based on the taper schedule beginning at week
8, but only after confirming clinical improvement or stable
symptoms based on the Myasthenia Gravis Composite (MGC)
score (≤2-point increase as compared to baseline or prior study
visit). If theMGC score change was ≥3 points and due toMG as
judged by the investigator, the prednisone dose was increased
until symptoms resolved or at least stabilized to baseline status
(based onMGC score). After symptom stabilization, prednisone
taper was resumed at the next study visit.

Outcomes
The first primary outcome measure was based on prednisone
dose and MGC score. Participants were considered to have
achieved a successful primary endpoint if they achieved a ≥75%
reduction inmean daily prednisone dose in the 4 weeks prior to
week 52 (weeks 49–52) compared to the 4-week period prior
to randomization and with clinical improvement or no signif-
icant worsening of symptoms (≤2-point increase inMGC score
from randomization to week 52). The prednisone-sparing as-
pect of the endpoint was computed by comparing the mean
daily prednisone dose during the 4-week period prior to ran-
domization vs the 4-week period at the end of the study. For
participants who had their prednisone dose changed after or
who missed their week 48 visit, the primary endpoint was
determined by using the last prednisone dose recorded prior to
week 52. The MGC aspect of the endpoint was computed by
comparing the MGC obtained at baseline to the MGC
obtained at week 52. For the primary analysis, we imputed an
outcome of failure for any participant who terminated the study
early, for whom the prednisone dose in the last 4 weeks was
unknown, or for whom theMGC score wasmissing at week 52.
A series of sensitivity analyses was conducted to confirm that
results were resistant to potential effects of missing data.

The co-primary outcome assessed safety. Safety analyses were
performed for all participants randomized and focused on ex-
amining differences in treatment-related adverse events (AEs) and
serious AEs (SAEs) between the rituximab and placebo groups.

Analysis of the key secondary outcomes, MGC and Quantitative
Myasthenia Gravis (QMG) scores, from baseline to week 52 was
completed to evaluate clinical changes. Exploratory clinical out-
comes included the Myasthenia Gravis–Activities of Daily Living
(MG-ADL) and Myasthenia Gravis–Quality of Life (MG-QoL)
scores andMG exacerbation rate. As a measure of steroid-sparing
effect along with steroid burden throughout the course of the
study, the area under the dose time curve (AUDTC) was cal-
culated starting at week 8 for the 47 participants who completed
the study using prednisone diaries with the prescribed dose. If a
study participant was missing dosage information at an observed
visit, the dose was assumed not to have changed. AChR-Ab levels
weremeasured at baseline, week 24, and week 52 (MayoMedical
Laboratories; reference range: positive >0.02 nmol/L). Total

B-cell counts (CD19+/CD20– plus CD19+/CD20+ cells) were
measured at baseline, week 24, and week 52 to monitor for
successful depletion (University of Rochester Laboratory; refer-
ence range: 120–725 cells/μL).

Statistical Analysis
All primary analyses were performed using the intent-to-treat
paradigm, which included all randomized participants. Because
this was a midphase trial, the analyses of the primary and sec-
ondary endpoints were performed using a 0.10 level of signifi-
cance. Continuous variables were summarized using means and
SDs, or with medians, minimum, and maximum values. Cate-
gorical variables were summarized using counts/percentages.

The primary futility hypothesis tested was that rituximab-
treated participants would achieve at least a 30% absolute
increase in the frequency of successful primary endpoints
compared to placebo. Logistic regression, adjusted for the 2
stratification variables, was used to estimate the odds ratio
(OR) and the 90% 1-sided confidence interval (CI). As-
suming a placebo response rate of 40%, an absolute 30%
increase in the frequency of successful outcomes corresponds
to an OR of 3.5. Thus, the null hypothesis would be rejected if
the upper limit of the 90% 1-sided CI excludes 3.5. Rejecting
the null hypothesis suggests futility in the sense that it appears
unlikely that conducting a phase 3 clinical trial would lead to a
significant effect with a magnitude at least as large as the
specified clinically meaningful effect of interest. If the null
hypothesis was not rejected, that would provide justification
for proceeding to a larger, confirmatory clinical trial.

The primary safety hypothesis was evaluated by examining the
frequency of treatment-related AEs in the 2 groups. Logistic
regression was used to estimate the OR for treatment-related
AEs and SAEs. Similar analyses were also performed to assess
overall AEs and SAEs. An additional post hoc safety analysis
was performed using similar methods to compare the rate of
MG-related exacerbations across the groups.

To address the secondary objectives, the change in MGC and
QMG scores from baseline to week 52weremodeled, adjusting
for baseline score and the stratification variables. The model-
adjusted difference inmean change over timewas compared for
the 2 groups. Multivariable linear regression models were used
for these analyses. The change in score from baseline was the
outcome variable. The predictor variables were treatment
group, 2 strata variables, and baseline score.

An exploratory responder analysis was also implemented for
MGC and QMG scores. A series of increasing thresholds for
clinical improvement were modeled using logistic regression
to estimate the odds of clinical improvement for rituximab
vs placebo-treated participants. Similar exploratory analyses
were conducted for the MG-ADL and MG-QoL measure-
ments. Post hoc exploratory analyses were also conducted on
the AUDTC, B-cell counts, and AChR-Ab levels using similar
methods. Due to skewness, a nonparametric rank-based
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analysis was used to compare AChR-Ab levels over time
adjusting for both stratification variables and baseline AChR-
Ab. Similarly, for comparing AUDTC, a nonparametric rank-
based analysis was used to compare median values over time
in a model adjusting for both stratification variables.

Prespecified sensitivity analyses using different methods to
impute missing endpoint data were conducted that included
observed data only, last observation carried forward, multiple
imputation, and best and worst case scenarios. In these
analyses, with the exception of those based on observed data
only, all participants who terminated from the study due to AE
or had clinical worsening (MGC score >2 above baseline) at
the time of termination were considered primary endpoint
failures. Only endpoints for participants with missing data due
to other reasons (lost to follow-up, discontinuation for rea-
sons other than AEs) were imputed. Additional post hoc
sensitivity analyses were conducted to account for the po-
tential effect of rescue therapy and differences in baseline
disease burden.

Sample Size Justification
We assumed that 40% of participants assigned placebo would
achieve a ≥75% prednisone dose reduction based on a study
of mycophenolate mofetil in AChR-Ab+ gMG where 39% of
placebo-treated participants had a reduction of prednisone
dose by at least 78%.17 In addition, we assumed that a 30%
increase in favorable response over placebo would be clinically

Table 1 Study Population Baseline Characteristics

Demographics
Total
(n = 52)

Rituximab
(n = 25)

Placebo
(n = 27)

Female 23 (44.2) 11 (44) 12 (44.4)

Age at enrollment, y 55.1 (17.1) 53.2 (17.5) 56.8 (17)

Age at diagnosis, y 49.6 (18.7) 46.6 (18.7) 52.4 (18.7)

Time from diagnosis
to randomization, y

5.5 (5.9) 6.7 (6.5) 4.4 (5.3)

Race/ethnicity

Asian 1 (1.9) 0 (0) 1 (3.7)

African American 11 (21.2) 2 (8) 9 (33.3)

Hispanic 5 (9.6) 3 (12) 2 (7.4)

Non-Hispanic White 35 (67.3) 20 (80) 15 (55.6)

Current and previous
treatments

Baseline therapy by
actual strataa

Prednisone only 34 (65.4)b 17 (68)b 17 (63)b

Moderate dose
(15–35 mg/d), n

29 15 14

High dose (>35mg/d), n 5 2 3

Prednisone + ISTs 18 (34.6)b 8 (32)b 10 (37)b

Moderate dose
prednisone
(15–35 mg/d), n

17 7 10

High-dose prednisone
(>35 mg/d), n

1 1 0

Baseline prednisone dose,
mg/d

22.1 (9.7) 23 (11.2) 21.3 (8.3)

Pyridostigmine 39 (75) 19 (76) 20 (74.1)

Baseline
pyridostigmine dose,
mg/d

230.0 (98.4) 230.5 (93.8) 229.5 (105)

Previous IVIg/PLEX 27 (51.9) 13 (52) 14 (51.9)

Prior thymectomy 12 (23.1) 8 (32) 4 (14.8)

Time from thymectomy
to randomization, y

7.7 (9.1) 8.0 (8.6) 7.0 (11.5)

Baseline clinical
disease activity

MGC score 9.8 (5.2) 11.1 (6.1) 8.5 (4.0)

QMG score 10.1 (4.5) 11.0 (5.1) 9.2 (3.9)

MG-ADL score 4.9 (3.6) 5.8 (3.6) 4.0 (3.4)

MG-QoL score 20.1 (12.5) 22.7 (14.1) 17.7 (10.6)

MSE 8/50 (16)c 1/24 (4.2)c 7/26 (26.9)c

MGFA Clinical Class

Class I 1 (1.9)d 0 (0) 1 (3.7)d

Class II 31 (59.6) 15 (60) 16 (59.3)

Table 1 Study Population Baseline Characteristics (continued)

Demographics
Total
(n = 52)

Rituximab
(n = 25)

Placebo
(n = 27)

Class III 18 (34.6) 9 (36) 9 (33.3)

Class IV 2 (3.9) 1 (4) 1 (3.7)

Abbreviations: IST = immunosuppressive therapy (azathioprine, cyclospor-
ine, mycophenolate, methotrexate); IVIg = IV immunoglobulin; MG-ADL =
Myasthenia Gravis–Activities of Daily Living; MG-QoL = 15-item Myasthenia
Gravis Quality of Life questionnaire; MGC = Myasthenia Gravis Composite;
MGFA =MyastheniaGravis Foundation of America;MSE =minimal symptom
expression (defined as an Myasthenia Gravis–Activities of Daily Living score
0–1); PLEX = plasma exchange; QMG = Quantitative Myasthenia Gravis.
Data are mean (SD) or n (%).
a Baseline therapy reported by actual strata (see mis-stratification detailsb).
b There were 4 mis-stratifications, 2 in each treatment group. In the ritux-
imab group, 2 participants were originally classified in the prednisone + IST/
moderate dose strata, when they were actually in the prednisone only/
moderate dose strata. Originally, 40% of the rituximab group was classified
in the prednisone + IST strata (collapsing over prednisone dose). Due to the
mis-stratifications, 32% of rituximab patients are actually in the prednisone +
IST strata (collapsing over prednisone dose). In the placebo group, 1 partici-
pantwas originally classified in the prednisone + IST/moderatedose strata but
was actually in the prednisone only/moderate dose strata, and 1 other par-
ticipant was originally classified in the prednisone only/moderate dose but
was actually in the prednisone + IST/moderate dose strata. There was no net
change in the placebo group breakdown as the original and actual classifica-
tions were opposite of one another.
c As 2 of the 52 participants hadmissingMG-ADL scores at baseline (1 in each
group), MSE % reported are for those with available data.
d Although the patient was categorized as MGFA Class I at study entry, this
was an individual with a history of generalized MG. Because this participant
was eligible based on an earlier version of the protocol and had already
received study drug, the participant was allowed to continue and included
per intent to treat statistical analysis plan.
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meaningful and that 70% of participants assigned rituximab
would achieve the primary binary endpoint. Trial design
was somewhat restricted due to the fact that active drug
was only available for 25 participants. As a consequence,
this study entailed more of a sample size justification (for
the sample size fixed by external factors) as opposed to a
standard sample size calculation that determines the re-
quired sample size for a fixed target power. When the true
success rate for rituximab is near or below the assumed
success rate of 40% for placebo, the study would declare
futility with a power of 74% or greater. Likewise, when the
true success rate for rituximab was ≥30% than that for
placebo, the study has <10% chance of incorrectly de-
claring futility (eFigure 2, links.lww.com/WNL/B681).
Thus, the chosen sample size provided a reasonable chance
for a successful study that was able to answer the main
question of interest regarding whether there is clear evi-
dence to rule out an effect of rituximab in this population
(i.e., declare futility) or to provide evidence to justify a
future phase 3 trial.

Data Availability
The full trial protocol is available as an online appendix and is
also freely available from the US National Library of Medicine
(clinicaltrials.gov; NCT02110706). A deidentified dataset
will be archived and upon request will be available from the

National Institute of Neurologic Disorders and Stroke
(crliaison@ninds.nih.gov).

The study protocol and statistical analysis plan are available for
further reference in eSAP 1 and eSAP 2 (links.lww.com/WNL/
B681), respectively.

Results
Baseline Characteristics
We screened 68 individuals for eligibility, with 52 participants
randomized to rituximab (n = 25) or placebo (n = 27)
(Figure 1). Participants were predominantly male (55.8%)
with a mean (±SD) age of 55.1 (±17.1) years and disease
duration of 5.5 (±5.9) years at study entry (Table 1). Baseline
demographics were balanced between groups with the ex-
ception of more African Americans in the placebo group.
Baseline immunotherapy regimens were generally well-
matched between groups. The mean daily prednisone dose
was 22.1 mg (range 15–60 mg/d) with 65.4% on prednisone
only and 34.6% on prednisone plus an IST. Disease severity
was predominately mild and balanced between groups with
most participants assigned MGFA Class II (rituximab 60%,
placebo 59.3%). However, disease burden may have been
greater in the rituximab group in comparison to the placebo

Table 2 Change in Clinical Outcome Measures From Baseline to Week 52

Steroid-sparing effect

Reduction in mean daily prednisone dose ≥75%
with stable MGC score Rituximab (n = 25), % Placebo (n = 27), % OR (1-sided 90% CI) p Value

Primarya (n = 52) 60 56 1.1 (0, 2.4) 0.03c

Observedb (n = 47) 65 63 1.1 (0, 2.4)

Observed change in clinical outcome measures from baseline to week 52

Clinical outcome measure Rituximab (n = 25) Placebo (n = 27) Model adjusted difference (2-sided 90% CI) p Value

Prespecified secondary outcomes 0.93

MGC score, mean ± SD −5.7 ±7.3 −4.0 ± 4.1 −0.1 (−2.2, 2)

Min, max −24, 9 −11, 5

QMG score, mean ± SD −4.0 ± 5.4 −1.7 ± 3.9 −1.1 (−3.2, 1) 0.39

Min, max −15, 6 –10, 5

Exploratory outcomes

MG-ADL score, mean ± SD −2.7 ± 3.3 −2.0 ± 3.2 0.2 (−0.9, 1.4) 0.73

Min, max −11, 3 –12, 4

MG-QoL score, mean ± SD −8.0 ± 9.3 −7.5 ± 9.1 0.9 (−3.1, 5) 0.70

Min, max −34, 15 −28, 6

Abbreviations: CI = confidence interval; MG-ADL = Myasthenia Gravis–Activities of Daily Living; MG-QoL= 15-item Myasthenia Gravis Quality of Life ques-
tionnaire; MGC = Myasthenia Gravis Composite; OR = odds ratio; QMG = Quantitative Myasthenia Gravis.
a Primary refers to all study participants including early terminations, who were included in the intent to treat and safety analysis.
b Observed refers to the actual number of study participants who completed the study at week 52.
c The p value of 0.03 indicates that the null hypothesis of a ≥30% increase in the frequency of favorable response in the rituximab vs placebo group should be
rejected, supporting the conclusion of futility with respect to conducting a larger, confirmatory phase 3 trial.
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group overall as the MG-specific scales had higher mean
scores (significance level met for MGC [p = 0.07] and
MG-ADL [p = 0.09]). In addition, a greater proportion of
participants in the placebo group had minimal symptom ex-
pression (MSE), defined as an MG-ADL score of 0–1, at
baseline (p = 0.05). There were 2 patients with missing MG-
ADL scores at baseline, 1 in each treatment group, who were
excluded from analyses (Table 1). Median AChR-Ab level in
the rituximab group was 4.2 nmol/L (range 0.02–193) vs 1.5
nmol/L (range 0–12.4) in the placebo group (p = 0.02).
There were 2 participants with negative antibody levels at
baseline (1 rituximab, 1 placebo).

Primary Futility Outcome
The primary steroid-sparing outcome as defined in our study
was achieved in 60% (15/25) vs 56% (15/27) of participants
in rituximab and placebo groups (OR 1.14%; 90% 1-sided CI
0–2.4), respectively (Table 2, Figure 2). As the upper limit of
the 1-sided CI excluded the value of 3.5 corresponding to the
predefined clinical meaningful response rate improvement of
30% due to rituximab vs placebo, the null hypothesis was
rejected (p = 0.03), indicating futility. Based on ourmodel, the
estimated difference in percent of success between groups is a
6% increase in success rates associated with treatment and an
upper 90% 1-sided CI of 24%.

In the rituximab group, 10 (40%) participants did not meet
the primary endpoint (5 did not achieve ≥75% prednisone
dose reduction but had no clinical worsening; 2 did not
achieve the prednisone dose reduction and had clinical
worsening; 1 achieved the ≥75% prednisone dose reduction
but had clinical worsening; 2 withdrew from the study). In the
placebo group, 12 (44%) participants did not meet the pri-
mary endpoint (8 did not achieve ≥75% prednisone dose
reduction but had no clinical worsening; 1 did not achieve

≥75% prednisone dose reduction and had clinical worsening;
3 withdrew from the study).

Safety
The safety profile was assessed by examining the frequency
of treatment-emergent and treatment-related SAEs and AEs
between groups (Table 3, eTables 1, 2, links.lww.com/
WNL/B681). A similar proportion of participants reported
treatment-emergent AEs between the rituximab and placebo
groups (100% vs 96%) with the most common AEs experi-
enced by ≥15% participants being arthralgia, headache, up-
per respiratory tract infection, fatigue, back pain, nausea,
muscular weakness, and paresthesia. Treatment-related AEs
were also similar between groups (rituximab 76%, placebo
82%; p = 0.63). A similar proportion of participants reported
treatment-emergent SAEs between the rituximab and pla-
cebo groups (36% vs 52%, p = 0.25) with the most common
SAEs experienced by ≥2 participants being worsening of
MG (rituximab 4%, placebo 11%) and pulmonary embo-
lism (rituximab 4%, placebo 3.7%). Treatment-related
SAEs were also similar between groups (rituximab 24%,
placebo 30%; p = 0.65). Five participants withdrew early
from the study (2 rituximab, 3 placebo) prior to week 24 for
reasons not related to study treatment (Figure 1). Four
additional participants (3 rituximab, 1 placebo) who
remained in the study did not complete the second treat-
ment cycle (intended 2-cycle regimen completion: ritux-
imab 80%, placebo 85%).

Key Secondary Clinical Outcomes
Findings were similar for both key secondary outcomes, with
neither showing a statistically significant difference over time.
The change in mean MGC score was −5.7 vs −4.0, while the
change in mean QMG score was −4.0 vs −1.7, for the ritux-
imab and placebo groups, respectively (Figure 3, A and B).

Figure 2 Steroid-Sparing Effect

Mean prednisone dose over time for participants
undergoing a forced steroid taper in the rituximab
and placebo arms over 52 weeks. The area under
the dose time curve (AUDTC) was compared for 47
participants completing the study through week
52 utilizing a nonparametric rank-based analysis.
CI = confidence interval.
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Other Exploratory Outcomes

Steroid-Sparing Effect
The median AUDTC was 290 mg for rituximab and 350 mg
for placebo (p = 0.47) (Figure 2).

Clinical Outcomes
Changes in mean MG-ADL and MG-QoL scores from
baseline to week 52 showed no statistically significant model-
adjusted differences between the groups (Table 2).

Responder Analyses
Responder analysis at week 52, including the logistic re-
gression model, evaluating the proportion of participants
improving by ≥3 points was 70% vs 67% and 65% vs 39%
(rituximab vs placebo) for the MGC and QMG scores, re-
spectively. While increasing the stringency of the responder

definition with higher thresholds resulted in a greater pro-
portion of participants in the rituximab group achieving a
clinically meaningful response, there were no statistically
significant differences observed at any threshold (Figure 3, C
and D). Similar responder analyses of both the MG-ADL and
MG-QoL scores showed no significant differences (data not
shown).

Disease Exacerbations
There were 14 disease exacerbations requiring rescue therapy
with either IVIg or PLEX (rituximab 3; placebo 11) in 11
participants during the 52-week study period (Table 3). Ex-
acerbations requiring rescue therapy were observed in 12%
(3/25) of those in the rituximab group vs 29.6% (8/27) of
those in the placebo group (p = 0.130). The rate of MG
relapses per 30 days requiring rescue therapy for the placebo
group was 0.036 vs 0.010 in rituximab group (p = 0.055). A

Table 3 Treatment-Emergent Adverse Events and Serious Adverse Events in Rituximab and Placebo Groups During the
52-Week Duration of Study

Safety analyses: treatment-emergent AEs and SAEsa Rituximab, % Placebo, % p Value

Any treatment-emergent AEs 100 96 1.00

Any treatment-emergent SAEs 36 52 0.25

Treatment-emergent AEs and SAEs

Rituximab Placebo

p ValueParticipants, n (%) Events, n Rate Participants, n (%) Events, n Rate

Treatment-emergent SAEs (in ≥2 participants)

Worsening of MGb 1 (4) 1 0.003 3 (11.1) 4 0.013 0.36

Pulmonary embolism 1 (4) 1 0.003 1 (3.7) 1 0.003 0.96

Most common AEs (in ≥15% of participants in either group)

Arthralgia 6 (24) 6 0.021 10 (37) 15 0.049 0.31

Headache 8 (32) 11 0.038 7 (25.9) 13 0.043 0.63

Upper respiratory tract infection 9 (36) 12 0.041 5 (18.5) 5 0.016 0.16

Fatigue 3 (12) 3 0.010 8 (29.6) 9 0.029 0.13

Back pain 2 (8) 2 0.007 9 (33.3) 11 0.036 0.04

Nausea 2 (8) 3 0.010 6 (22.2) 10 0.033 0.17

Muscular weakness 4 (16) 4 0.014 3 (11.1) 4 0.013 0.61

Paresthesia 0 (0) 0 0.000 5 (18.5) 7 0.023 0.05

MG exacerbations: post hoc analysis Rituximab Placebo p Value

Total number of relapses requiring rescue therapy 3 11

Participants treated with PLEX or IVIg, % 12 29.6 0.130

Relapse rate/30 days requiring IVIg or PLEX 0.010 0.036 0.055

Abbreviations: AE = adverse event; IVIg = IV immunoglobulin; MG = myasthenia gravis; PLEX = plasma exchange; SAE = serious adverse event;
Overall frequencies of treatment emergent-AEs and SAEs are shown alongwith any SAE occurring inmore than 1 study participant and themost commonAEs
in either groupwith their respective rates/30 days. Comparisons of percent of participants withMG relapse, the total number of relapse events, and the rates
of relapses requiring rescue therapy across the 2 treatment groups.
a Preferred terms in the Medical Dictionary for Regulatory Activities.
b For the purpose of this study, an MG relapse was not captured as an SAE unless the relapse required hospitalization for a rescue therapy. There were 14
disease exacerbations requiring rescue therapy (rituximab 3, placebo 11) in a total of 11 participants. Exacerbations requiring rescue therapy were observed
in 12% (3/25) of those in the rituximab group vs 29.6% (8/27) of those in the placebo group.
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Figure 3 Clinical Outcome Measures

(A) Mean Myasthenia Gravis Composite (MGC) score over time by treatment group. (B) Mean Quantitative Myasthenia Gravis (QMG) score over time by
treatment group. (C, D) Responder analysis: graphs showminimumpoint improvement atweek 52 in theMGCandQMGscores for 47 participants completing
the study. The initial threshold compares the percentage of participants achieving at least a 3-point improvement in MGC and QMG scores from baseline.
(Due to convergence issues, the moderate/high dose prednisone strata variable was dropped from these models.) The upper threshold corresponded to an
improvement of 8 points or greater for the MGC and 8 points or greater for the QMG scores. MGC score data were available for all 47 participants who
completed the 52-week study period. QMG score data were available for 43 participants (3 participants in the rituximab group were eithermissing a baseline
or 52-week score; 1 participant in the placebo groupwasmissing a baseline score). (E) Median acetylcholine receptor (AChR) antibody levels (horizontal lines)
at baseline (BL), week 24, andweek 52 in the rituximab groupwere 4.2 (range 0.02–193), 3.47 (range 0.36–183), and 3.42 (range 0.41–100) nmol/L vs 1.5 (range
0–12.4), 0.9 (range 0.03–17.7), and 1.6 (range 0.07–20.1) nmol/L in the placebo group. Laboratory reference range: positive >0.02 nmol/L. (F) Median B-cell
counts (horizontal lines) at BL, week 24, and week 52 for each participant. Normal reference range denoted by horizontal dashed lines: 120–725 cells/μL
(CD19+/CD20– plus CD19+/CD20+ cells). CI = confidence interval.
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reduced rate of MG relapses requiring rescue therapy was
observed in the rituximab group, with the placebo group
having over a threefold higher rate of MG relapses (Table 3).

AChR Autoantibody Levels
In the rituximab group, the median AChR-Ab level decreased
from 4.16 nmol/L at baseline to 3.47 and 3.42 nmol/L at weeks
24 and 52, respectively (Figure 3E). In the placebo group, the
median AChR-Ab level changed from 1.5 nmol/L at baseline to
0.91 and 1.63 nmol/L at weeks 24 and 52, respectively. Change
from baseline did not differ significantly between the groups at
either week 24 or 52. After adjusting for baseline AChR-Ab
level differences on the rank-based scale and the 2 strata, the
change from baseline over time was not significant.

B-Cell Counts
For the placebo group, the median B-cell counts at baseline,
week 24, and week 52 were 192 (range 6–1,060), 86 (range
6–708), and 107 (range 17–638); for the rituximab group, they
were 124 (range 26–488), 2 (0–27), and 4 (0–107), respectively
(Figure 3F). Successful B-cell depletion was achieved in the
treatment group. Notably, 42% (22/52) of participants had B-cell
counts below the lower limit of normal (LLN) (<120 cells/μL) at
baseline. The proportion of participants with baseline B-cell
counts below the LLN did not differ across treatment groups (12
[48%] rituximab vs 10 [37%] placebo; p = 0.42). Interestingly, 15
participants (63%) in the placebo group continued to have B-cell
count levels below the LLN at both week 24 and 52, compared to
the rituximab group, where all were below the LLN.

Sensitivity Analysis
Post hoc sensitivity analyses (Table 4) used different imputation
techniques. First, a modified primary endpoint was estimated, in
which participants who received rescue therapy were imputed as
primary endpoint failures. Therewere 11 patientswho had at least
1 relapse requiring rescue therapy: 3 in the rituximab group and 8
in the placebo group. In the rituximab group, 1 out of 3 partici-
pants requiring rescue therapy had a successful primary endpoint,

while in the placebo group, 1 out of 8 participants requiring rescue
therapy had a successful primary endpoint. Imputing primary
endpoint failures for these 2 patients resulted in 14 patients with
successful primary endpoints in each group (56% [14/25] rit-
uximab vs 52% [14/27] placebo; OR 1.14%; 90% 1-sided CI
0–2.39). The null hypothesis was rejected (p = 0.03), indicating
futility. Due to observed differences in disease burden across
groups, with 4.2% of the rituximab group vs 26.9% of the placebo
group having an MG-ADL score 0–1 (MSE) at baseline, models
were fit that adjusted for this variable using both the primary
endpoint and the modified primary endpoint, which assumed
endpoint failure for participants who required rescue therapy
(Table 4). The odds of a successful primary endpoint were 1.53
times higher in the rituximab group relative to the placebo group
(1-sided 90% CI 0–3.43). Using the modified primary endpoint,
the odds of a successful endpoint were 1.37 times higher in the
rituximab group relative to the placebo group (1-sided 90% CI
0–3.04). However, as the upper bound of the 1-sided CI did not
exceed 3.5, the null hypothesis was rejected in both cases (p =
0.095 and p = 0.066, respectively, with a prespecified significance
level of 0.10). Similarly, sensitivity analyses accounting for dif-
ferences in MGC and MG-ADL baseline scores for the primary
endpoint also rejected the null hypothesis (Table 4).

Discussion
In a previous single-center pilot study conducted at Yale Uni-
versity, 82% of patients with gMG who completed a 2-cycle
rituximab regimen achieved ≥75% reduction in their predni-
sone dose at 52 weeks (95% CI 48%–98%). The BeatMG
Study was designed to follow up on this observation and to
determine whether rituximab was a safe and beneficial thera-
peutic that warranted further investigation in an efficacy trial.
We found no significant difference in the prespecified measure
of steroid-sparing effect between the rituximab and placebo
groups. The futility analysis indicated that there was a low
probability of observing a clinically meaningful steroid-sparing

Table 4 Post Hoc Sensitivity Analysis for Primary Endpoint

Model

Reduction in mean daily prednisone
dose ≥75% with stable MGC score, n (%)

Odds ratio (1-sided 90% CI) p ValueRituximab Placebo

Modified primary endpoint (imputing endpoint
failure if rescue therapy required), n (%)

14/25 (56) 14/27 (52) 1.14 (0, 2.39) 0.03

Primary endpoint (adjusting for
baseline MSE variable), n (%)

15/24 (63)a 15/26 (58)a 1.53 (0, 3.43) 0.095

Primary endpoint (adjusting for
baseline MGC score), n (%)

15/25 (60) 15/27 (56) 1.48 (0, 3.31) 0.086

Primary endpoint (adjusting for
baseline MG-ADL score), n (%)

15/24 (63)a 15/26 (58)a 1.40 (0, 3.11) 0.072

Abbreviations: CI = confidence interval; MG-ADL =Myasthenia Gravis–Activities of Daily Living;MGC =Myasthenia Gravis Composite; MSE =minimal symptom
expression (defined as an MG-ADL score of 0–1).
a There were 2 patients excluded from analysis (1 rituximab, 1 placebo) due to missing MG-ADL score at baseline.
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effect difference, as defined, in a phase 3 trial of a similar AChR-
Ab+ gMG population at 1 year.

After accounting for baseline differences between the groups,
statistically significant clinical improvement was not observed
in key secondary outcomes, exploratory clinical outcomes, or
responder analyses. However, additional exploratory analysis
of MG exacerbations suggested a reduction in relapses re-
quiring rescue therapy in the rituximab group, with partici-
pants on placebo having over a threefold higher rate of
relapses relative to the rituximab group. This suggested that
while participants in both groups were able to achieve the
prespecified primary endpoint at a similar rate, the placebo
group may have been less stable in their disease course.
However, post hoc sensitivity analysis imputing primary
endpoint failure for participants who received rescue therapy
(modified primary endpoint) still supported the futility
hypothesis.

Other possibilities explaining why clear clinical improve-
ments may not have been apparent include (1) failure of
anti-CD20 therapy in the majority of AChR-Ab+ gMG pa-
tients; (2) adequate B-cell reduction at baseline due to
concomitant steroid or ISTs used; (3) use of a steroid-
sparing outcome measure; or (4) trial inclusion of a dis-
proportionate fraction of individuals with too mild disease
who were adequately responsive to concomitant therapies.
While additional subgroup analyses were considered to ad-
dress some of these, they would be underpowered and dif-
ficult to interpret.

This study has several limitations. Prior positive studies pri-
marily focused on difficult-to-control/refractory disease and
included MuSK-Ab+ patients.5,6,8,15 Given that we would
have required an additional 38 participants for a trial that
included MuSK-Ab+ gMG, these patients were excluded due
to recruitment feasibility concerns and limited drug avail-
ability. It is important to highlight that a 2017 systematic
review and recent multicenter blinded, prospective review
support good clinical outcomes in MuSK-Ab+ patients with
MG with rituximab.15,18 In addition, we did not limit partic-
ipation to patients with moderate to severe or refractory
disease, primarily due to recruitment feasibility concerns.
Higher than expected placebo response rate suggests that
participants may have been on more prednisone than re-
quired, or that participants with mild disease respond well to
prednisone and can be readily tapered, possibly affecting our
primary outcome. Due to recruitment challenges and poor
study accrual early on, the protocol was amended to allow the
enrollment of individuals on prednisone plus ISTs, which
accounted for;1/3 of participants. The mild level of disease
severity may have contributed to the ease of lowering pred-
nisone dose based on the forced steroid taper protocol as well
as to clinical scale insensitivity due to floor effects. More re-
cently, studies are setting a minimum required baseline dis-
ease burden as entry criteria, such as MG-ADL ≥6 or QMG
≥12,19,20 in an effort to mitigate this issue. The steroid taper

protocol was linked to maintaining MGC score stability and
was not driven by clinical improvement, which would allow
participants to taper steroids if they already achieved a
symptom plateau (e.g., minimal manifestation status) prior to
study entry. While considered, there was no requirement to
demonstrate a failed steroid taper prior to enrollment, which
further complicated interpretation of results and could in part
explain the higher than anticipated response rate in the pla-
cebo group. Finally, despite adequate power for the primary
endpoint, this was a small study with an imbalance in disease
burden (measured by MGC, QMG, MG-ADL, and MG-QoL
scales) and autoantibody levels between groups, and only 80%
of the rituximab group completed the intended 2-cycle regi-
men. As small participant numbers may have affected our
findings, these key points need to be stressed in the overall
interpretation of study results. Although additional post hoc
sensitivity analyses accounting for rescue therapy use and
baseline MSE (rituximab 4.2% vs placebo 26.9%) differences
showed greater odds of success in the rituximab group, the
null hypothesis was still rejected.

Although this study did not show a difference in steroid-
sparing benefit between the treatment and placebo groups, we
did learn important lessons that will instruct planning of fu-
ture trials, including (1) the need to better define an ade-
quately symptomatic population or disease of sufficient
severity; (2) stratification strategies for disease burden dif-
ferences; (3) a better understanding of how to control for the
use of rescue therapy; and (4) the need to further evaluate and
optimize the steroid-sparing outcome definition. Given the
importance of steroids as a risk factor for cumulative organ
damage and the potential masking of study drug benefit,
further optimization is needed of a steroid-sparing outcome
measure. As steroids have been used for decades as a first-line
therapy for MG, the measure of steroid-sparing benefit is an
important outcome for trials of any therapeutic. Because MG
is characterized by a fluctuating course, the natural history of
disease can influence placebo response separate from placebo
effect, especially for studies with longer durations. An optimal
outcome measure should be valid and reliable, measure clin-
ically meaningful/relevant change, and be sensitive to mea-
sure treatment response.

This study failed to demonstrate a prespecified meaningful
difference in steroid-sparing effect in a predominantly mildly
symptomatic AChR-Ab+ gMG population on chronic im-
munotherapy at 1 year. These findings suggest that a larger,
confirmatory phase 3 trial in this population with similar
problematic features would have a low likelihood of observing
this predetermined steroid-sparing effect. Rituximab was safe
and well-tolerated in this cohort over a 52-week follow-up
period. The higher than anticipated response rate in the pla-
cebo group suggests that participants may have been ade-
quately responsive to concomitant therapies. Whether or not
rituximabmight be beneficial in patients withmore treatment-
resistant disease, or in MuSK-Ab+ MG, is not addressed by
the current study. Many enrolled participants had low B-cell
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counts at baseline, possibly limiting the opportunity to
demonstrate a beneficial therapeutic effect of further B-cell
depletion. Additional analyses are planned to delve deeper
into these results, and to further explore the role of B-cell
depletion in this population, including the full effects of dis-
ease severity, B-cell counts, and use of concomitant ISTs at
time of enrollment. Further insights are anticipated from the
observational postintervention study, which includes follow-
up through 96 weeks.
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