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ABSTRACT

Introduction: Accurate measurement of myas-
thenia gravis (MG) severity is required for
appropriate clinical monitoring of patients with
MG and assessment of the benefit of new
treatments in clinical trials. Our objective was
to explore how MG severity can be measured
and to determine how the newly developed MG
Symptoms Patient-Reported Outcome (PRO)
instrument complements the available mea-
sures of MG severity.
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Methods: The conceptual coverage of the
Quantitative MG (QMG), MG Composite
(MGC), MG-Activities of Daily Living MG-
ADL), and MG Symptoms PRO was scrutinized
against core symptoms of MG: muscle weakness
in three muscle groups (ocular, bulbar, and
respiratory), muscle weakness fatigability, and
physical fatigue. Post hoc analyses of the
MGO0002 study, a Phase 2a clinical trial of
rozanolixizumab in adults with moderate to
severe generalized MG, included correlation
and Rasch model analyses.
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Results: The qualitative appraisal highlighted
that only the MG Symptoms PRO captured
physical fatigue. Data from 541 assessments (43
unique patients) were used for the analyses.
Correlations ranged between 0.56 and 0.74 for
the MG-ADL, QMG, MGC, and MG Symptoms
PRO Muscle Weakness Fatigability score, and
between 0.20 and 0.71 for the MG Symptoms
PRO scores focusing on independent muscle
groups. Analyses with the Rasch model esti-
mated a meaningful continuum of severity of
MG, including all items, except ocular muscles,
from the four instruments. The QMG and MG
Symptoms PRO had the broadest coverage of
the MG severity continuum. Muscle fatigability
and physical fatigue were more characteristic of
low severity while bulbar weakness indicated
more severe MG.

Conclusion: The severity of MG can be reflec-
ted in a meaningful continuum underpinned by
the MG-specific outcome measures. Only ocular
muscle manifestations were shown to reflect a
possibly different facet of MG severity. With its
modular nature and comprehensive content,
the MG Symptoms PRO provides complemen-
tary information to the outcome measures
widely used in MG.

Trial Registration: ClinicalTrials.gov identifier:
NCT03052751.

PLAIN LANGUAGE SUMMARY

Myasthenia gravis (MG) is a chronic disease
affecting the communication between nerves
and muscles. People with MG experience mus-
cle weakness that worsens after activity and
improves after rest. MG can affect different
groups of body muscles (e.g., around the eyes,
in the limbs, and face or throat).

We show that the various symptoms of MG
can be used to summarize the overall severity of
the disease: people with mild and moderate MG
often report only the fast onset of weakness in
their limb muscles and mild physical fatigue,
while those with more severe MG report more
severe fatigue and also difficulties associated
with weakness in facial and throat muscles
(leading to difficulty with swallowing or speak-
ing) and in respiratory muscles (making
breathing difficult). This ordering of MG mani-
festations will help create more accurate meth-
ods to assess the severity of MG that can be used
to evaluate new treatments or to monitor
patients in the clinic.

We also suggest that weakness of muscles
around the eyes (leading to eyelid drooping or
double vision) may represent a unique aspect of
MG, and may not provide as much information
to summarize the severity of MG as other
symptoms. However, this needs further inves-
tigation as our study did not include partici-
pants who had weakness in eye muscles as their
only symptom.

We also document the ability of the MG
Symptoms Patient-Reported Outcome ques-
tionnaire, a new questionnaire completed by
patients, to provide useful information for
measuring the severity of MG.

Keywords: Clinician-reported outcomes;
Myasthenia gravis; Outcome measure; Patient-
reported outcomes; Symptoms
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Why carry out this study?

Myasthenia gravis (MG) is a multi-faceted
disease characterized by various cardinal
symptoms, including muscle weakness
and fatigability in various muscle groups
(ocular, bulbar, respiratory, axial, and
limb muscles), as well as physical fatigue;
therefore, the measurement of overall
severity of MG should account for these
multiple manifestations.

These post hoc analyses of data from a
Phase 2 clinical trial explored the
definition of severity of MG based on all
its manifestations, as captured by the
existing outcome measures in MG. They
also aimed to document the ability of a
newly developed patient-reported
outcome (PRO) measure, the MG
Symptoms PRO, to bridge the gaps of the
more established outcome measures in
MG in their coverage of the overall MG
severity.

What was learned from the study?

A meaningful continuum of overall MG
severity was revealed, simultaneously
reflecting muscle weakness in limbs,
physical fatigue, bulbar, and respiratory
muscle weakness. Ocular signs and
symptoms appeared to represent a unique
aspect in the overall picture of MG
severity as they did not match well with
this continuum.

The analyses also demonstrated the added
value of the MG Symptoms PRO, which
provides greater granularity and flexibility
in the coverage of the overall MG severity
compared with the more established
outcome measures in MG.

INTRODUCTION

Myasthenia gravis (MG) is a rare autoimmune
disorder of the neuromuscular junction that is
characterized by fluctuating fatigable weakness
of voluntary muscles, including common
symptoms like weakness of the ocular muscles,
bulbar muscles, and generalized muscle weak-
ness (limb, neck, and respiratory muscles). MG-
related muscle weakness tends to increase dur-
ing periods of activity and to improve after rest.

Clinical monitoring of patients with MG and
demonstration of the benefit of new treatments
in clinical trials both require that MG severity is
measured accurately. This can involve different
measurement approaches, such as the use of
biomarkers or clinical outcome assessments [1].
The latter uses physician, trained evaluator, or
patient assessments of the severity of typical
clinical manifestations of MG: muscle weakness
and fatigability in various muscle groups (ocu-
lar, bulbar, respiratory, axial, and limb muscles).
The most widely accepted outcome measures of
MG severity [2, 3] are the Quantitative MG score
(QMQG) [4], MG Composite score (MGC) [5], and
MG-Activities of Daily Living (MG-ADL) [6].
These three outcome measures provide a sum-
mary of the severity of MG, combining the
clinical manifestations of MG in a single num-
ber (“multi-component indices”), with the
underlying assumption that the clinical mani-
festations for each muscle group reflect a com-
mon concept of overall MG severity.

While these instruments were all developed
to assess the same concept, the reported corre-
lation of the widely used outcome measures in
MG is highly variable [5, 7-10], suggesting that
they capture different facets of MG severity. The
lack of consistently strong associations between
these measures suggests both the need for a
better understanding of what constitutes MG
severity and for further research to develop
better measures for use in clinical trials and
clinical practice.

In addition to these widely used outcome
measures, the MG Symptoms Patient-Reported
Outcome (PRO) is a novel PRO measure specific
to MG which was developed using the current
best standards, which build on extensive direct
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input from patients [11, 12], and which has
demonstrated promising psychometric perfor-
mances [13]. Integrating the patient voice in
clinical decision-making, through PRO mea-
sures, has been identified as critical in many
contexts, from clinical research [14-16] to rou-
tine clinical practice [17, 18], and even more
specifically in rare diseases [19]. Thus, the MG
Symptoms PRO has been developed to exclu-
sively capture the symptoms of MG as perceived
by the patients (and not as evaluated by clini-
cians). A patient-reported measure also allows
the assessment of the severity of MG symptoms
experienced by the patients over a longer period
(and not only at the time of the examination).
Contrary to the other outcome measures of MG
severity, the MG Symptoms PRO uses indepen-
dent measures of severity for each symptom
group, with a separate scale for muscle weakness
in the sentinel muscle groups (ocular, bulbar,
respiratory), as well as a scale for muscle fati-
gability of all muscle groups [13]. It also
includes a standalone scale for physical fatigue,
including concepts not only of general energy
and stamina but also physical manifestations of
fatigue in the form of heaviness and weakness
in the limbs and body in general, which has
recently been flagged as an important symptom
for patients with MG [2, 20]. This modular
approach, focusing individually on each differ-
ent symptom, enables the characterization of
clinical manifestations of MG, which may pro-
vide a more versatile—and sensitive—measure-
ment system for the severity of MG.

Our objective was to use MG-specific out-
come measures data collected in a Phase 2
clinical trial to gain a better understanding of
how the typical clinical manifestations of MG
may inform the overall severity of the disease,
which will eventually allow better measurement
of MG severity. Moreover, in this research, we
explored how the modular approach of the MG
Symptoms PRO complements the most widely
accepted outcome measures to assess MG
severity.

MATERIAL AND METHODS

Study Sample

The analyses were conducted using data from
the MGO002 study, a Phase 2a, multicenter,
randomized, double-blind, placebo-controlled
study investigating the clinical efficacy of
rozanolixizumab in adults with moderate to
severe generalized MG [21].

The full analysis set (FAS) of the MG0002
study included 43 randomized subjects treated
with rozanolixizumab 7 mg/kg or placebo at 17
sites in the USA, Canada, and Europe. A total of
542 individual assessments of the MG outcome
measures were collected in the study over 13
visits during a 50-day treatment period, plus a
49-day observation period. All analyses reported
here were performed using the FAS, indepen-
dent of the treatment group (i.e., data from the
treatment arms were pooled together for these
analyses).

Standard Protocol Approvals,
Registrations, and Patient Consents

The MGO0002 trial (ClinicalTrials.gov Identifier:
NCT03052751) was performed in accordance
with the principles of the Declaration of Hel-
sinki and the International Conference on
Harmonisation Guidance for Good Clinical
Practice. The study protocol, amendments, and
patient-informed consent were reviewed by
national, regional, or independent ethics com-
mittees or institutional review boards. Written
informed consent was obtained from all
patients.

Full details on the study design and results of
the MGO002 study have been published previ-
ously [21].

Outcome Measures of MG Symptom
Severity

QMG Scale

The QMG scale is a clinical outcome assessment
of MG severity, which combines both clinician-
reported outcome (ClinRO) items and perfor-
mance outcome (PerfO) items that reflect the
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patient’s ability to perform specific tasks at the
time of the assessment [4]. It includes 13 items
covering ocular, bulbar, respiratory, and limb
function, all assessed using 4-point response
scales. These items combine timed tests of
endurance (in seconds), grip strength (in kg),
and forced vital capacity (in % predicted) all
transformed into ordinal scores, with ordinal
ratings of facial muscle strength and swallow-
ing. A total score ranging from O to 39 can be
calculated, with higher values indicating more
severe disease. The QMG score showed correla-
tions ranging from weak to moderate with
markers of severity of MG, such as Myasthenia
Gravis Foundation of America (MGFA) classifi-
cation and electrophysiological parameters [22].

MGC Score

The MGC score is a clinical assessment com-
bining ClinRO, PerfO, and PRO items [7]. It
includes 10 items assessing ocular function [2],
muscle strength [3], patient-reported bulbar
function [4], and breathing [1]. The items do
not ask about a specific period of reference;
rather, they reflect the targeted sign at the time
of the examination (for ClinRO and PerfO
items) and the targeted symptom in general,
based on patient history (for PRO items). All
items are assessed using 4-point response scales.
A scoring algorithm assigning weights to each
response level of the items leads to a total score
that ranges between O and 50, with higher val-
ues indicating more severe disease [23]. The
MGC scale showed adequate reliability in a
cohort of MG patients [5].

MG-ADL

The MG-ADL is a PRO instrument developed to
assess the symptoms and activities in MG [6]. It
includes 8 items covering ocular, bulbar, respi-
ratory, and limb symptoms of MG. Similar to
the QMG and MGC, no reference period is
specified to rate the items, so the responses are
assumed to reflect the targeted symptom at the
time of the assessment. All items are graded on a
0-3 response scale, and a total score ranging
from O to 24 can be calculated by summing
them, with higher values indicating more sev-
ere MG. MG-ADL showed moderate to strong

correlations with other MG-specific outcome
measures, depending on the studies and good
test-retest reliability [6, 10].

MG Symptoms PRO instrument

The MG Symptoms PRO is a measure of the
proximal symptoms of MG and was developed
for use in clinical trials using a patient-centered
mixed methods psychometric approach [13]. A
draft version of the instrument was included in
the MG0002 study for refinement of the item
sets, development of a scoring system, and
evaluation of measurement properties. Previous
analyses of these data showed that this version
of the MG Symptoms PRO had promising psy-
chometric performance both in Rasch mea-
surement theory and classical test theory
frameworks [13].

Four additional items were developed after
the MGO002 study to bridge conceptual gaps in
terms of ocular muscle weakness (items related
to eye movements: “difficulty moving eyes from
side to side” and “difficulty moving eyes up and
down”) and respiratory muscle weakness, that
were identified based on the qualitative and
quantitative analyses of data collected within
the study. The version resulting from the
MGO0002 study includes 42 items that cover five
cardinal symptomatic concepts of MG, which
are each independently assessed by a subscale:
three related to muscle weakness—Ocular Mus-
cle Weakness (3 items), Bulbar Muscle Weakness
(10 items), Respiratory Muscle Weakness (3
items)—plus two additional scores related to
Physical Fatigue (15 items) and Muscle Weak-
ness Fatigability (9 items). All items ask about
the experience of patients over the previous
7 days. A score is calculated for each subscale
ranging from O to 100, with a higher score
indicating higher severity of the symptom
considered.

Analyses

Quualitative Mapping of MG Outcome Measure
Content

The items of each MG symptom severity mea-
sure (MG-ADL, QMG, MGC, and MG Symptoms
PRO) were reviewed and qualitatively mapped
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to five core symptoms of MG identified in the
conceptualization of the MG patient experience
from the development of the MG Symptoms
PRO [13]: muscle weakness in three specific
muscle groups (ocular muscles, bulbar muscles,
and respiratory muscles), physical fatigue (de-
fined as general lack of energy and weakness in
the limbs and body), and muscle weakness
fatigability (defined as the patient perception of
increasing weakness with enduring activity) in
any muscle group. The mapping was performed
by the authors with the contribution of the lead
researcher for the development of the concep-
tual model of the experience of patients with
MG (Dr. Sophie Cleanthous). The objective of
this qualitative appraisal was to ascertain and
compare the comprehensiveness of the con-
ceptual coverage of each outcome measure and
to identify any gaps in their conceptual
coverage.

Statistical Analyses

The correlation between each pair of MG out-
come measure scores at baseline was estimated
using the Spearman rank-order -correlation
coefficient. Correlations between 0.3 and 0.5
were considered weak (between 10% and 25% of
shared variance), moderate between 0.5 and 0.7
(between 25% and 50% of shared variance), and
strong above 0.7 (more than 50% of shared
variance). The MG outcome measures are all
intended to capture some form of MG severity,
and should therefore have at least moderate
correlations. However, a moderate correlation
between two measures would indicate that a fair
amount of information is not shared by the two
measures, suggesting that they measure differ-
ent characteristics of MG severity. Additionally,
MG-ADL and MG Symptoms PRO are pure PRO
measures, while the QMG and MGC are com-
posite measures combining ClinRO, PerfO, and
PRO (for the MGC) measures. Additionally, the
MG Symptoms PRO captures the experience of
patients in their daily life over a period of
7 days, whereas the MG-ADL, QMG, and MGC
focus on the signs and symptoms observed for
either an unspecified reference period or at the
time of the examination. For these reasons, the
correlations of the MG Symptoms PRO and, to a
lesser extent, the MG-ADL with the QMG and

MGC were expected to be lower than the cor-
relation between the QMG and MGC.

Analyses were conducted using the Rasch
model to describe how the clinical manifesta-
tions of MG are distributed over the underlying
continuum of overall MG severity and to eval-
uate each outcome measure’s coverage of this
continuum of overall MG severity created in the
analysis, reflecting the information from all
items from the four MG severity measures. The
Rasch model is a mathematical model that puts
subjects in the study sample and the items of
the instrument under scrutiny on a common
metric corresponding to the underlying con-
tinuum of the measured construct [24-26]. Our
analyses included all items from the different
outcome measures of MG symptom severity in a
single model, hence creating a continuum of
overall MG symptom severity. The fundamental
initial hypothesis was therefore that the severity
of each typical clinical manifestation was
reflective to some extent of a higher-order
concept of the overall severity of MG. The
QMG, MGC, and MG-ADL are three composite
scores that were designed to reflect the overall
severity of MG across the various manifestations
of the disease. It can therefore be reasonably
assumed that their items can be mapped on a
single metric. The MG Symptoms PRO was
developed to capture the severity of the differ-
ent symptomatic components of MG indepen-
dently: ocular muscle weakness, bulbar muscle
weakness, respiratory muscle weakness, muscle
weakness fatigability, and physical fatigue.
While these item sets were not originally plan-
ned to be combined into an overall measure of
MG severity, they target concepts that are sim-
ilar to those included in the QMG, MGC, and
MG-ADL. Therefore, they should all be related
to overall MG severity and theoretically warrant
the mapping of these items to the common
metric in the Rasch model.

We used the Rasch model as the structural
probabilistic model for exploring how the typi-
cal manifestation of MG can define a mean-
ingful continuum of overall severity, and how
the items composing each outcome measure of
MG cover this continuum. For this purpose, we
observed how the estimates from the Rasch
model for groups of items either referring to the
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same core symptom of MG or coming from the
same outcome measure were distributed over
the continuum provided by the Rasch model.

In addition, the application of the Rasch
model also provides several criteria for the
appraisal of an item set intended to be used for
measurement purposes. In our context, we
focused our interpretation on the following
properties, which are the most directly relevant
to the characterization of the continuum by the
items included in the model:

e [tem fit to the Rasch model: observed
responses are compared with expected
responses by the model using statistical
indices and a graphical examination of the
item characteristic curve [27]. Statistical
indices include standardized fit residuals,
which are recommended to lie in the
range — 2.5 to+ 2.5 [26], and chi-square
tests. Item misfit, especially underdiscrimi-
nation (i.e., standardized residuals greater
than 2.5), would highlight items that may
not reflect the same concepts as the full item
set.

e Targeting of the items to the study partici-
pants: the distribution of person and item
parameters over the common continuum are
compared to flag any mismatch that would
indicate that the items from the MG out-
come measures were not fully appropriate to
capture the severity of the patients in the
sample.

We also considered the following other
properties of the Rasch model which may be less
critical for our objective, but are still informa-
tive on the measurement performance of the
item set:

e Local dependence: standardized residual cor-
relations between each pair of items should
be low (typically below 0.3). Higher correla-
tions could indicate pairs of items measuring
a somewhat different construct than the
overall item set.

¢ Suitability of the response options of each
item: for each item, the ordering of succes-
sive response categories of the response scale
will be considered: “disordered thresholds”
would indicate a response scale that does not

work as intended (i.e., increasing response
not reflecting increasing levels of MG symp-
tom severity) [28].

The Rasch model was applied to “stacked
data” from the 13 visits of the study, with 43
unique patients, and approximately 559 mea-
surement points were expected to be available,
allowing for reliable estimations from the Rasch
model. The model was initially applied to all
unique items from the MG-ADL, QMG, MGC,
and MG Symptoms PRO (items addressing
talking, chewing, swallowing, and breathing
that are virtually identical in the MG-ADL and
MGC were included just once). Based on the
results of the initial model, an alternative
analysis was conducted excluding ocular muscle
weakness items, which were not fitting the
Rasch model well.

Data preparation, descriptive analyses, and
correlation were performed using SAS v9.4 (SAS
Institute, Cary, NC, USA), and the Rasch model
was estimated using RUMM 2030 software
(RUMM Laboratory, Perth, Australia).

RESULTS

Comparison of Conceptual Coverage
of MG Symptom Severity Measures

The qualitative item-to-concept mapping of the
MG symptom severity measures (Table 1)
showed that ocular muscle weakness, bulbar
muscle weakness, and respiratory muscle weak-
ness are covered by all four measures of MG
symptom severity. In contrast, muscle weakness
fatigability is captured across all targeted muscle
groups by the MG Symptoms PRO and QMG
(except respiratory muscles), but only for neck
by the MGC and for limbs by the MG-ADL.
Finally, the MG Symptoms PRO covers multiple
facets of physical fatigue (general fatigue, limb
and axial weakness, limb heaviness), while the
QMG and MGC only assess limb weakness and
the MG-ADL does not assess this symptom at
all. This qualitative mapping also emphasizes
that the MG Symptoms PRO includes signifi-
cantly more items than the other three outcome
measures; therefore, it provides greater
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Table 1 Number of items covering each of the core symptoms of MG for each of the MG symptom severity measures

Core MG symptoms Subdomain MG-ADL MGC QMG MG Symptoms PRO
Ocular muscle weakness Blurry vision 1
Double vision 1 1 1 1
Eye movements 1 (29
Eyelid drooping 1 1 1 1
Bulbar muscle weakness Chewing 1 1 1
Facial muscle weakness 1
Facial/mouth drooping 1
Liquid control in mouth 1
Speech/voice problems 1 1 5
Swallowing 1 1 1 2
Respiratory muscle weakness Breathing problems 1 1 1 1(+ 29
Muscle weakness fatigability ~Ocular muscles 2
Bulbar muscles—speech/voice 1 2
Bulbar muscles—chewing/swallowing 2
Neck muscles 1 1
Lower limb muscles 1° 2 1
Upper limb muscles 1° 2 1
Respiratory muscles 1
Physical fatigue General feeling of physical fatigue 6
Lower limb weakness/heaviness 1 2
Upper limb weakness/heaviness 1 2 2
Whole body weakness/heaviness 2
Neck weakness 1
Movement limitations due to fatigue 2

*Additional items have been developed to bridge conceptual gaps in terms of ocular and respiratory muscle weakness during
the development process of the MG Symptoms PRO but were not included in the MG0002 study
PMG-ADL items about “impairment of ability to brush teeth or comb hair” and “impairment of ability to arise from a chair”

were categorized as indicators of muscle weakness fatigability for upper and lower limbs, respectively, while they can also be

considered as assessment of impact of muscle weakness

granularity in terms of coverage of the different
manifestations of MG, even within each symp-
tom category. Additionally, the period of refer-
ence for the evaluation of the signs and
symptoms is clearly specified in the instructions
of the MG Symptoms PRO (over the 7 days

preceding the assessment), whereas the time-
frame for the evaluation of other measures is
not as clearly defined. Therefore, the MG
Symptoms PRO captures the severity of MG
symptoms experienced by patients over a 7-day
period, while the other instruments may not
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capture the daily variations in the patient
experience as fully.

Sample Description

Forty-three patients were included in the full
analysis set of the MGO002 study (Table 2).
Almost half were in MGFA Class III (i.e., mod-
erate weakness affecting muscles other than
ocular muscles; may also have ocular muscle
weakness of any severity; 49%), with 35% in
Class Illa (signs predominantly affecting limb,
axial muscles) and 14% in Class IIIb (signs pre-
dominantly affecting oropharyngeal, respira-
tory muscles).

The distribution of responses to MG-ADL
and MGC items suggested a possible floor effect,
as most patients were rated in the two lowest
categories, except for the ocular muscle items
(Fig. 1). In contrast, the responses to the QMG
items were less distributed towards the lower
end of the response scale. In the MG Symptoms
PRO, the patient responses to the ocular muscle
weakness, bulbar muscle weakness, and respi-
ratory muscle weakness items were mostly
“none” or “mild” (Fig.2, left panel). The
responses to the items pertaining to physical
fatigue were more frequently “a little of the
time” and “some of the time”, suggesting that
physical fatigue was more frequently experi-
enced in the study sample (Fig. 2, right panel).
For the muscle weakness fatigability items,
patients mostly endorsed “none of the time” or
“a little of the time”, except for the items related
to limb muscle fatigability (“my arms felt
weaker the longer I used them in my usual
activities” and “my legs felt weaker the longer I
used them in my usual activities”), which a
substantial number of patients reported experi-
encing “some of the time”, “most of the time”,
and even “all of the time”.

Correlations Between Measures of MG
Symptom Severity

The composite measures of overall MG symp-
tom severity (MG-ADL, QMG, and MGC) con-
sistently had correlations between 0.57 and 0.71
(Fig. 3). They also had correlations between 0.56

Table 2 Demographics and baseline disease characteristics
of patients in MG0002 study [21]

Total (n = 43)

51.9 (15.1)
27 (62.8%)

Age (in years), mean (SD)
Gender, female—n (%)
Country—» (%)

Canada 11 (25.6%)
Belgium 10 (23.3%)
United States of America 9 (20.9%)
Denmark 7 (16.3%)
Germany 3 (7.0%)
Czech Republic 2 (47%)
Spain 1 (2.3%)

Auto-antibody class—7n (%)

AChR 40 (93.0%)
MuSK 1 (23%)
QMG score at bascline, mean (SD)  15.6 (3.9)
MGC score at baseline, mean (SD) 15.6 (6.2)

MG-ADL score at baseline, mean (SD) 7.1 (3.1)
MG Symptoms PRO scores at baseline, mean (SD)

Bulbar Muscle Weakness 24.0 (17.7)
Muscle Weakness Fatigability 43.8 (22.4)
Physical Fatigue 49.2 (21.7)
Ocular Muscle Weakness 315 (20.7)
Respiratory Muscle Weakness 38.0 (25.8)
MGFA dlassification—7 (%)

Class I 0 (0.0%)
Class Ila 7 (16.3%)
Class 1Ib 12 (27.9%)
Class IIIa 15 (34.9%)
Class IIIb 6 (14.0%)
Class IVa 2 (4.7%)
Class IVb 1 (2.3%)
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Chewing-|
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Breathing

Imp Abilty Brush Teeth/Hair*
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Double Vision -
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Fig. 1 Distribution of the responses to the items of the
Myasthenia Gravis Composite (MGC), Myasthenia
Gravis-Activities of Daily Living (MG-ADL), and Quan-
titative Myasthenia Gravis (QMG) scores. (7 = 541

and 0.74 with the MG Symptoms PRO Muscle
Weakness Fatigability score, which includes
items covering all muscle groups.

Overall, the correlations of MG Symptoms
PRO scores with the composite measures of
overall MG symptom severity were weak to
moderate and systematically lower than the
correlations observed between the composite
measures. Only the MG Symptoms PRO Physi-
cal Fatigue score showed lower levels of corre-
lations, which was expected as the composite
measures do not include items assessing fatigue.

Characterization of the Overall Severity
of MG

Rasch Model of the Full Item Set from the Four
MG Symptom Severity Measures

The application of the Rasch model to all items
from the four MG severity measures showed a

Right Hand Grip-

Left Hal

Head, Lifted-

Right Leg Outstretched-

0% Left Leg Outstretched -
I None Mid  Moderate Severe Missing

assessments from 43 unique patients). Darker colors
indicate higher percentages of patients who endorsed the
response. Grades 0-3 refer to the 4-level response
categories of MGC/MG-ADL items

good match between the items and the study
sample, with a slightly broader coverage of the
items toward the direction of higher severity
(see full RMT outputs in supplementary mate-
rial 1). This suggested that, overall, the MG
severity measures cover the full breadth of MG
severity and even include items that capture
more severe levels of disease than those
observed in the MGO0002 study. Importantly,
the major finding of this first application of the
Rasch model was that the ocular muscle weak-
ness items were not cohesive with the items
reflecting the other symptoms, as they showed
strong misfit to the Rasch model and strong
correlations between their standardized residu-
als (see full RMT outputs in supplementary
material 1).
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Physically Tired -

Legs Weak -

Body Could not Keep up With
What You Wanted to Do ~

Arms Weak -

Lack of Energy -
Weakness in My Neck -
No Strength in Muscles -
Legs Heavy -

Feel Drained -

Physically Exhausted -
Legs Heavy -

Physically Hard to Get Up -
Arms Heavy -

Hard to Move Your Body -

Arms Weaker Longer Usual Act -
Legs Weaker Longer Usual Act -
Breath Hard Longer Usual Act -
Speech Worsen Longer Speaking -
Longer Focus Vision Worsened -
Voice Worsen Longer Speaking -
Eyelid Drooping Worse -

More Difficult Chew End of Day -

Difficult Swallow End of Day -
Noneof Alitieof Someof Mostof Al of
thetime thetime thetime thetime thetime
Fig. 2 Distribution of the responses to the items of the
Myasthenia Gravis Symptoms Patient-Reported Outcomes
(MG Symptoms PRO) instrument (7 = 541 assessments
from 43 unique patients). Darker colors in the cell indicate
higher percentages of patients who endorsed the response.

Rasch Model Excluding Ocular Muscle
Weakness Items

The Rasch model was then applied to all items
from the four MG symptom severity measures,
excluding items about ocular muscle weakness
(see full RMT outputs in supplementary mate-
rial 2). The good targeting of the item set to the
study sample was maintained. Fewer items
showed wunderdiscrimination, mostly from
MGC: “hip flexion”, “shoulder abduction”, and
“neck flexion or extension” did not discriminate
the level of overall MG severity as much as
expected. In other words, patients who pre-
sented lower severity of MG according to their
profile of MG outcome ratings tended to have a
higher rating than expected for these three
items, and patients with higher levels of severity
tended to have less severe ratings than expec-
ted. This may indicate that these items do not

100%

Difficult Breathing Usual Act -

None Mid Moderate Severe

Item label colors indicate the core MG symptom to which
the item relates: blue physical fatigue; purple muscle
weakness fatigability; yellow ocular muscle weakness;
turquoise bulbar muscle weakness; gray respiratory muscle
weakness

perfectly line up with the MG severity captured
by the other items from the outcome measures.
Other items had standardized residual statistics
indicating misfit, but overdiscriminating, indi-
cating that these items were very specific to a
specific location of the continuum, which is not
a major issue for the characterization of the
continuum based on the item content. Six out
of eight MG-ADL items showed “disordered
thresholds”, suggesting possible issues with the
format of the response scale of the MG-ADL and
several pairs of items showed some residual
correlations greater than 0.3, almost systemati-
cally from a same instrument or a same symp-
tom group. These minor deviations to the
model did not critically preclude the inter-
pretability of the continuum using the item
parameter estimates from the model.
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Ocular Bulbar Respiratory Physical Muscle
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MG Symptoms PRO 0.26 0.26 0.20
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MG Symptoms PRO 0.48 0.71 0.32 0.46
Muscle Weakness Fatigability [0.20;0.68]  [JIRSHVEEIRN [0.01;0.56]  [0.17 ; 0.66]
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0.46 0.31 0.34 0.71
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Fig. 3 Correlation between Myasthenia Gravis Symptoms
Patient-Reported Outcome (MG Symptoms PRO) scores,
Myasthenia Gravis-Activities of Daily Living (MG-ADL)
score, Myasthenia Gravis Composite (MGC) score, and
Quantitative Myasthenia Gravis (QMG) score, with 95%

This analysis with the Rasch model allowed
the creation of a unique continuum of MG
symptom severity, reflecting all the compo-
nents (items) of the four outcome measures
included in the model. Figure 4 illustrates this
continuum going from the mildest severity (on
the left) to the highest severity (on the right). In
Fig. 4, the continuum is expressed in the inter-
nal metric of the Rasch model (in “logits”),
which does not have a direct interpretation
(e.g., the ‘0’ comes from an estimation con-
straint and does not carry any meaning). The
distribution of all observations from the full
study sample over the overall MG symptom
severity continuum is represented in the upper
panel of the figure, while the lower panel shows
how the items of each outcome measure are
reflective of various levels of overall severity of
MG. Indeed, each box in the lower panel along
the x-axis represents an item parameter estimate
from the Rasch model.

confidence interval, at baseline of study MG0002
(n = 43). Spearman correlation coefficient; in white, low
correlations (< 0.30); in light blue, weak correlations
(0.30-0.49); in blue, moderate correlations (0.50-0.69); in
dark blue, high correlations (> 0.70)

By construction, an item parameter in this
model is the location on the continuum where
two consecutive response categories of a given
item are equally probable (“item thresholds”),
which is indicative of a level of severity that can
be discriminated by the response to this item.
The boxes, therefore, represent the coverage of
the continuum by the items composing the
scales and allow the characterization of the
continuum. Items from the QMG and MG
Symptoms PRO cover the broader range of the
full MG symptom severity continuum. When
considering all items from its five scales toge-
ther, the MG Symptoms PRO did not have any
gaps in the coverage of the continuum, while
the QMG had a few gaps in the middle of the
continuum. The MG-ADL and, to a lesser extent
the MGC, did not include items covering the
mildest severity of MG.

Additionally, a color code was used for the
items (squares) in the figure to represent each
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Fig. 4 Distribution of MG0002 individual assessments
(upper panel in gray) and MG symptom severity outcome
measure items on MG symptom severity measurement
continuum (7 = 541 assessments from 43 unique
patients). MG symptom severity continuum was estimated
from the Rasch model analysis of the full item set,
excluding ocular muscle weakness. Ocular muscle weakness
items were mapped to the continuum for full disclosure;

cardinal symptom of MG, and therefore char-
acterize the typical symptoms for various levels
of severity of MG. Muscle weakness fatigability
items appeared to be the ones able to charac-
terize milder severity of MG, while bulbar
muscle weakness items were more characteristic

their parameters were estimated in the metric of the model
by applying a post hoc “anchored” Rasch model. The upper
panel shows the distribution of the 541 assessments over
the MG severity continuum; in the lower panel, each box
represents an ‘item threshold” (i.e., the point of the
continuum where the most probable response between two
adjacent response categories for an item changes)

of more severe MG. Respiratory muscle weak-
ness and ocular muscle weakness items were
spread over a wide range of severity but did not
cover the mildest levels of severity.

Finally, physical fatigue items ranged from
the milder levels of MG to severe ones (but did
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not reach the most severe extremity of the
continuum), providing good coverage of the
levels of severity observed in the MG0002 study
(the figure included in supplementary material
3 provides an alternative visualization of the
same data that emphasizes the coverage by each
symptom). Of note, the ocular muscle weakness
items were mapped on the metric of this second
model in a post hoc “anchored” Rasch model
(i.e., a model in which all items were included,
but only the parameters for the ocular muscle
weakness items were estimated, while all others
were set to the value estimated in the second
model). By doing so, the ocular muscle items do
not contribute to the creation of the overall MG
severity continuum, but we can still have a
sense of how they relate to the severity reflected
by the other key symptoms of MG, hence pro-
viding a more comprehensive picture of the
coverage of the MG symptom severity by all
four measures.

DISCUSSION

The newly developed MG Symptoms PRO
complements the set of currently widely used
measures of disease activity and severity of MG.
It provides greater granularity for the assess-
ment of the cardinal symptoms of MG (weak-
ness of the ocular muscles, bulbar muscles, and
generalized muscle weakness in limb, neck, and
respiratory muscles), providing more extensive
coverage of the severity of MG, capturing even
for mild symptoms that may be imperfectly
captured by other measures. It also fills an
important gap in the measurement of fatigue.
Finally, its modular nature, in which each
symptom is assessed independently, allows the
possibility of a more meaningful interpretation
by focusing on the symptoms that are particu-
larly relevant for a patient at a specific level of
MG severity.

Our analyses identified a continuum under-
pinned by all non-ocular items of the outcome
measure data collected in the MG0002 study,
which we propose constitute a reasonable rep-
resentation of the overall severity of MG. The
application of the Rasch model assumed a
hypothesized continuum of overall severity of

MG that is reflected by each of the manifesta-
tions of MG captured by the outcome measures
included in the analysis. Overall, the clinical
and conceptual underpinnings that prompted
this hypothesis were substantiated by our
quantitative findings. The continuum exposed
by our analysis reflects the signs and symptoms
captured by all the commonly used outcome
measures in MG (MG-ADL, QMG, and MGC), as
well as the newly developed MG Symptoms PRO
in a clinically meaningful way. In this contin-
uum of MG severity, the lowest levels of severity
were characterized by muscle weakness in limbs
and physical fatigue, while bulbar muscle
weakness manifestations were estimated to be
typical of most severe MG. Previous research
applying the Rasch model independently to the
MG-ADL, QMG, and MGC items also indicated
that they could be mapped on a continuum of
MG severity [6, 29, 30]. Our analysis with the
Rasch model concluded that the severity of
ocular muscle weakness signs and symptoms
(ptosis, diplopia, blurry vision) was not accu-
rately reflecting the severity of MG character-
ized according to the other muscle groups.
Previous applications of the Rasch model to
individual MG-specific outcome measures had
already identified that the ocular items did not
fit well with the others [29], and that their
contribution to the characterization of severity
was unstable across the different analyses, as
they were specific to either very mild [6], very
mild and very severe MG [30], or very mild and
moderate MG [29]. This singularity of ocular
muscle weakness in the assessment of overall
MG severity can probably be related to the dif-
ferential susceptibility of ocular muscles to the
autoimmune process of MG, and to neuromus-
cular transmission disorders generally [31, 32].

Our analyses also provided useful insight
into both the commonly used measures in MG
and the newly developed MG Symptoms PRO.
The QMG and MG Symptoms PRO had the
widest coverage of the overall MG symptom
severity, and were able to accurately capture
mild, moderate, and severe MG. In contrast, the
MG-ADL and MGC did not effectively capture
mild MG, which confirms previous findings
documenting the floor effect seen with MG-
ADL [3, 9].
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The correlations observed between the MG-
ADL, QMG, and MGC scores were moderate
(ranging from 0.5 to 0.8), which show that,
while there is common variability (i.e., com-
mon information) captured by these scores,
they also have substantial differences in the
concept they measure. The levels of correlation
estimated here are in line with the wide range of
correlations previously observed for these
instruments, ranging from as low as 0.33 (be-
tween QMG and MG-ADL) to 0.88 (between
QMG and MGC, which share some very similar
items) [S5, 7-10]. In parallel, the MG Symptoms
PRO scores assessing weakness in the different
muscle groups (Ocular, Bulbar, and Respiratory
Muscle Weakness) and Physical Fatigue had
lower correlations with the commonly used
measures of overall MG severity, which was
expected as these scores only capture a specific
facet of MG. This finding consolidates the
modular approach of MG Symptoms PRO as a
complementary way to measure MG symptom
severity. Our analysis showed that the MG
Symptoms PRO scales cover a wide range of
overall MG severity (with scales including all
core symptoms of MG, especially a compre-
hensive assessment of physical fatigue) and, at
the same time, provide independent assess-
ments of the severity of each symptom relevant
to patients with MG.

The downside of this finer conceptual gran-
ularity is the length of the instrument. A shorter
version could be developed by deleting some
redundant items (as flagged by the conceptual
mapping), but the modular nature of the
instrument also enables another and perhaps
more promising solution: it is possible to use
only the items relevant to a specific targeted
population, or to the individual patient. For
example, patients with severe MG will probably
find the Bulbar Muscle Weakness domain the
most relevant to consider, while for patients
with a milder presentation of MG, the Physical
Fatigue domain is most likely better suited.

Another noteworthy finding of our analyses
was that physical fatigue, which has been
identified as an important symptom in MG
[13, 20], was instrumental in the characteriza-
tion of a wide range of severity from milder to
moderate forms of MG. As the MG Symptoms

PRO is the instrument measuring physical fati-
gue the most comprehensively, its coverage of
the milder end of the continuum was improved
compared to all other instruments, including
the QMG. This feature of the MG Symptoms
PRO can be especially beneficial in the context
of clinical trials, where the objective is to detect
the improvement of MG symptoms. Fatigue in
MG includes more than physical fatigue: for
example, general fatigue or mental fatigue have
been reported [33, 34], including in the devel-
opment of the MG Symptoms PRO [13]. Further
research would be needed to explore how these
other facets of fatigue fit into the overall sever-
ity of MG.

While our findings are an important addi-
tion to the understanding of MG severity mea-
surements, there are some limitations to be
considered. The first limitations of our analyses
are related to sampling. Our analyses were
conducted using data from a single study that
included only 43 patients; however, multiple
data collected for each patient were included in
the analysis, leading to more than 500 unique
assessments of each instrument. Additionally,
the sample was from a clinical trial, so it was a
selected sample of patients and may not be
representative of a general MG population (e.g.,
participants in the clinical trial may have more
severe MQ). In particular, the sample excluded
patients with ocular symptoms only; conse-
quently, the findings may not apply to patients
with ocular MG. Further research with larger
samples, maybe with milder MG and with ocu-
lar symptoms only, would be warranted to
confirm our results. Another caveat is that some
deviations from the Rasch model were observed.
While these deviations may be important in
most applications of the Rasch model (e.g., for
creating a new measure), they are less important
in our context: our interpretation was on trends
for groups of items (not individual items) to
characterize the expression of the underlying
continuum. Nonetheless, the estimates from
the Rasch model may be marginally impacted
by these deviations, so the invariance of the
item parameter estimates in other samples
might be further explored. Another limitation
of our analysis is that we did not conduct any
longitudinal analysis to explore how the items
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from the different outcome measures change
over time relative to one another. Hence, we did
not explore the invariance of MG severity
measurement over time when using MG-speci-
fic outcome measures. Finally, our analyses only
included the MG-specific outcome measures
available in the MG0002 study. Further research
should investigate how other existing instru-
ments fit in terms of coverage of the MG
symptom severity continuum that we uncov-
ered in our analysis. Specifically, the recently
developed MG Impairment Index [35] was not
included in our analyses. It was collected in a
subgroup of patients in the MG0002 study, but
this sample was so small that it could not rea-
sonably be added to our analyses.

CONCLUSION

In conclusion, our analyses of the MG-ADL,
QMG, MGC, and MG Symptoms PRO data with
the Rasch model [1] formed a meaningful con-
tinuum of overall MG severity reflecting all
manifestations of the disease except ocular
muscle manifestations [2], highlighted the sin-
gularity of ocular signs and symptoms in the
overall picture of MG severity [3], confirmed
some limitations of the widely used measures of
MG severity (physical fatigue not being fully
captured, moderate correlations between the
various measures, floor effect of MG-ADL), and
[4] demonstrated the added value of the MG
Symptoms PRO to the available arsenal of
measures of MG severity.
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