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Comparative effectiveness of azathioprine and
mycophenolate mofetil for myasthenia gravis
(PROMISE-MG): a prospective cohort study

Pushpa Narayanaswami*, Donald B Sanders*, Laine Thomas, Dylan Thibault, Jason Blevins, Rishi Desai, Andrew Krueger, Kathie Bibeau,
Bo Liu, Jeffrey T Guptill, on behalf of the PROMISE-MG Study Groupt

Summary

Background Myasthenia gravis is an autoimmune disorder of the neuromuscular junction. Treatment typically includes
symptomatic oral cholinesterase inhibitors, immunosuppression, and immunomodulation. In addition to
corticosteroids, azathioprine and mycophenolate mofetil are the most frequently used immunosuppressants in
North America. We aimed to evaluate the comparative effectiveness of these two drugs, and to assess the effect of the
dose and duration of treatment.

Methods We did a prospective cohort study at 19 academic centres in Canada and the USA. We included patients
(aged =18 years) with autoimmune myasthenia gravis, who were never treated with immunosuppressants. Treating
clinicians determined the choice of medication, dose, follow-up intervals, and drug monitoring. Outcome measures and
adverse events were recorded at each visit. We assessed two co-primary outcomes. The first was the patient-reported
Myasthenia Gravis-Quality of Life 15-revised (MGQOL-15r) score, measured as the mean change from treatment
initiation to the follow-up visit with the lowest score. A clinically meaningful reduction (CMR) in MGQOL-15r was
defined as a 5-point decrease. The second was a composite clinical outcome of disease improvement (Myasthenia Gravis
Foundation of America Post-Intervention Status Minimal Manifestations or better) and low adverse event burden
(defined as grade <1 Common Terminology Criteria for Adverse Events). We also compared these outcomes in patients
receiving an adequate dose and duration of azathioprine (=2 mg/kg per day for at least 12 months) or mycophenolate
mofetil (=2 g per day for at least 8 months) and a lower dose or shorter duration of these agents. We used propensity score
weighting with generalised linear regression models. This study is registered with ClinicalTrials.gov (NCT03490539).

Findings Between May 1, 2018, and Aug 31, 2020, 167 patients were enrolled; 85 did not receive azathioprine or
mycophenolate mofetil and were excluded. Four were excluded from outcome analyses because they had scores
of 0 on an outcome measure at treatment initiation. Of the 78 patients included in analyses, 47 received
mycophenolate mofetil (median follow-up 25 months [IQR 13-5-31-5]) and 31 received azathioprine (median follow-
up 20 months [IQR 13-30]). The mean change in MG-QOL15r was -10-4 (95% CI -18-9 to —1- 3) with mycophenolate
mofetil and -6-8 (-17-2 to 3-6) with azathioprine (mean difference —3-3, 95% CI -7-7 to 1-2; p=0-15). 38 (81%)
of 47 patients receiving mycophenolate mofetil and 18 (57%) of 31 receiving azathioprine had a CMR in MG-QOL15r
(risk difference 24-0%; 95% CI —0-2 to 48-0; p=0-052). The clinical composite outcome was achieved in 22 (47 -7%)
of 47 patients who received mycophenolate mofetil and nine (28-1%) of 31 who received azathioprine (risk
difference 19-6%, 95% CI —4-9 to 44-2; p=0-12). Descriptive analysis did not find a difference in the proportion of
patients reaching a CMR in MG-QOL15r between the adequate dose and duration group and the lower dose or
shorter duration group. Adverse events occurred in 11 (32%) of 34 patients who received azathioprine and nine (19%)
of 48 who received mycophenolate mofetil. The most frequent adverse events were hepatotoxicity with azathioprine
(five [15%)] of 34) and gastrointestinal disturbances (seven [15%] of 48) with mycophenolate mofetil. There were no
study-related deaths.

Interpretation More than half of patients treated with azathioprine and mycophenolate mofetil felt their quality of life
improved; no difference in clinical outcomes was noted between the two drugs. Adverse events associated with
azathioprine were potentially more serious than those with mycophenolate mofetil, although mycophenolate mofetil
is teratogenic. Lower than recommended doses of azathioprine might be effective, with reduced dose-dependent
adverse events. More comparative effectiveness studies are required to inform treatment choices in myasthenia
gravis.
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Research in context

Evidence before this study

We conducted three searches MEDLINE, using PubMed, from
database inception up to Sept 17, 2023, for relevant clinical
studies evaluating azathioprine and mycophenolate mofetil for
the treatment of myasthenia gravis, with no date or language
restrictions applied, using the “Clinical Trials” filter. Advanced
searches of EMBASE were also done with quick limits: “case
control study” OR “clinical study” OR “controlled clinical trial”
OR “randomised controlled trial”, “Cochrane review” AND
“article” AND “human”. The first search was for relevant clinical
studies of azathioprine, using the search terms “azathioprine”
AND “myasthenia gravis”; 25 studies were identified through
PubMed and the EMBASE search provided 42 records.

Six studies were relevant to the study question. Full-text review
identified four case series and unblinded studies showing
varying efficacy of azathioprine. A multicentre, double-blind,
placebo-controlled randomised controlled trial comparing
prednisolone with prednisolone plus azathioprine in

34 patients showed a steroid-sparing effect of azathioprine at
15 months of treatment. A small, randomised, single-blind trial
showed a similar steroid-sparing effect of methotrexate and
azathioprine after 10 months of treatment. The second search
was for relevant clinical studies of mycophenolate mofetil,
using the search terms “mycophenolate” AND “myasthenia
gravis”; 14 studies were identified through PubMed and

25 records with the EMBASE search. A case report was excluded.
Eight relevant studies were identified. Full-text review
identified four case series and open-label studies that showed
mycophenolate mofetil to be efficacious in improving
outcomes and reducing corticosteroid dosage. Three
randomised controlled trials of 12-36 weeks’ duration did not
show efficacy of mycophenolate mofetil. The interpretation of
one study, a case series of mycophenolate mofetil in various
diseases, was limited by the design. The final search was for
studies comparing the two drugs, using the search string
“(azathioprine or mycophenolate) AND myasthenia gravis AND
comparative effectiveness”. This search retrieved ten articles,
none of which were comparative effectiveness studies. The
EMBASE search provided 15 records. Five were abstracts of the
present study, PROMISE-MG, presented at various meetings.
One was a report of the process of identifying a patient-
centered outcome measure for PROMISE-MG. One was a
protocol for a planned systematic review and network meta-
analysis to compare the efficacy and acceptability of oral
immunosuppressive drugs in myasthenia gravis. Eight were not
relevant to the study question. Azathioprine and
mycophenolate mofetil are frequently used as the initial non-
steroidal immunosuppressive agents in myasthenia gravis, but
evidence for their efficacy is limited by the high risk of bias of
most available studies.

Introduction
The treatment of myasthenia gravis includes symptomatic
oral cholinesterase inhibitors, immunosuppression with

Added value of this study

PROMISE-MG is, to our knowledge, the only comparative
effectiveness study evaluating azathioprine and mycophenolate
mofetil in a prospective cohort of patients with myasthenia
gravis in routine clinical practice. With a rigorous study design
and statistical analysis, the study was conducted at 19 academic
centres in Canada and the USA. A patient-centered outcome,
the Myasthenia Gravis-Quality of Life 15, revised, was selected
as the co-primary outcome after obtaining input from patients
about the validated outcome measures available for
myasthenia gravis. Avoiding hospital admission was identified
as an additional important outcome. The main novel aspects of
this study were the prospective study design, measurement of
outcomes in routine clinical practice, combining effectiveness
and adverse effects as a primary outcome, inclusion of patient
and stakeholder input, long duration of follow-up, and rigorous
statistical analyses of observational data. This sets standards for
future comparative effectiveness research in myasthenia gravis,
as new treatments are rapidly being studied and approved.

Implications of all the available evidence

Azathioprine and mycophenolate mofetil were both shown to
be effective at improving quality of life, function, and muscle
strength. However, considerations beyond effectiveness—such
as sex, childbearing potential, and comorbidities—are essential
when choosing treatments. The adverse events associated with
azathioprine (ie, transaminitis, influenza-like hypersensitivity
reaction, haematological adverse events, and pancreatitis) are
potentially more serious than those associated with
mycophenolate mofetil (mostly gastrointestinal side-effects);
however, mycophenolate mofetil is teratogenic. Our findings
suggested that azathioprine doses of less than 2 mg/kg per day
(ie, lower than the target daily dose of =2 mg/kg) might be
effective, and use of lower doses could reduce dose-related
side-effects. In some patients, mycophenolate mofetil can take
up to 18 months to have a clinically meaningful effect, which is
important because the drug was previously thought to act
within 6 months, so a longer duration of treatment might be
needed before it can be deemed ineffective. The findings of
PROMISE-MG emphasise the importance of evaluating the
comparative effectiveness of treatments for myasthenia gravis,
because drug development is rapidly progressing. For example,
two new classes of drugs—complement C5 inhibitors and
neonatal Fc receptor antagonists—are effective and rapidly
acting therapies, but neither drug class treats the upstream
pathogenesis of myasthenia gravis. These new therapies are
also limited by availability and cost. Azathioprine and
mycophenolate mofetil are effective, relatively safe, and
inexpensive treatment options for myasthenia gravis, and are
complementary to the new therapies.

corticosteroids and other agents, and immuno-
modulation.”” The choice of the immunosuppressant is
determined by disease characteristics (eg, antibody type,
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symptom severity and evolution), comorbidities, patient or
clinician preferences, availability, and costs or payer
coverage. Systematic reviews have emphasised the scarcity
of evidence for the efficacy of many agents despite their
use in clinical practice.** Most evidence comes from cohort
studies, case series, and small randomised controlled
trials. Recent consensus guidance emphasises the absence
of comparative effectiveness research for myasthenia
gravis treatments.” Comparative effectiveness research
compares the benefits and harms of different methods to
prevent, diagnose, treat, or monitor a condition. A related
concept is patient-centered outcomes research, which
helps patients and caregivers make informed health-care
decisions.

Although azathioprine is frequently used to treat
myasthenia gravis, there is little high-quality evidence for
its use in clinical practice. Case series and unblinded
studies have shown varying efficacy.”® A multicentre
randomised trial showed a steroid-sparing effect after
15 months of treatment.” Another randomised controlled
trial showed a steroid-sparing effect of methotrexate and
azathioprine after 10 months of treatment.” Case series
and open-label studies have suggested that myco-
phenolate mofetil might be efficacious for improving
outcomes,"™ but this possibility has not been confirmed
in randomised controlled trials.”” Mycophenolate
is believed to have a shorter latency to effect (approxi-
mately 6 months) than azathioprine (approximately
15 months).”* The recommended dose of azathioprine
for myasthenia gravis is 2-5-3 mg/kg orally per day and
that of mycophenolate mofetil is 2-3 g orally per day.
These drugs are often used in clinical practice at lower
doses or for shorter durations than those recommended
for immunosuppressive effect. While azathioprine and
mycophenolate mofetil are frequently used as initial non-
steroidal immunosuppressants, to the best of our
knowledge no studies have been done to directly compare
the two treatments. We aimed to evaluate the comparative
effectiveness of azathioprine and mycophenolate mofetil
for the treatment of myasthenia gravis, by use of patient-
reported outcomes and clinician-reported outcomes, and
to analyse the effect of adequate doses of azathioprine
and mycophenolate mofetil for adequate durations
versus lower doses or shorter durations.

Methods

Study design and participants

PROMISE-MG was a prospective cohort study at
19 academic centres in Canada and the USA. Adults (aged
=18 years) with autoimmune myasthenia gravis were
eligible for inclusion. Myasthenia gravis was confirmed by
the clinical picture (ie, history and physical findings of
fluctuating, fatiguable weakness of oculo-bulbar or
extremity muscles, or both) and either serum acetylcholine
receptor (AChR) or muscle specific kinase (MuSK)
antibodies, abnormal electrodiagnostic testing (repetitive
nerve stimulation or single-fibre electromyography),
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unequivocal response to cholinesterase inhibitors, or a
combination of these. Treatment with pyridostigmine
was allowed if started up to 3 months before initial
evaluation. Patients who had received corticosteroids for
anon-myasthenia gravis indication at least 90 days before
initial evaluation, and patients admitted to hospital
whose baseline outcome measures were obtained within
24 h after initiation of intravenous immunoglobulin or
plasma exchange, were eligible for inclusion.

Patients were excluded if they were receiving or had
ever received corticosteroids for myasthenia gravis or
had received corticosteroids for a non-myasthenia gravis
indication up to 30 days before initial evaluation; were
receiving or had ever received non-steroidal immuno-
suppressants, intravenous immunoglobulin, or plasma
exchange for myasthenia gravis; or had undergone
thymectomy. The primary investigators ascertained the
eligibility of patients who received corticosteroids for a
non-myasthenia gravis indication 31-89 days before
initial evaluation.

A central independent review board, Copernicus (Cary,
NC, USA), approved the study protocol, with additional
approvals as required by local institutional review boards.
Changes to the protocol are documented in the
appendix (pp 12-21).

We used a new-user design with active comparators, by
identifying patients who started azathioprine or
mycophenolate mofetil and had follow-up evaluations
after treatment initiation, similar to a randomised
controlled trial. Potentially eligible patients were
identified at their first visit after Jan 1, 2017 After
institutional review board approval, eligible patients
provided written informed consent for use of their data
retrospectively from Jan 1, 2017, and prospectively up to
40 months after treatment initiation. The database was
locked on Sept 3, 2021 (appendix p 6).

Procedures

This study was designed and conducted with input from
a patient (KB was the patient representative), the
Myasthenia Gravis Foundation of America (MGFA;
Westborough, MA, USA), and a care management
company (Accordant Health Services, CVS Health, High
Point, NC, USA). No requirements were made for study
interventions or testing; standard-of-care treatments
were used as per the treating clinicians’ judgement and
patient preferences. The outcome measures selected are
used routinely in clinical practice; site investigators
were instructed to perform all the outcome assessments
(described below) at each visit. Treating clinicians
decided the frequency of follow-up and laboratory
monitoring, and the outcome measures and adverse
events were recorded at each clinical visit. Thus, the
interval between outcome measurements varied
between and within patients, as in routine clinical
practice. The follow-up period was 20-40 months
(appendix p 6).

See Online for appendix
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We used a centralised REDCap database designed for
the study, which contained items concordant with the
myasthenia gravis-specific common data elements
developed under the US National Institute of
Neurological Disorders and Stroke (NINDS) Common
Data Elements Project® We recorded baseline
demographics, myasthenia gravis diagnostic criteria,
past history, and medications, as well as the following
covariates that could affect treatment choices: age at
myasthenia gravis onset, patient-reported sex, race, body-
mass index (BMI), disease duration, comorbidities
(hypertension, diabetes, history of cancer or psychiatric
illness, chronic liver or kidney disease), pregnancy,
lactation, presence of AChR or MuSK antibodies,
cumulative prednisone dose, disease distribution (ocular
vs generalised), MGFA clinical class, use of rescue
therapies, and thymus imaging. Changes in medications
for myasthenia gravis, adverse events, and myasthenia
gravis-related hospital admissions were recorded at each
follow-up. Disease severity and effectiveness of treatment
were assessed by MGFA clinical class,” MGFA post-
intervention status (MGFA-PIS),® Myasthenia Gravis
Quality of Life-15, revised (MG-QOL15r),® Myasthenia
Gravis-Activities of Daily Living (MG-ADL),” Myasthenia
Gravis-Composite (MGC),” and Myasthenia Gravis-
Manual Muscle Test (MG-MMT).” During the COVID-19
lockdown, MGFA clinical class, MG-QOL15r, MGFA-
PIS, and MG-ADL were recorded via telephone visits, as
frequently as deemed necessary for clinical care by the
site investigator. Data were entered into the database by

167 patients enrolled

85 excluded (not treated with azathioprine

> or mycophenolate)

A4

82 included in the comparative
effectiveness analysis

v

v

34 treated with azathioprine
26 treated with azathioprine only
8 initially treated with azathioprine, then
switched to mycophenolate

48 treated with mycophenolate
45 treated with mycophenolate only
3 initially treated with mycophenolate, then
switched to azathioprine

>

3 excluded from analysis (outcome measure
scores 0 at start of treatment)*

1 excluded from analysis (outcome measure

scores O at start of treatment)t

A 4

v

treat population)

3lincluded in the outcome analysis (intention-to-

47 included in the outcome analysis (intention-to-
treat population)

Figure: Participant flow

No patients were lost to follow-up in either group. MGC=Myasthenia Gravis Composite. MG-MMT=Myasthenia
Gravis Manual Muscle Test. MG-ADL=Myasthenia Gravis Activities of Daily Living. *Two patients with MGC,
MG-MMT scores of 0; and one patient with MG-ADL, MGC, and MG-MMT scores of 0. tOne patient with MG-MMT,

MGC, and MG-ADL scores of 0.
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study site personnel and were reviewed for accuracy by
the primary investigators.

Outcomes

The study incorporated two co-primary outcomes. The
first outcome was MG-QOL15r, which is a patient-
centered outcome that was selected as per the mandate
of the funding agency, with input from patients
(appendix pp 7-8).* MG-QOL15r is a 15-item quality of
life measure specific to myasthenia gravis, with each
item graded from 0 to 2. The score ranges from 0 to 30,
and lower scores indicate better quality of life.® The
outcome measure was the mean difference between
azathioprine and mycophenolate mofetil in the reduction
(improvement) of MG-QOL15r scores from the start of
treatment to the follow-up visit with the lowest score.**
A 5-point reduction in MG-QOL15r was considered a
clinically meaningful reduction (CMR).

The second outcome was a composite clinician-
reported outcome that evaluated clinical improvement
from treatment initiation to the post-treatment visit with
the lowest MGQOL-15r score, and adverse events
associated with treatment.? Clinical improvement was
defined as Minimal Manifestations or better on MGFA-
PIS (ie, “the patient has no symptoms or functional
limitations from myasthenia gravis but has some
weakness on examination”). Adverse events were
categorised as no more than grade 1 on the Common
Terminology Criteria for Adverse Events (CTCAE;
version 4.03).” Adverse events were reported in the study
database by the site investigators, and all CTCAE grades
were adjudicated by an independent evaluator for
accuracy during data analysis.

Secondary outcomes measures comprised the mean
difference between treatment groups in the change from
treatment initiation to the follow-up visit with the lowest
score in MG-ADL, MGC, and MG-MMT scores, and the
number of hospital admissions for myasthenia gravis.
The MG-ADL is an eight-item measure with each item
scored from 0 to 3, with a score range of 0 to 24. Lower
scores indicate less severe impairment.” The MGC is a
weighted composite clinician-reported outcome and
patient-reported outcome with ten items. The total score
ranges from 0 to 50, and lower scores indicate better
function and strength.”? The MG-MMT assesses muscle
strength of 30 muscle groups, where 0 indicates normal
strength and four indicates paralysis. The score ranges
from 0 to 120, and lower scores indicate better muscle
strength.” A 2-point reduction in MG-ADL,* and 3-point
reductions in MGC*” and MG-MMT, were considered
CMRs.

Statistical analysis

For sample size estimations, we performed a power
analysis of the inverse probability weighting propensity
score method (appendix pp 9-10). The planned sample
size was 220 to allow for 10% dropouts. SAS (version 9.4)
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Unweighted Weighted* (overlap weighting)t
Mycophenolate mofetil  Azathioprine SD¥ Mycophenolate Azathioprine SD
(n=47) (n=31) (n=47) (n=31)
Sex
Male 28 (60%; 45 to 73) 19 (61%; 44t076)  -0-04 64% (38 to 84) 64% (38 to 84) 0-00
Female 19 (40%; 28 to 55) 12 (39%; 24 to 56) 0-04 36% (16 to 62) 36% (16 to 62) 0-00
White race 45 (96%; 85 to 100)§ 30(97%; 82t0100)§  -0-05 95% (68 to 100)§ 95% (68 to 100)§ 0-00
BMI, kg/m? 31 (19 to 42) 31 (20to 41) -0-02 31 (25t037) 31(23t038) 0-04
Age at onset, years 66 (42 to 90) 64 (44 to 85) 0-16 64 (53to0 76) 65 (53t078) -0-07
Myasthenia gravis early onset 2 (4%; 0to 15) 2 (7%; 1t0 22) -0-10 4% (0to 30) 4% (0 to 30) 0-00
(<50 years)
Disease severity, ocular (MGFA 7 (15%; 7 to 28) 7 (23%; 11to 40) -0-12 16% (3to 43) 15% (3to 43) 0-00
Class 1)
Presence of AChR or MuSK 39 (83%; 70to 91) 22 (71%; 54 to 84) 0-23 85% (57to 97) 84% (57t0 97) 0-00
antibody
Thymoma 2 (4%; 0to 15) 2 (7%;1t0 22) -0-10 8% (0to34) 8% (0to34) 0-00
Hypertension 27 (57%; 43 to 71) 17 (55%; 38 to 71) 0-05 53% (29 to 76) 53% (29 to 76) 0-00
Diabetes 12 (26%; 15 to 40) 4(13%; 50 30) 0-33 17% (4 to 44) 17% (4 to 44) 0-00
History of psychiatric illness 3 (6%; 2to 18) 1(3%; 0to 18) 0-15 5% (0to 31) 5% (0to 31) 0-00
History of cancer 8 (17%; 9 to 30) 2 (7%; 1t0 22) 033 11% (1to 39) 11% (1to 39) 0-00
MG-QOL15r score 13 (1t0 26) 14 (-2 to 30) -0-07 14 (6 to 21) 14 (3 t0 24) 0-00
MG-ADL score 6(1to11) 7 (1to14) -0-50 7 (4t010) 7(2to11) 0-00
MGC score 10 (-1to 21) 12 (-2t027) -0-33 11 (5t0 18) 11 (2t0 21) 0-00
MG-MMT score 9(-5t023) 11(-3t0 25) -0-23 11 (2t0 19) 11 (1to 20) 0-00
Total prednisone cumulative 1465 (-3591to 6521) 1719 (-3759t07197)  -0-10 1298 (-1037t03633) 1313 (-1551t04177) -0-01
dose, mg
Data are n (%, 95% Cl) or mean (95% Cl). SD=standardised difference. BMI=body-mass index. MGFA=Myasthenia Gravis Foundation of America. AChR=acetylcholine receptor.
MuSK=muscle-specific thyrosine kinase. MG-QOL15r=Myasthenia Gravis Quality of Life 15 (revised). MG-ADL=Myasthenia Gravis Activities of Daily Living. MGC=Myasthenia
Gravis Composite. MG-MMT=Myasthenia Gravis Manual Muscle Test. *Weighted n is derived from the propensity score model. tDifference between groups after propensity
score weighting using the overlap weighting method. #Standardised difference is the difference in means or proportions divided by the SE and measures the effect size
difference between groups. SMycophenolate: White, n=44; Black, n=1; Asian, n=1; unknown; n=1. Azathioprine: White, n=30; Asian, n=1.
Table 1: Baseline covariates included in the generalised linear regression analysis, before and after propensity score weighting

and R (version 4.2.3) were used for statistical analyses
(appendix p1l). We assumed that missingness was com-
pletely at random and imputed continuous variables by
using the mean and categorical variables with the
category that had the greatest number of observations.
Overlap propensity score weighting was used to
evaluate the comparative effectiveness of oral azathio-
prine and oral mycophenolate mofetil. We modelled the
propensity to have received mycophenolate mofetil.
Propensity scores were calculated from logistic
regression models with treatment as the dependent
variable and the baseline covariates as independent
variables. After calculating overlap weight propensity
scores (appendix p 3), we assessed covariate balance by
reporting the standardised difference in each baseline
covariate. The threshold for balance assessment
was 0-1 (10%). We compared treatments by weighted
outcome regression using generalised linear regression
models with appropriate link functions: the identity link
for mean and risk differences and Cox proportional
hazards models for time to event. As a sensitivity analysis
for propensity score model specification, we repeated the
propensity score model with the addition of restricted
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cubic splines for variables that had statistically significant
non-linearity (baseline MG-QOL15r p=0-03 and MG-ADL
p=0-045 for non-linearity). We then repeated the analysis
of all outcomes (appendix p 22). This approach was not
prespecified to be the primary analysis to avoid over-
fitting in the very limited sample size (31 people receiving
azathioprine as an outcome of the propensity score
model).

Outcomes were also compared between patients
receiving adequate doses and durations of azathioprine and
mycophenolate mofetil and those receiving lower doses or
shorter durations of these drugs separately. An adequate
dose and duration for azathioprine was defined as at
least 2 mg/kg per day for at least 12 months, and for
mycophenolate mofetil as at least 2 g per day for at least
8 months.” For patients who did not receive this dose or
duration of treatment (ie, the lower dose or shorter duration
group), their index date was defined as the first point at
which an adequate dose and duration could have been met
(ie, 12 months after treatment start for azathioprine and
8 months after treatment start for mycophenolate mofetil).
The comparison of outcomes was descriptive and not
statistically adjusted because of small numbers.
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We report mean differences for continuous outcomes,
risk differences and proportions for binary outcomes, and
hazard ratios for time-to-event analyses. Robust variance
estimators were used to derive 95% Cls. Two-sided
p values less than or equal to 0-05 were considered
statistically significant.

Two exploratory post-hoc analyses were performed.
First, time-to-event analyses were done, with the event
being the first point at which a CMR was achieved in all
outcome measures (except for the composite clinical
outcome); the origin time was the date of treatment
initiation, which is also the start time. Follow-up for the
survival outcome was started immediately at the origin of
treatment. The end date was either the first time a CMR
was achieved or censored at the last follow-up date. The
second post-hoc analysis was of doses of azathioprine and
mycophenolate mofetil in patients who had CMRs in all
outcome measures versus those who did not (except for
the composite clinical outcome).

This study is registered with ClinicalTrials.gov
(NCT03490539).

Role of the funding source

The funder of the study had no role in data collection, data
analysis, data interpretation, writing of the report, or the
decision to publish the manuscript.

Results

Between May 1, 2018, and Aug 31, 2020, 167 patients were
enrolled within the timeframe available to allow for
adequate follow-up. Follow-up ended on Jan 31, 2021
(appendix p 6). Baseline characteristics of the full study

Mycophenolate Azathioprine Group p value
(n=47) (n=31) difference*t
Primary outcomes
Difference in MG-QOL15r -10-4 -6-8 33 0-15
(-18-9t0-13) (-17-2t0 3-6) (-77t01:2)
Clinical compositeoutcometat 22§, 47-7% 9§,281% 19-6% 012
MG-QOL15r minimum date (24-8t071-6) (10:9to 54-8) (-4-9t0 44-2)
Secondary outcomes
Difference in MGC -9 77 -13 0-44
(-163t0-17) (-172t01-8) (-4-8t021)
Difference in MG-ADL -52 -41 -11 0-24
(-9to-1-4) (-87t00:5) (-2:9t007)
Difference in MG-MMT -84 -8 -0-4 0-84
(-16:3t0-0-5) (-17-8t01-8) (-43t035)
Hospital admissions for 5, 87% 5,17-6% -8:9% 0-34
myasthenia gravis (0-0t035-6) (4-5t0 44-8) (-271t0 9-5)
Data are mean (95% Cl), unless otherwise specified. MG-QOL15r=Myasthenia Gravis Quality of Life 15 (revised).
MGC=Myasthenia Gravis Composite. MG-ADL=Myasthenia Gravis Activities of Daily Living. MG-MMT=Myasthenia
Gravis Manual Muscle Test. *Negative numbers favour mycophenolate except for the co-primary composite outcome,
where positive numbers favour mycophenolate. tData shown as means for continuous outcomes and percentages for
proportions. $Composite outcome is achieving MGFA post-intervention status minimal manifestations or better, with
Common Terminology Criteria for Adverse Events grade 1 or better. SWeighted n is derived as the sample size
multiplied by the weighted proportion, rounded to the nearest whole number.
Table 2: Weighted differences in outcomes between azathioprine-treated and mycophenolate-treated
patients
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cohort are shown in the appendix (pp 3-4). 96 (93%)
patients were White males; the median age at myasthenia
gravis onset was 67 years (IQR 57-73). Median disease
duration at the initial visit was 5 months (IQR 3-13).

82 (49%) patients received mycophenolate mofetil (n=48)
or azathioprine (n=34; figure). 11 patients received both
drugs and were included in the treatment group according
to their first treatment (intention-to-treat population).
Four patients were excluded from outcome analyses
because their scores on MG-ADL, MGC, or MG-MMT
were 0 at treatment initiation. The final outcome analysis
comprised 78 patients, of whom 47 (60%) were in the
mycophenolate mofetil group (median follow-up
25 months [IQR 13-5-31-5]) and 31 (40%) were in the
azathioprine group (median follow-up 20 months
[IQR 13-30)). 14 (18%) of 78 participants had ocular
myasthenia gravis and 64 (82%) had generalised
myasthenia gravis. Missing data that were imputed
included baseline MG-MMT (n=2), AChR antibodies
(n=2), and race (n=1). Table 1 shows the final covariates
included in the generalised linear regression analyses. The
unadjusted standardised difference in baseline charac-
teristics was most pronounced for patients with a history
of cancer and diabetes. After propensity score weighting,
the treatment groups were well matched. In the
mycophenolate mofetil group, AChR antibodies were
present in 36 (77%) of 47 patients; three (6%) had MuSK
antibodies. In the azathioprine group, 21 (68%) of
31 patients had AChR antibodies; one (3%) had MuSK
antibodies. 55 (70%) of 78 patients received prednisone
before azathioprine or mycophenolate mofetil (34 [72%)]
of 47 in the mycophenolate mofetil group and 21 [68%)]
of 31 in the azathioprine group). The unweighted cumu-
lative prednisone dose did not differ significantly between
azathioprine-treated and mycophenolate mofetil-treated
patients.

The mean change in MG-QOL15r was -10-4 (95% CI
-18-9 to —1-3) in the mycophenolate mofetil group and
—6-8 (-17-2 to 3-6) in the azathioprine group (mean
difference -3-3 [95% CI —7-7 to 1-2]; p=0-15; table 2). A
CMR in MG-QOLI15r was reached in 38 (81%) patients
receiving mycophenolate mofetil and 18 (57%) receiving
azathioprine (risk difference 24-0% [95% CI,
—0-2 to 48-0]; p=0-052; table 3). The clinical composite
outcome was reached in 22 (47-7%) of 47 patients
receiving mycophenolate mofetil versus nine (28-1%)
of 31 receiving azathioprine (risk difference
19-6% [95% CI —4-9 to 44-2]; p=0-12; table 2). At least
70% of patients had a CMR in MGC, MG-ADL, and MG-
MMT, and proportions did not differ between treatments
(table 3). Ten (13%) of 78 patients required hospital
admission for myasthenia gravis, five (16%) in the
azathioprine group and five (11%) in the mycophenolate
mofetil group (propensity score weighted proportions:
azathioprine 17-6% [95% CI 4-5 to 44-8]; mycophenolate
mofetil 8-7% [0 to 35-6]; risk difference —8-9% [95% CI
-27-1t0 9-5]; p=0- 34; table 2).
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Unweighted Weighted Percentage difference p valuef
(95% Cly*
Mycophenolate Azathioprine Mycophenolatet Azathioprinef
MG-QOL15r =5-point 37(80%; 67-90) 17 (55%; 38-71) 38(81%;54-95) 18 (57%; 32-79) 24-0% (-0-2 to 48-0) 0-052
reduction
MGC =3-point reduction 37 (80%:; 67-90) 24 (83%; 65-93) 39(83%;56-96) 26 (84%; 56-97) -0:7% (-19-0 t0 18-0) 094

MG-ADL =3-point reduction 39 (85%; 72-93) 24 (77%; 60-89) 42 (89%; 62-99) 26 (81%; 54-95) 8-0% (-10-0to 26-0) 0-38
MG-MMT =3-point reduction 36 (78%; 64-88) 21 (72%; 54-86) 39 (82%; 55-95) 22 (70%; 43-88) 12:0 % (-11-0 to 35-0) 032
Data are n (%, 95% Cl) unless otherwise specified. MG-QOL15r=Myasthenia Gravis Quality of Life 15 (revised). MGC=Myasthenia Gravis Composite. MG-ADL=Myasthenia

Gravis Activities of Daily Living. MG-MMT=Myasthenia Gravis Manual Muscle Test. *Wald confidence limits. tPositive values favour mycophenolate. Weighted n is derived as
the sample size multiplied by the weighted proportion, rounded to the nearest whole number.

Table 3: Proportion of patients with a clinically meaningful reduction in outcomes

In a post-hoc analysis, the median time to achieve a
CMR in MG-QOLI15r was 3-4 months (IQR 2-3-9.7) for
mycophenolate mofetil and 6-4 months (1-3-12.7) for
azathioprine (appendix p 2). The maximum time to
achieve a CMR in MG-QOL15r was 31 months for
mycophenolate mofetil and 21-6 months for azathioprine
(appendix p 2). In the mycophenolate mofetil group, the
time to reach a CMR in secondary outcomes in at least
75% of patients ranged from 13 months for MG-MMT
and MG-ADL to 18 months for MGC (post-hoc analysis).
In the azathioprine group, the time to reach a CMR in at
least 75% of patients ranged from 14 months for MGC to
23 months for MG-MMT. A CMR was not reached by
75% of azathioprine-treated patients for MG-QOL15r
within the follow-up period of the study (post-hoc analysis;
appendix p 2). The median dose to achieve a CMR in
MGC, a composite clinician-reported outcome and
patient-reported outcome, was 2 g per day (IQR 1-5-2-0)
for mycophenolate mofetil and 1-2 mg/kg per day
(0-9-1-6) for azathioprine (appendix pp 2-3).

32 (68%) of 47 mycophenolate mofetil-treated patients
and seven (23%) of 31 azathioprine-treated patients
received an adequate dose and duration; thus, 15 (32%) of
47 mycophenolate mofetil-treated patients and 24 (77%)
of 31 azathioprine-treated patients received a lower dose
and shorter duration (table 4). For patients who received
an adequate dose of azathioprine, the median time
beyond 12 months to achieve the adequate dose was
4 months (IQR 3-6). For patients who received an
adequate dose of mycophenolate mofetil, the median
time beyond 8 months to achieve an adequate dose was
0 days (IQR 0-7). Thus, most patients who attained an
adequate dose did so within the first 8 months after
starting mycophenolate mofetil, whereas azathioprine-
treated patients required a median of 16 months to reach
an adequate dose.

The median decrease in MG-QOL15r score was 5 points
in patients treated with mycophenolate mofetil, regardless
of whether they had an adequate dose and duration
(IQR -13 to 1) or lower dose or shorter duration
(IQR —10 to —2; table 4). For azathioprine-treated patients,
the median decrease in MG-QOL15r score was 9-5 points
(IQR -13-0 to —6-0) for those who received an adequate
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Adequate dose Lower dose or Adequate dose
and durationof  shorter duration  and duration of
mycophenolate  of azathioprine

mycophenolate

Lower dose or
shorter
duration of
azathioprine

Co-primary outcomes

MGQOL-15r

Number of patients 31 11 6

Median difference (IQR); -5 (-13to 1); -5(-10to-2); -10 (-13 to-6);

range -23to5 -25t0 6 -18to 0
Primary composite outcome: MGFA-PIS MM and CTCAE grade <1*t

Number of patients* 32 11 7

Yes 12 (38%) 4(36%) 2 (29%)

No 20 (63%) 7 (64%) 5 (71%)
Secondary outcomes
MGC

Number of patientst 30 10 3

Median difference (IQR); -5 (-9to-1); -6 (-11to-2); -3(-26t0 6);

range -18to 6 -25to03 -26t0 6
MG-ADL

Number of patients* 31 11 6

Median difference (IQR); -3 (-6to-1); -3(-6to-1); -2 (-6t0 0);

range -12to1 -11to2 -13to 0
MG-MMT

Number of patients* 31 10 3

Median difference (IQR); -4 (-8 to-1); -4 (-9to-1); -10 (-21to-4);

range -20to 2 -32to2 -21to-4

outcomes at the analysis timepoint.

18

-1(-7to1);
-27to13

19
4(21%)
15 (79%)

14
-5 (-10to-1);
-36to 4

19
-2 (-6t0 0);
14t 4

15

-3 (-12t0 0);
-23t012

MG-QOL15r=Myasthenia Gravis Quality of Life 15 (revised). MGFA-PIS MM=Myasthenia Gravis Foundation of
America-post intervention status minimal manifestations. CTCAE=Common Terminology Criteria for Adverse Events.
MGC=Myasthenia Gravis Composite. MG-ADL=Myasthenia Gravis Activities of Daily Living Scale.
MG-MMT=Myasthenia Gravis Manual Muscle Test. *Primary composite outcome: MGFA-PIS MM with CTCAE for
adverse events <1. tNumber of patients differs slightly between outcomes because all patients did not have all

mycophenolate or azathioprine (descriptive statistics only)

Table 4: Outcomes in the adequate dose and duration and lower dose groups treated with

dose and duration, and 1-0 (-7-0 to 1-0) for those who
received a lower dose or shorter duration. With an
adequate dose and duration of mycophenolate mofetil,
12 (38%) of 32 patients reached the composite co-primary
outcome, compared with four (36%) of 11 who received a
lower dose. Two (29%) of seven patients receiving an
adequate dose and duration of azathioprine, and four
(21%) of 19 receiving a lower dose or shorter duration,
reached the composite outcome (table 4). No specific dose
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Azathioprine Mycophenolate
(n=34) (n=48)
Total adverse events 11 (32%) 9 (19%)
Serious adverse events 6/11 (55%) 3/9 (34%)
(CTCAE 22)
Drug discontinuations 10/11 (91%) 419 (44%)
Deaths 0 0
Details of adverse events
Hepatotoxicity 5(15%) 0
Influenza-like delayed 3(9%) 0
hypersensitivity reaction
Anaemia 1(3%) 1(2%)
Lymphopenia 1(3%) 0
Pancreatitis 1(3%) 0
Gastrointestinal disturbances 0 7 (15%)
Renal dysfunction 0 1(2%)
Data are n (%) or n/N (%). CTCAE=Common Terminology Criteria for Adverse
Events. We defined acceptable adverse events as grade 0or 1 CTCAE.
Table 5: Summary of adverse events

of either drug was more favourable for secondary
outcomes.

The results of the three sensitivity analyses were not
substantially different from those of the main analysis
(appendix pp 23-24). The sensitivity analysis based on
restricted cubic splines in the propensity score model
resulted in the same conclusions as the primary analysis.
A few endpoints were numerically different but with
substantially overlapping Cls (appendix p 22).

All 82 patients who received either mycophenolate
mofetil or azathioprine were included in the analysis of
adverse events (table 5; appendix pp 4-5). Adverse events
associated with azathioprine were observed in 11 (32%) of
34 patients and the most frequent was hepatotoxicity,
followed by influenza-like delayed hypersensitivity
reaction, haematological adverse events, and pancreatitis.
Five (46%) adverse events were CTCAE grade 1, four were
grade 2, and two were grade 3. Adverse events associated
with mycophenolate mofetil were reported in nine (19%)
of 48 patients, and the most common were gastrointestinal
disturbances. Six (67%) of nine adverse events were
CTCAE grade 1, two were grade 2, and one was grade 3.
No differences were noted in the frequency of adverse
events between azathioprine and mycophenolate mofetil
(risk difference 13% [95% CI -5 to 32]) or the severity of
adverse events between grade 1 and higher grades (risk
difference 22% [-20 to 53]). Excluding three patients with
delayed hypersensitivity, five (63%) of eight adverse events
associated with azathioprine occurred at doses of 2 mg/kg
per day or higher. With mycophenolate mofetil, six (67%)
of nine adverse events occurred at doses of 2 g per day or
higher.

Discussion
In this prospective comparative effectiveness cohort
study, more than half of patients treated with azathioprine

and mycophenolate mofetil felt their quality of life was
improved with treatment, but no difference was noted
between azathioprine and mycophenolate mofetil.
Numerically fewer azathioprine-treated patients reached
the composite measure of improved disease status with
acceptable side-effects, but the difference compared with
mycophenolate mofetil was not significant. A CMR was
reached by at least 70% of patients in secondary patient-
reported and clinical outcome measures, with no
differences between the two drugs. Both drugs are,
therefore, useful as early immunosuppressive agents for
myasthenia gravis.

This comparative effectiveness study in myasthenia
gravis provides many important insights. Although both
mycophenolate mofetil and azathioprine were effective
treatments for myasthenia gravis, the proportion of
patients who had CMRs, and the magnitude of reduction
in the outcome measure scores, was generally higher in
the mycophenolate mofetil group. Statistical imprecision
related to the small sample size is likely to have precluded
detection of differences between mycophenolate mofetil
and azathioprine. Although the frequency of adverse
events and CTCAE severity grades did not differ between
drugs, wide CIs indicate imprecision. Adverse events due
to azathioprine were potentially more serious. The
aggregate data might favour the use of mycophenolate
mofetil in clinical practice. However, mycophenolate
mofetil is a teratogen.” Therefore, considerations beyond
effectiveness, such as sex, childbearing potential, and
comorbidities, are essential when choosing treatments
for myasthenia gravis, and the choice is influenced by
physician and patient preferences.

The proportion of patients reaching a CMR and the
time to CMR differed to some degree between outcomes.
The absence of a placebo might have affected this result.
This finding underscores the challenges of selecting
outcome measures in clinical practice and trials.

We found no consistent differences in outcomes
between patients who received an adequate dose and
duration of mycophenolate mofetil and azathioprine and
those who received a lower dose or shorter duration.
Two-thirds of patients treated with mycophenolate
mofetil received a dose that was similar to the usually
recommended dose of 2-3 g per day; conversely, three
quarters of patients treated with azathioprine received a
dose that was lower than or in the lower range of the
recommended dose of 2-3 mg/kg per day, or for less
than 12 months. The effectiveness of azathioprine might,
therefore, have been reduced in our study because a
lower dose was more frequently given. Despite this,
more than half of patients treated with azathioprine had
CMRs in all outcomes. The effects of dose and duration
are difficult to interpret given the small sample size. Due
to the observational design of our study, the lower dose
or shorter duration group might have shown better or
equal outcomes compared with the adequate dose group
if the lower dose or shorter duration was driven by
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clinical improvement more rapidly or at a lower dose
(ie, reverse causation). More patients received myco-
phenolate mofetil at an adequate dose or duration than
azathioprine. This difference might have been driven by
concerns about the side-effects of azathioprine. The time
taken to reach the target mycophenolate mofetil dose was
more rapid compared with azathioprine, which was
much slower, perhaps due to clinicians’ experience with
adverse effects or knowledge of the long latency to
clinical effect. This approach could have affected the
response to azathioprine. However, these results suggest
that azathioprine doses of less than 2 mg/kg per day
could be effective and could reduce dose-dependent side-
effects. The time for at least 75% of patients on
mycophenolate mofetil to improve was 13-18 months,
which might be a reason why previous randomised
controlled trials of mycophenolate mofetil versus placebo
have not shown a benefit at earlier timepoints.

There are many limitations to PROMISE-MG. Despite
mimicking clinical practice, the generalisability of this
study could be limited by the setting of academic medical
centres. Most patients were White, had late-onset
myasthenia gravis, and patients with severe myasthenia
gravis or myasthenic crisis were excluded, also limiting
the generalisability of the findings. Our results do not
provide guidance about the choice of these agents in
relation to comorbidities, which were infrequent. The
number of hospital admissions was too small to draw
conclusions. No pregnant women were enrolled.
Personal preferences and the experience of site
investigators could have influenced drug and dose
selection; this is typical of clinical practice. Non-
standardised administration of outcome measures could
have contributed to variability; we avoided training of
investigators in order to simulate clinical practice.
Recruitment was lower than the planned 220 patients. A
higher than anticipated proportion of patients had ocular
myasthenia gravis, which is not initially treated with
immunosuppressants. Most patients who received
azathioprine or mycophenolate mofetil had generalised
myasthenia gravis, but ocular disease in the remaining
patients might have masked differences. More than two-
thirds of patients received prednisone. Despite propensity
score weighting, a confounding effect of prednisone in
individual patients cannot be excluded. We wused
a 5-point change in MG-QOLI15r as the CMR, but this
change needs to be verified. Although we adjusted for
clinically relevant confounders, the observational design
remains vulnerable to residual confounding due to
measurement error in the confounders and unmeasured
confounding.

The PROMISE-MG findings provide important
information for the clinical management of patients, as
the algorithm of myasthenia gravis treatment evolves.
Two newly approved classes of drugs—complement
C5 inhibitors and neonatal Fc receptor antagonists—are
effective, rapidly acting therapies, but neither class treats
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the upstream pathogenesis of myasthenia gravis.”** In
clinical practice, they are often used along with traditional
immunosuppressants for quick disease control, while
waiting for the immunosuppressant to become effective.
These new therapies are also limited by availability and
cost. Azathioprine and mycophenolate mofetil are
effective at improving quality of life, function, and
muscle strength in patients with myasthenia gravis, are
relatively safe, and are inexpensive options that are
complementary to the new therapies for myasthenia
gravis. It is possible that mycophenolate mofetil might
be more effective than azathioprine, but the small sample
size of PROMISE-MG has affected the ability to detect
a difference. The adverse events associated with
azathioprine were potentially more serious than those
associated with mycophenolate mofetil. However,
azathioprine doses lower than typically used
(ie, 1-2 mg/kg per day) might be effective and reduce
side-effects. Further comparative effectiveness studies
should be done to inform treatment choices in
myasthenia gravis.
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