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Editorial on the Research Topic

Phenotypes of myasthenia gravis

Disease phenotypes are observable and recognizable traits of diseases, which are

not limited to hereditary diseases. A single essential feature or a specific combination

of features in a disease can be defined using qualitative and quantitative descriptions,

with the goal of understanding the full spectrum of disease phenotypes. This will lay

the foundation for a reasonable diagnostic process, for assessing illness severity and

treatment efficacy, and for identifying the individualized characteristics of patients to

guide a precise personalized treatment.

Myasthenia gravis (MG) is a prototypical autoimmune disease with well-defined

autoantibodies that target the neuromuscular junction. However, MG exhibits a

high degree of phenotypic heterogeneity. Demographic characteristics, extent of

muscle involvement, disease progression, presence and level of pathogenic antibodies,

immunologic profiles, quantitative measurements of severity, comorbidities, subgroup

classification, drug efficacy and long-term stability are all phenotypic characteristics

that differ among individual patients. This special topic, including 13 original research

articles, two brief research reports, two reviews, and one opinion article, all relevant to the

above-mentioned phenotypic characteristics, contributes to an improved understanding

and assessment of MG phenotypes.

Phenotypic description

A comprehensive description of phenotypic characteristics provides an integrative

understanding of the disease and highlights the clinical features that should be paid

attention in clinical practice.

Short-term and long-term prognosis after a first acute dyspnea episode that occurred

12 (4∼34.5) months after disease onset were reported in a study of 86MG patients.

Early-onset MG and precipitating respiratory infection were found as independent
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risk factors for progression to myasthenic crisis, which occurred

in 41.9% of the included patients. However, with proper

immunosuppressive therapy, the patients had an overall good

prognosis (Huang et al.). In a study of 796MG patients naïve

to immune therapies, ≥1 concurrent autoimmune diseases

were found in 11.6%. Compared to the general population,

a significantly higher incidence of various autoimmune

diseases was found, especially for hyperthyroidism, immune

thrombocytopenic purpura, autoimmune hemolytic anemia,

autoimmune hepatitis, and polymyositis. MG patients with

concurrent autoimmune diseases were predominantly female,

younger at MG onset, and they seldom had MuSK antibodies.

Furthermore, they tended to have a mild clinical presentation

of MG, including a lower proportion of previous myasthenic

crisis and a higher proportion of MGFA Class I at onset (Shi,

Huan et al.). Thymoma has a high frequency of concurrent

autoimmune diseases, and MG in particular. Previous studies

indicate that there is a difference in the concurrent autoimmune

disease profile between MG patients with and without thymoma

(1, 2). Shi, Huan et al. found that thymoma was less common in

MG patients with concurrent autoimmune diseases.

With the increased use of immune-checkpoint inhibitors

(ICIs) for cancer treatment, the incidence of neurological

immune-related adverse events is growing. ICI-related MG

(irMG) is relatively common and has a high fatality rate (3).

In a case series combined with a systematic review, 63 irMG

patients and 380 idiopathic MG patients were compared. Higher

MGFA class and higher QMGS (i.e., more severe disease) were

observed in irMG patients compared to idiopathic MG. More

irMG patients had concurrent myositis or myocarditis. An

unfavorable disease outcome was found in 35% of the irMG

patients. Myocarditis, higher MGFA class and QMG score were

associated with an unfavorable disease outcome in irMGpatients

(Shi, Tan et al.).

The International Consensus Guidance for Management of

MG calls for the latest evidence relevant to the management

of MG to be assessed (4). Some phenotypic subgroups have

been little studied. Studies focusing on the natural history and

treatment response in patients of very early and very late onset

ages, and with ocular onset, are collected in this special topic

(Bi et al.; Zhao et al.; Zheng et al.; Zhou et al.). The studies

attempt to define indicators of treatment response and prognosis

applying real world data and using a retrospective design.

Furthermore, phenotypic differences in juveniles with ocular

manifestations of MG in different populations were discussed

in detail and with a special focus on pathogenic mechanisms

and treatment responses in a comprehensive review (Heckmann

et al.).

Healthcare resource utilization (HCRU) and costs associated

with generalized MG were reported in a study of 41,940 patients

of the United States. Mean HCRU and costs were higher for

newly diagnosed patients and patients with exacerbation events.

For patients who experienced MG crisis, HCRU and costs

markedly increased during the 12 months immediately before

the crisis event compared with the two preceding years. The

costs increased further during the 12months following the index

crisis event (Phillips et al.). This study provided valuable data on

health economics in MG patients of generalized phenotype.

Phenotypic biomarkers

Autoantibodies in patients with MG can target all subunits

of the AChR at both their extracellular and intracellular regions.

In one study, a combination of immunoadsorption with cell-

based assays (CBA) was used to examine the specificity of the

autoantibodies against the extracellular parts of AChR molecule

in AChR antibody positive patients defined by RIPA. Antibodies

against intracellular region were found probably not related to

neuromuscular transmission impairment, although a detailed

analysis was not available. Moreover, the autoantibodies were

divided into distinct groups based on their target, highly relevant

for disease severity. The antibodies against non-α1 epitopes

were found in patients with a milder disease, and they were

inversely correlated with MGFA class. A combination of RIPA

and CBA is recommended by the authors for the follow-up of

MG. The former method is to be used for the quantification of

the antibodies and the latter for the identification of fluctuations

in culprit antibodies (Michail et al.). This study represents an

important advance in the understanding of AChR antibodies in

MG. However, the generation mechanism and diagnostic value

of anti-intracellular region antibodies remain to be elucidated.

Pathogenic and MG-associated antibodies represent main

phenotypic variables in MG subgroup classification with the

purpose of individualized or stratified treatment. Whether

antibodies combined with clinical variables are useful in

deciding optimal therapy was examined in a study of 188

treatment-naïve generalizedMG patients who were single AChR

antibody positives, dual AChR and LRP4 antibody positives, and

dual AChR and titin antibody positives. Patients with AChR

plus titin antibodies had more severe MG and progressed faster

than those with AChR plus LRP4 antibodies and those with

only AChR antibodies. However, all patients responded well to

immunotherapy and had relatively good prognosis regardless of

the three antibody groups (Chen et al.). MG patients with MuSK

antibodies represent a distinct subgroup. Originally regarded as

a severe MG, there are now reports of patients with a relatively

benign course, or with overlapping phenotypes between MuSK-

MG and AChR-MG (5). In a study of 69 MuSK-MG patients,

comparison of clinical features and outcomes at 3, 6, and 12

months after onset were conducted among those with different

onset age (early-onset, late-onset, and very-late-onset). The

very-late-onset subgroup had the highest frequency of limb,

bulbar and respiratory involvement, which might prompt earlier

usage of potent immunosuppressive therapy. Most MuSK-MG
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patients benefited from rituximab treatment regardless of age at

onset (Zhou et al.).

Immunologic biomarkers such as LINC00680, a long non-

coding RNA, were found associated with the QMG score in a

small cohort of MG patients (Liu et al.). More researches on

the association between immunological profiles and treatment

effects and prognosis of MG are needed.

Phenotypic correlation on treatment
response

Glucocorticoid (GC) represents the mainstay of MG

treatment. However, prolonged usage of high-dose GC leads to

various adverse effects. Therefore, there is consensus that low-

dose GC is the aim for long-term maintenance of long-term

therapy. Clinical factors related to relapses during GC tapering

or after withdrawal were investigated in a study of 125MG

patients who were stable on GC monotherapy. Relapse during

the steroid reduction was found to be associated with drug-

reducing speed. Furthermore, relapses were more prevalent in

patients with onset symptoms of bulbar weakness (Su et al.).

In a study of 149 GC-resistant childhood-onset MG patients,

75.8% responded well to tacrolimus. One month after initiating

tacrolimus, QMG and ADL scores had improved and the

prednisone dose was reduced. QMG and ADL scores continued

to improve throughout the study. The prednisone treatment was

eventually stopped in 78.8% of the patients. Thymus pathology

and pre-intervention status were found to be independent

predictors of tacrolimus efficacy (Bi et al.).

Predictors of secondary generalization in patients with

vary late onset MG were explored in 69 patients. Absence of

immunotherapy was found as the only predictor of secondary

generalization in those with pure ocular onset (Zhao et al.). In

a study of 53MG patients with MuSK antibodies, the relapse

rate was significantly lower in patients receiving GC combined

with other immunosuppressants than in those with only GC.

Of all potential associated factors, only the use of additional

immunosuppressants was associated with a lower relapse risk

(Tan et al.). Among 70 very late onsetMG patients, no significant

differences in outcomes were observed between those receiving

tacrolimus treatment alone and those with tacrolimus combined

with GC. Nor did the outcome differ between the tacrolimus

group and the group that had never used tacrolimus or used

tacrolimus for <3 months. No significant associations were

found between tacrolimus administration and clinical outcomes.

Although high quality of life was observed in patients treated

with tacrolimus, which is better over another in using directly

tacrolimus mono-therapy or combining GCs first to stabilize

the disease and then taking tacrolimus alone for maintenance

therapy is not clear (Zheng et al.).

Treatment resistance to GC is an important phenotypic

variable in the treatment of MG. Presently, treatment-resistant

patients can only be defined retrospectively. To what degree

early treatment response predicts long-term refractoriness is

unknown. In an integrative review, definition of GC resistance

in MG was discussed in relevance to potential mechanisms,

including the underlying MG pathology explaining no response

to GC, the susceptibility to GC adverse effects that compromise

the ability to achieve therapeutic doses, and the phenotypic and

genetic variations that limit the response to GC. Moreover, the

authors emphasized that neither patient nor clinician should be

content with just an improvement from a poor baseline and

with still considerable disability. The aim should be expecting

a situation close to minimal manifestation status (MMS)

(Kaminski and Denk). Some generalized MG patients are

difficult to treat, but true non-responsive and refractory disease

hardly occurs. However, extraocular muscles are vulnerable to

be impaired in shorter periods due to functional denervation.

Hence, definitions for difficult-to-treat or refractory generalized

MG do not apply to ocular involvement in MG. Based on

the treatment outcomes of extraocular muscles in MG and

presumed pathogenic mechanisms, a definition for treatment-

resistant ophthalmoplegia was proposed in a comprehensive

review (Heckmann et al.).

Methods to assess MG phenotypes

Measurements of disease status and criteria of treatment

response represent important phenotypic variables for MG.

In one study, the items in MG-QOL focusing on work skills

were found to be less relevant for very late onset MG patients

since the majority were retired (Zheng et al.). Once MG

is well-controlled with immunotherapy, many patients stop

pyridostigmine, may take it only when fatigued, or take 1∼2

tablets daily out of habit and for a sense of security (6). The

influence of taking pyridostigmine on determination of the post-

intervention status (PIS) categories was reported. In the same

study, with a standardized flowchart and working definitions

for the real-time and sustained (for 3, 6, and 12 months) PIS

categories, sustainability of the R/MM status was confirmed in

a prospective cohort of 376 patients with mild to moderate

disease. The QMG, MG-ADL and MG-QOL15 scores among

patients belonging to each real-time and sustained PIS category

at baseline and follow-ups were significantly different, ranking as

R<MM< SI. The GC and pyridostigmine doses decreased with

time and ranked as R < MM < SI. This indicates that R/MM

represents an immunologic stable state (Jiang et al.). Treatment

response can be expressed as percentage of change from

baseline (relative criterion) in autoimmune diseases (7). In a

retrospective cohort of 257 immunotherapy-nativeMG patients,

response to a 3-month standardized GC treatment was evaluated

with commonly-used absolute criteria. Cut-offs for relative

criteria were generated using a receiver-operating characteristic

curves both for the whole cohort and in patients stratified
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for pre-treatment QMG score. The consistency between the

absolute criterion and the finally-selected relative criterion was

substantial in the whole cohort, but was moderate in severe

group. Some severe patients were classified as responsive with

absolute criterion while as unresponsive with relative criterion.

This finding is consistent with clinical experience (Li et al.).

Although evaluation of MG status by the clinicians is

important in daily practice, patient-reported information and

patient experience provide important knowledge on the disease

itself and its management. MG research needs the input from

patients who have experienced various symptoms, examinations

and therapies, as well as multiple consequences of having MG.

MG patients know from experience the needs for a precise

diagnosis and better treatment, for correct information and

more knowledge. The linguistic shift from “patient” to “user”

reflects a change in ideology of medical research. The active

participation of MG patients may bring something new into

a research project, this also being true for subgroups such

as children, pregnant women, the very old, and immigrants.

In a thought-provoking opinion article, patient involvement

was discussed in relevance to the phenotypic variation of MG

(Gilhus et al.).
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Background: Life-threatening myasthenic crisis (MC) occurs in 10–20% of the patients

with myasthenia gravis (MG). It is important to identify the predictors of progression to

MC and prognosis in the patients with MG with acute exacerbations.

Objective: This study aimed to explore the predictors of progression to MC

in the patients with MG with acute onset of dyspnea and their short-term and

long-term prognosis.

Methods: This study is a retrospective cohort study. We collected and analyzed data

on all the patients with MG with acute dyspnea over a 10-year period in a single center

using the univariate and multivariate analysis.

Results: Eighty-six patients with MG were included. In their first acute dyspnea

episodes, 36 (41.9%) episodes eventually progressed to MC. A multivariate analysis

showed that the early-onset MG (adjusted OR: 3.079, 95% CI 1.052–9.012) and

respiratory infection as a trigger (adjusted OR: 3.926, 95% CI 1.141–13.510) were

independent risk factors for the progression to MC, while intravenous immunoglobulin

(IVIg) treatment prior to the mechanical ventilation (adjusted OR: 0.253, 95% CI

0.087–0.732) was a protective factor. The prognosis did not significantly differ between

the patients with and without MC during the MG course, with a total of 45 (52.3%)

patients reaching post-intervention status better than minimal manifestations at the

last follow-up.

Conclusion: When treating the patients with MG with acute dyspnea, the clinicians

should be aware of the risk factors of progression to MC, such as early-onset MG

and respiratory infection. IVIg is an effective treatment. With proper immunosuppressive

therapy, this group of patients had an overall good long-term prognosis.

Keywords: myasthenia gravis, myasthenic crisis, impending myasthenic crisis, early-onset, intravenous

immunoglobulin, mechanical ventilation, post-intervention status
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INTRODUCTION

Myasthenia gravis (MG) is an autoimmune disease caused by
the autoantibodies that affect the structure of the post-synaptic
membrane. Its main clinical manifestation is fluctuating muscle
weakness (1). Myasthenic crisis (MC) refers to an event that
requires mechanical ventilation because of severe involvement of
the bulbar muscles or/and respiratory muscles (2). Furthermore,
10–20% of the patients withMGwill developMC (3–6), andmost
MC occurs within 2 years of the onset of MG (6, 7). IVIg and
plasma exchange are recommended as the first-line therapy for
impending and manifest myasthenic crisis (2, 8–10). However,
the proportion of Chinese patients using IVIg and plasma
exchange is significantly lower than that of the United States,
and an Indian study on MC mentioned they treat the patients
withMCwith only corticosteroids and other immunosuppressive
agents (11), suggesting that in the developing countries, many
patients are not treated adequately due to the high price and
unavailability of IVIg and plasma exchange. Therefore, exploring
the risk factors of progress to MC in the patients with acute onset
of dyspnea will aid clinical decision-making andmedical resource
allocation, especially in the developing countries. However, the
previous studies focused on the clinical characteristics of the
patients with MC (4, 12, 13) or the risk factors of MC occurrence
after thymectomy (14–16), very few studies aimed to investigate
the predictors of progression to MC in the patients with MG
with acute onset of dyspnea. This study aimed to explore
the predictors of progression to MC in the patients with MG
with acute onset of dyspnea and their short-term and long-
term prognosis.

METHODS

Study Design and Patient Selection
This study is a retrospective cohort study. We included all
the patients with MG who complained of acute dyspnea
and visited the emergency department of the Peking Union
Medical College Hospital, Beijing, China from September 2010
to June 2020. The diagnosis of myasthenia gravis was made
by satisfying the following three criteria: (1) fluctuating muscle
weakness; (2) positive neostigmine test, or decrements of
compound motor action potential showed in slow repetitive
nerve stimulation, or positive serum anti-acetylcholine receptor
(AChR) antibody; (3) other causes of skeletal muscle weakness
excluded. The patients with dyspnea occurring within 4 weeks
after thymectomy, or positive muscle-specific tyrosine kinase
(MuSK) antibodies, or dyspnea because of acute exacerbation of
chronic cardiopulmonary disease were excluded from this study.
MC (2) was defined as receiving mechanical ventilation (non-
invasive or invasive ventilation) or arterial blood gas analyses
suggesting that the indications for mechanical ventilation were
met (PaCO2 > 45 mmHg and pH < 7.35, or oxygenation index
PaO2/FiO2 < 200) (17). Multiple emergency department visits of
the same patient were analyzed separately. We recommend IVIg
for all the patients complaining of dyspnea. When mechanical
ventilation was indicated, non-invasive ventilation was used first
if the conditions permitted. All the patients were discharged from

the hospital with oral corticosteroids and/or immunosuppressive
agents. The final treatment choices were based on the informed
consents of the patients and their familymembers. This study was
approved by the Ethics Committee of Clinical Research of Peking
Union Medical College Hospital (Beijing, China). The informed
consents were obtained from every patient.

Data Acquisition
We collected data of all acute dyspnea episodes and selected
the first episodes of each enrolled patient to explore the
predictors of progression to MC. For predictive variables, we
retrospectively collected demographic data, clinical features of
MG, and comorbidities by reviewing the medical record data.
All the patients underwent chest CT or contrast-enhanced chest
CT, and the conditions of thymus were documented according
to imaging or pathology. We obtained the data on the triggers
of dyspnea, AChR antibody status, the Myasthenia Gravis
Foundation of America (MGFA) clinical classification at the last
follow-up before the episode, the treatments before the dyspnea
episode, and the specific treatments (IVIg and glucocorticoid
impulse therapy) used before the progression to crisis. For the
outcome variables, the primary outcome was the occurrence of
MC, the secondary outcomes included short-term prognosis and
long-term prognosis, the former including the type and length
of mechanical ventilation, total length of hospital stay, and in-
hospital complications, and the long-term prognosis included the
post-intervention status (PIS) at the last follow-up.

Statistics
The numerical variables were summarized as mean ± SD or
median (inter quartile range, IQR), respectively, depending
on whether they followed normal distribution. For univariate
analysis, t-test or Wilcoxon’s rank sum test was used for
group comparisons of numerical variables, and chi-square test
or Fisher’s exact test was used for the categorical variables.
Significance level α was set at 0.05 for both the sides. To find
independent risk factors for progression to MC in the patients
with acute onset of dyspnea, first dyspnea episodes of each patient
were divided into two groups according to whetherMC occurred,
and the distribution of each predictor variable was compared
between the two groups using a univariate analysis. All the
variables that achieved p < 0.10 were selected for the bivariate
logistic regression model. If multiple selected variables were
correlated clinically (e.g., age of onset and early onset MG), only
one variable of them was selected for the multivariate analysis.
Thereafter, the p-values and adjusted OR values of the selected
variables were calculated using the bivariate logistic regression.
A principal component analysis was preformed to evaluate and
eliminate multicollinearity. The data analysis was conducted
using the IBM-SPSS (version 25, IBM, NY, USA).

RESULTS

Baseline Characteristics
We collected the clinical data from 86 patients with MG who
had 111 visits to the emergency department for acute onset
of dyspnea (Table 1). In total, 20 (23.3%) patients experienced
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TABLE 1 | The baseline characteristics of first acute dyspnea episodes of the patients with myasthenia gravis (MG) and comparison between myasthenic crisis (MC) and

non-MC episodes.

All episodes MC episodes Non-MC episodes p-value

(86 episodes) (36 episodes) (50 episodes)

Female, n (%) 50 (58.1) 21 (58.3) 29 (58.0) 0.975

Thymoma, n (%) 35 (40.7) 17 (47.2) 18 (36.0) 0.296

Thymectomy, n (%) 23 (26.7) 11 (30.6) 12 (24.0) 0.498

Age of MG onset, mean ± SD 47.2 ± 17.8 41.1 ± 17.7 51.6 ± 16.7 0.006*

Early onset MG, n (%) 45 (52.3) 24 (66.7) 21 (42.0) 0.024*

AChR antibody status, n (%) 0.406

Positive 57 (66.3) 19 (52.8) 38 (76.0)

Negative 7 (8.1) 4 (11.1) 3 (6.0)

Unknown 22 (25.6) 13 (36.1) 9 (18.0)

Involved muscle groups at MG onset 0.163

Ocular muscles, n (%) 62 (72.1) 23 (63.9) 39 (78.0)

Limb muscles, n (%) 10 (11.6) 6 (16.7) 4 (8.0)

Bulbar muscles, n (%) 12 (14.0) 5 (13.9) 7 (14.0)

Cervical muscles, n (%) 2 (2.3) 2 (5.6) 0

Respiratory muscles, n (%) 0 0 0

Time from MG onset to dyspnea episode

(month), median (IQR)

12.0 (4.0–34.5) 9.5 (4.3–33.0) 12.0 (2.0–37.5) 0.759

Age of dyspnea onset, mean ± SD or median

(IQR)

51.0 ± 17.1 44.7 ± 17.0 60.5 (46.7–66.0) 0.004*

Involved muscle groups at dyspnea onset, n

(%)

Ocular muscles

81 (94.2) 31 (86.1) 50 (100.0) 0.025*

Limb muscles 66 (76.7) 27 (75.0) 39 (78.0) 0.745

Bulbar muscles 72 (83.7) 31 (86.1) 41 (82.0) 0.61

Cervical muscles 38 (44.2) 15 (41.7) 23 (46.0) 0.69

4 muscle groups involved 30 (34.9) 11 (30.6) 19 (38.0) 0.475

>2 muscle groups involved 60 (69.8) 23 (63.9) 37 (74.0) 0.314

MGFA classification at last visit before

dyspnea episode, n (%)

0.024*

1 16 (18.6) 2 (5.6) 14 (28.0)

2a 7 (8.1) 4 (11.1) 3 (6.0)

2b 4 (4.7) 2 (5.6) 2 (4.0)

3a 14 (16.3) 2 (5.6) 12 (24.0)

3b 24 (27.9) 14 (38.9) 10 (20.0)

4a 9 (10.5) 4 (11.1) 5 (10.0)

4b 6 (7.0) 3 (8.3) 3 (6.0)

Unknown 6 (7.0) 5 (13.9) 1 (2.0)

MGFA classification worse than 3a, n (%) 53 (61.6) 23 (63.9) 30 (60.0) 0.714

Treatment before dyspnea episode, n (%) 0.603

No immunosuppressive treatments 58 (67.4) 23 (63.9) 35 (70.0)

Steroids 19 (22.1) 8 (22.2) 11 (22.0)

Other immunosuppressants alone 1 (1.2) 0 1 (2.0)

Steroids and other immunosuppressants 8 (9.3) 5 (13.9) 3 (6.0)

Respiratory infection as the trigger of the

dyspnea episode, n (%)

21 (24.4) 13 (36.1) 8 (16.0) 0.037*

IVIg before MV, n (%) 55 (64.0) 17 (47.2) 38 (76.0) 0.006*

AChR, anti-acetylcholine receptor; IQR, inter quartile range; IVIg, intravenous immunoglobulin, MC, myasthenic crisis; MG, myasthenia gravis; MGFA classification, Myasthenia Gravis

Foundation of America clinical classification; MV, mechanical ventilation. SD, standard deviation.

*p < 0.05.
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multiple episodes of dyspnea (maximum of four episodes).
Thirty-six (41.9%) of the patients were male. Of the 86 first
dyspnea episodes of each patient, 35 (40.7%) occurred in the
patients with thymoma and 23 (26.7%) in the patients who
had undergone thymectomy. The mean age of MG onset was
47.2 ± 17.8 years, 45 (52.3%) dyspnea episodes occurred in
the patients with early-onset MG (i.e., age of onset not older
than 50), and 62 (72.1%) episodes occurred in the patients with
MG with ocular onset. Fifty-seven (66.3%) patients had positive
AChR antibody, while 22 (25.6%) patients lacked the data. The
median time from MG onset to dyspnea episode was 12.0 (4.0–
34.5) months, and the median age of dyspnea episode was 51.0
± 17.1. We divided the skeletal muscles other than respiratory
muscles into four groups: ocular muscles, limb muscles, bulbar
muscles, and cervical muscles. Thirty (34.9%) dyspnea episodes
occurred in the patients with involvement of all the four
muscle groups, while 60 (69.8%) episodes in the patients with
involvement of three or more groups. We also collected MGFA
clinical classification at the last follow-up before the episode,
and 53 (61.6%) dyspnea episodes occurred in the patients with
MGFA clinical classification ≥3a at the last follow-up. Fifty-
eight (67.4%) dyspnea episodes occurred in the patients who
were not on corticosteroids or other immunosuppressive agents,
while 56 (65.1%) episodes occurred in the patients who had
not used corticosteroids before. Twenty-one (24.4%) episodes
occurred after a trigger of respiratory infection, while other
triggers included long-time fatigue, other infections, and other
unspecified predisposing factors. In 55 (64.0%) dyspnea episodes,
the patients received IVIg prior to mechanical ventilation.
Regarding the comorbidities, the most frequent comorbidity
was diabetes mellitus (14 episodes, 16.3%), followed by other
autoimmune diseases (10 episodes, 11.6%). Thirty-six (41.9%)
dyspnea episodes eventually progressed to MC, and 32 patients
received mechanical ventilation, 28 (87.5%) of which ended with
invasive mechanical ventilation.

Twenty (23.3%) patients experienced multiple episodes of
dyspnea (maximum of four episodes), they had 45 episodes
in total. Of the additional 25 episodes after the first episodes,
10 (40.0%) episodes were triggered by respiratory infection,
16 (64.0%) episodes were treated by IVIg. Ten (40.0%)
episodes progressed to MC at last, similar to the first episode
described above.

We analyzed the usage of IVIg at different time periods. From
2010 to 2013, IVIg was used in 20 out of 34 episodes (58.8%).
This proportion was 36/57 (63.2%), 15/20 (75.0%) in different
periods of 2014–2017 and 2018–2020, respectively. Although
there appears to be an increasing in the use of IVIg, Wilcoxon’s
rank sum test did not reach statistical significance (p= 0.484).

Predictors of Progression to MC
Of the 86 first dyspnea episodes of each patient, 36 (41.9%)
eventually progressed to MC (Table 1). By comparing the
baseline characteristics between the MC group and non-MC
group using the univariate analysis, we found that the variables
with p < 0.10 included age of MG onset (p = 0.006), early-onset
MG (p = 0.024), age at the dyspnea episode (p = 0.009), ocular
muscle involvement when dyspnea episode occurred (p=0.025),

TABLE 2 | The multivariable analysis for predictors of progression to MC.

Predictors Adjusted OR 95% CI of

adjusted OR

p-value

Early onset MG 3.079 1.052–9.012 0.040

Respiratory infection

as a trigger

3.926 1.141–13.510 0.030

IVIg treatment prior to

MV

0.253 0.087–0.732 0.011

IVIg, Intravenous immunoglobulin; MC, myasthenic crisis; MG, myasthenia gravis; MV,

mechanical ventilation; OR, odds ratio.

MGFA clinical classification at last follow-up (p = 0.024),
respiratory infection as the trigger (p = 0.037), and IVIg therapy
before mechanical ventilation (p= 0.006). Before including these
variables in the binary logistic regression, we noted that age
at onset correlated with early-onset or late-onset MG, and we
took only early-onset MG into the regression. Thereafter, MGFA
classification at last follow-up was dichotomized (≥3a vs. <3a).

The results of the bivariate logistic regression are shown in
Table 2. The final equation suggested early-onset MG (adjusted
OR: 3.079, 95% CI 1.052–9.012) and respiratory infection as
a trigger (adjusted OR: 3.926, 95% CI 1.141–13.510) were
independent risk factors for MC, while IVIg treatment prior to
mechanical ventilation (adjusted OR: 0.253, 95% CI 0.087–0.732)
was a protective factor for MC. Further the principal component
analysis showed no covariance between the selected variables.

Clinical Characteristics and Prognosis of
Patients With and Without MC During the
MG Course
Of the 20 patients with multiple dyspnea episodes, seven patients
did not experience MC in their first episodes but had MC in
subsequent episodes. Thus, in all 86 patients, 49 (57.0%) had
no MC during the course of MG, while 37 (43.0%) had MC
(Table 3). The patients with early-onset MG were more likely to
develop MC (p = 0.025). Thymoma was more frequent in the
patients experienced MC, though the statistical difference was
not significant (48.6 vs. 34.7%, p = 0.192). Follow-up time was
defined as the time from the start of the last episode to the last
follow-up visit. There was a significant difference in the follow-
up time between the two groups (p = 0.020), with the patients
without MC followed for 36.5 ± 22.8 months, while the patients
with MC were followed for 60.4 ± 55.2 months. The long-term
prognosis was similar in both the groups, with 57.1% of the non-
MC group having PIS better than minimal manifestations (MM)
at the last follow-up, compared with 45.9% of patients in the
MC group.

Characteristics of Patients Requiring
Invasive Ventilation Longer Than 15 Days
Of the 35 MC episodes requiring invasive ventilation, 12 (34.3%)
had ventilation over 15 days (Table 4). One-third of them had
comorbid diabetes mellitus, significantly more than the other
group (p = 0.038). The patients requiring prolonged mechanical
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TABLE 3 | The clinical characteristics and prognosis of patients with and without MC during the MG course.

All patients Non-MC patients MC patients p-value

(n = 86) (n = 49) (n = 37)

Female, n (%) 50 (58.1) 30 (61.2) 20 (54.1) 0.517

Comorbidities, n (%)

Pulmonary disease

5 (5.8) 3 (6.1) 2 (5.4) 0.684

Cardiac disease 2 (2.3) 1 (2.0) 1 (2.7) 1

Kidney disease 1 (1.2) 1 (2.0) 0 1

Liver disease 7 (8.1) 4 (8.2) 3 (8.1) 1

Diabetes mellitus 14 (16.3) 11 (22.4) 3 (8.1) 0.074

Neoplasm other than thymoma 3 (3.5) 2 (4.1) 1 (2.7) 1

Other autoimmune disease 10 (11.6) 5 (10.2) 5 (13.5) 0.893

Thymoma, n (%) 35 (40.7) 17 (34.7) 18 (48.6) 0.192

Thymectomy, n (%) 26 (30.2) 11 (22.4) 15 (40.5) 0.071

Age of MG onset, mean ± SD 47.2 ± 17.8 52.3 ± 16.1 40.4 ± 17.9 0.002

Early onset MG, n (%) 45 (52.3) 20 (40.8) 25 (67.6) 0.025

Involved muscle groups at dyspnea onset, n

(%)

0.191

Ocular muscles 62 (72.1) 38 (77.6) 24 (64.9)

Limb muscles 10 (11.6) 4 (8.2) 6 (16.2)

Bulbar muscles 12 (14.0) 7 (14.3) 5 (13.5)

Cervical muscles 2 (2.3) 0 2 (5.4)

Respiratory muscles 0 0 0

Follow-up time (month), mean ± SD or median

(IQR)

41.0 (12.8–63.5) 36.5 ± 22.8 60.4 ± 55.2 0.02

PIS at last follow up, n (%) 0.307

CSR 2 (2.3) 1 (2.0) 1 (2.7)

PR 34 (39.5) 23 (46.9) 11 (29.7)

MM 9 (10.5) 4 (8.2) 5 (13.5)

Improved 19 (22.1) 10 (20.4) 9 (24.3)

Unchanged 1 (1.2) 1 (2.0) 0

Exacerbation 11 (12.8) 5 (10.2) 6 (16.2)

Death unrelated to MG 1 (1.2) 1 (2.0) 0

Unknown 9 (10.5) 4 (8.2) 5 (13.5)

PIS better than MM at last follow-up, n (%) 45 (52.3) 28 (57.1) 17 (45.9) 0.303

CSR, complete stable remission; IQR, inter quartile range; MC, myasthenic crisis; MG, myasthenia gravis; MM, minimal manifestations; PIS, Myasthenia Gravis Foundation of America

(MGFA) post-intervention status; PR, Pharmacologic Remission; SD, standard variation.

ventilation also had significantly more pneumonia complications
(83.3 vs. 39.1%, p = 0.03) and longer total length of hospital
stay (46.5 vs. 25.7 days, p = 0.003). In addition, the patients
requiring prolonged mechanical ventilation had older age (51.7
± 13.1 years) than the other group (42.9 ± 20.2 years), but no
significant difference was reached (p= 0.13).

DISCUSSION

In our present study, we demonstrated that in the patients with
MG with acute onset of dyspnea, early-onset MG (adjusted OR:
3.079, 95% CI 1.052–9.012) and respiratory infection as a trigger
(adjusted OR: 3.926, 95% CI 1.141–13.510) were independent
risk factors for progression to MC, while the use of IVIg prior
to mechanical ventilation (adjusted OR: 0.253, 95% CI 0.087–
0.732) was a protective factor. The occurrence of MC had no
significant impact on the long-term prognosis of these patients,

and more than half of the patients (52.3%) reached a PIS better
than MM at the last follow-up. Of the 35 MC episodes requiring
invasive ventilation, 12 (34.3%) needed ventilation for more than
15 days. Comorbid diabetes mellitus (33.3 vs. 14.3%, p = 0.038)
and complicated pneumonia (83.3 vs. 39.1%, p = 0.030) was
associated with prolonged ventilation.

We found that early-onset MG was an independent risk factor
for progression to MC in the patients with MG with acute onset
of dyspnea (Table 2). Similar to our findings, A. Ramos-Fransi
et al. (7) found that in the patients with MG with life-threatening
events (i.e., MGFA class V or class IVB), early-onset MG had a
longer time to weaning from ventilation, suggesting that early-
onset MG may have more severe life-threatening events and
worse response to the treatment. Since most patients in our study
had positive AChR antibodies and the positive rate was similar
between the MC and non-MC episodes, the reason for early-
onset MG was a risk factor may be that in the patients with
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TABLE 4 | The characteristics of patients requiring invasive ventilation longer than 15 days.

Invasive ventilation Ventilation < 15 days Ventilation > 15 days p-value

(n = 35) (n = 23) (n = 12)

Female, n (%) 18 (51.4) 14 (60.9) 4 (33.3) 0.164

Comorbidities, n (%)

Pulmonary disease

3 (8.6) 2 (8.3) 1 (8.3) 1

Cardiac disease 1 (2.9) 1 (4.3) 0 1

Kidney disease 0 0 0 -

Liver disease 5 (14.3) 3 (13.0) 2 (16.7) 1

Diabetes mellitus 5 (14.3) 1 (4.3) 4 (33.3) 0.038

Neoplasm other than thymoma 0 0 0 -

Other autoimmune disease 6 (17.1) 3 (13.0) 3 (25.0) 0.391

Thymoma, n (%) 19 (54.3) 13 (56.5) 6 (50.0) 0.736

Thymectomy, n (%) 13 (37.1) 9 (39.1) 4 (33.3) 0.164

Age of MG onset, mean ± SD or median

(IQR)

39.6 ± 18.6 31.0 (21.0–55.0) 44.4 ± 18.2 0.203

Early onset MG, n (%) 23 (65.7) 15 (65.2) 8 (66.7) 1

Age of dyspnea onset, mean ± SD 45.9 ± 18.3 42.9 ± 20.2 51.7 ± 13.1 0.13

Respiratory infection as the trigger of the

dyspnea episode, n (%)

16 (45.7) 11 (47.8) 5 (41.7) 1

IVIg before MV, n (%) 15 (42.9) 9 (39.1) 6 (50.0) 0.721

Length of hospital stay (day), mean ± SD

or median (IQR)

29.0 (7.0-560.0) 25.7 ± 14.0 46.5 (30.5-72.0) 0.003

Complications, n (%)

Pneumonia

19 (54.3) 9 (39.1) 10 (83.3) 0.03

Liver injury 5 (14.3) 4 (17.4) 1 (8.3) 0.64

Kidney injury 2 (5.7) 1 (4.3) 1 (8.3) 1

Cardiac arrest 2 (5.7) 0 2 (16.7) 0.111

Infection other than pneumonia 4 (11.4) 2 (8.7) 2 (16.7) 0.594

IQR, inter quartile range; IVIg, intravenous immunoglobulin; MG, myasthenia gravis; MV, mechanical ventilation; SD, standard variation.

positive AChR antibodies, early-onset MG and late-onset MG
are thought to differ significantly in pathogenesis. The origin
of autoimmune antibodies in early-onset MG is mostly in the
thymus, while the role of the thymus in the pathogenesis of
late-onset MG is unclear, since no detectable inflammation was
found in the thymus (1). Besides, the clinical characteristics of
early-onset MG differ from of late-onset MG, one of which is
that the response of early-onset MG to immunotherapy and
the prognosis are worse, which may be associated with an
expansion in protective immunomodulatory mechanisms, such
as peripheral T-regulatory cells, in the elderly (18).

The previous studies have shown that infection is the most
common trigger of MC as well as other life-threatening events
in the patients with MG (3, 4, 7, 12, 19, 20). Further, our
study also found that among the patients with MG with acute
onset of dyspnea, respiratory infection was an independent
risk factor for progression to MC. Infection may lead to
exacerbation of the symptoms of bulbar palsy and respiratory
muscle weakness, while the respiratory infections can aggravate
ventilation dysfunction and lead to impaired air exchange,
increasing the probability of mechanical ventilation. For the
patients with MG with acute dyspnea with respiratory infection,
close monitoring of vital signs and preparation for mechanical
ventilation is particularly essential.

Coronavirus disease 2019 (COVID-19) is an infectious disease
caused by the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) virus and has become a global pandemic
(21). Although there were no patients with COVID-19 in our
cases, the effect of COVID-19 on the patients with MG is
noteworthy in the context of pandemic. Dyspnea caused by
SARS-CoV-2 infection may have a greater risk of progression
to MC, as we discussed above. The patients with MG may be
more vulnerable to COVID-19 due to the immunosuppressive
therapies (22). However, the current evidence on the relationship
between MG and COVID-19 is highly variable. Some studies
suggested that COVID-19 has a limited effect on most of the
patients with MG, since most of the patients in these studies
do not experience exacerbations of MG, and immunosuppressive
therapy is relatively safe (23–25). In contrast, other studies found
a high proportion of patients with MG exacerbations requiring
rescue therapy or mechanical ventilation (26, 27). High-quality
studies on the relationship between COVID-19 and MC are also
lacking, which may be explained by the difficulty in diagnosing
MC in patients with COVID-19. Besides MC, severe COVID-19
may also lead to respiratory failure. Furthermore, many previous
cases used drugs such as hydroxychloroquine and azithromycin
that may exacerbate the MG symptoms or cause myopathy,
further complicating the relationship between respiratory
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failure and MC. Further well-designed, and prospective studies
are needed.

The efficacy of IVIg in the patients with MG with acute
exacerbation has been demonstrated in several randomized
controlled trials (8). Likewise, our study found that IVIg was
a protective factor for progression to MC in the patients with
acute onset of dyspnea. Since IVIg and plasma exchange are
equally effective in worsening MG (9), and IVIg is easier to use,
our center uses IVIg to treat this group of patients. Although
the international consensus guidance (2) and multiple national
guidelines (10, 28) recommended IVIg and plasma exchange
as first-line therapy for impending and manifest myasthenic
crisis, IVIg was not used timely in 31.0% of acute dyspnea
episodes in this study. Based on our experience, we speculate
that the reason for this is that IVIg is still expensive for
the patients with MG in the developing countries, even when
health insurance can partially cover the cost, which prevents
some patients with MG with acute dyspnea from receiving
timely treatment.

All the patients in our study were prescribed with oral
corticosteroids and/or immunosuppressant agents after
discharge. The overall prognosis was good, with 52.3% of
patients having a PIS better than MM at last follow-up, with a
median follow-up time of 41.0 months. There was no significant
difference in the PIS at the last follow-up between the patients
experienced MC and those who did not, which is similar to other
studies. Sivadasan, A et al. (29) studied the patients with MC
admitted to the intensive care unit. All the patients received
oral corticosteroids and immunosuppressant agents and were
followed for a median time of 36 months, with 67% of them
reaching PIS better than MM at the last follow-up. Spillane, J
et al. (20) studied the patients with MG admitted to the intensive
care unit due to acute exacerbation. Most of the patients (97%)
were on oral steroids and nearly half (45%) were started with
other immunosuppressants. At a median follow-up time of 4
years, 19% of patients were asymptomatic at the last follow-up
and 48% reached MGFA classification better than type II. Both
these studies and our study suggest that the long-term use of
immunosuppressive therapy after the acute phase significantly
improves the long-term prognosis of patients with MG who
experienced acute dyspnea.

Our study found that in the patients requiring invasive
ventilation longer than 15 days, a significantly higher proportion
of patients had comorbid diabetes mellitus, prolonged length
of hospital stay, and complications of pneumonia. The age
at onset of dyspnea was also older in this group, although
it did not reach significance difference (51.7 ± 13.1 vs. 42.9
± 20.2, p= 0.13). Similar to other studies, advanced age and
more chronic underlying diseases were risk factors for prolonged
mechanical ventilation (3, 12), suggesting that this group of
patients may require better intensive care unit management and
have a higher probability of tracheotomy.

Of the patients included in this study, 67.4% had not
used immunosuppressive therapy, such as oral steroids or
immunosuppressants before their first dyspnea episodes.
Similarly, the proportion of this group of patients in other
studies was 40–50% (3, 20). Several studies showed that early

immunosuppressive treatment of MG reduces the probability
of MC occurrence and recurrence (30). To date, several
retrospective studies showed that the use of oral steroids in
ocular MG could reduce the probability of progression to
generalized MG (31, 32). These results suggest that the use of
immunosuppressive therapy in the patients with MG may not
only improve symptoms, but also act as a disease modifier to
prevent the progression of the disease course in the patients
with MG.

The greatest limitation of this study arises from its
single-center retrospective nature. The relative rarity of MG and
the low incidence of respiratory or bulbar muscle involvement
in MG resulted in a small sample size, so the results may be
incidental. Selection bias is inevitable in single center studies.
The lower incidence of comorbidities and the higher incidence of
thymoma in our patients compared with other studies may limit
the generalization of the findings to all the patients. However,
compared with other studies that focused mostly on the patients
withMGwho had already developedMC, we expanded the target
population to include the patients with MG with acute onset
of dyspnea (i.e., the patients may progress to MC), effectively
expanded the sample size and increased the credibility of the
final conclusions.

The previous studies have focused on the patients with
manifest MC, and most studies have been conducted in intensive
care unit settings (4, 12, 13). A strength of this study is that we
described the clinical characteristics of impending the patients
with MC from the emergency department, which makes our
study more relevant to the clinical practice of neurologists.
Nowadays, many patients with MG with acute dyspnea in the
developing countries are unable to receive IVIg because of its
high price and unavailability. The significance of this study is
that we explored the risk factors for progression to MC in this
group of patients, indicating that when treating the patients with
MG with acute dyspnea, the clinicians should be more aggressive
in advancing the use of IVIg to avoid MC occurrence in early-
onsetMGor dyspnea triggered by respiratory infection. Initiating
social assistance or transferring the patients to a qualified center
are effective options.

In conclusion, we demonstrated that early-onset MG and
respiratory infection as a trigger were the independent risk
factors for progression to MC in the patients with MG
with acute onset of dyspnea, while the use of IVIg prior to
mechanical ventilation was a protective factor. With proper
immunosuppressive therapy, this group of patients had an overall
good prognosis.
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Introduction: The phenomenon of coexisting autoimmune diseases (ADs) in patients

with myasthenia gravis (MG) has attracted considerable attention. However, few studies

have investigated the burden and potential clinical associations of ADs in Chinese

MG cohorts.

Methods: In this retrospective cross-sectional study, we reviewed the records of

1,132 patients with MG who were admitted to Huashan Hospital Fudan University from

August 2013 to August 2020. Patients were excluded if they had incomplete medical

records (n = 336).

Results: Comorbid ADs were found in 92 of 796 Chinese patients with MG (11.6%),

among which, hyperthyroidism (6.7%), hypothyrosis (2.6%), and vitiligo (0.8%) were

predominant. Patients with MG with ADs were predominantly female, younger at the

onset of MG symptoms, and had a lower frequency of thymoma. Compared to the

general population, we found a significantly higher percentage of hyperthyroidism

(8.5-fold increase, p < 0.001), hypothyrosis (2.6-fold increase, p < 0.001), vitiligo

(1.3-fold increase, p < 0.001), rheumatoid arthritis (1.4-fold increase, p < 0.001),

immune thrombocytopenic purpura (193.1-fold increase, p < 0.001), autoimmune

hemolytic anemia (7.4-fold increase, p< 0.001), autoimmune hepatitis (5.1-fold increase,

p < 0.001), and polymyositis (11.5-fold increase, p < 0.001) in patients with MG with

ADs. Patients with MG with ADs presented a lower proportion of previous history of

MC (0 vs. 5.6%, p < 0.05) than those without ADs. The proportion of MGFA Class I at

onset in patients with MG with ADs was significantly higher than that in patients with MG

without ADs (77.0 vs. 52.7%, p < 0.05). The proportion of MuSK-positive in patients

with MG with ADs was significantly lower than that in patients with MG without ADs

(0 vs. 4.8%, p < 0.05).

Conclusion: In conclusion, we observed a higher frequency of concurrent ADs in

a Chinese MG cohort. Furthermore, MG combined with ADs tended to have mild

clinical presentation.

Keywords: myasthenia gravis, autoimmune diseases, comorbidities, percentage, clinical characteristics
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INTRODUCTION

Myasthenia gravis (MG) is a rare autoimmune disorder of the
neuromuscular junction, which is characterized by fatigable
weakness in extraocular muscles, limbs, and even bulbar muscles
(1). The disorder is typically mediated by antibodies against
acetylcholine receptor (AChR) or other proteins located at
the neuromuscular junction, including muscle-specific tyrosine
kinase (MuSK) and lipoprotein receptor-related protein 4 (2).
The incidence of MG ranges from 0.3 to 2.8 per 100,000
worldwide, which varies with age, sex, and ethnic groups (3, 4).

Similar to other autoimmune diseases (ADs), genetic factors
contribute to the susceptibility of developing MG (5). Mounting
evidence has demonstrated common genetic signals in many
ADs, suggesting the possibility of shared common pathogenetic
mechanisms (6). Several studies from western countries and
Japan have suggested that ∼13% of patients with MG also have
other ADs (7–10). The most common AD in patients with
MG is autoimmune thyroid disease, followed by systemic lupus
erythematosus and rheumatoid arthritis (11). MG in association
with ADs often has mild clinical expression (11). However,
it remains unclear whether there are clinically significant
differences in Chinese patients with MG with and without ADs.
Therefore, we investigated the percentages of comorbid ADs in
a Chinese MG cohort. Furthermore, we compared the clinical
characteristics between patients with MG with and without ADs.

METHODS

Study Design and Patient Recruitment
Through our single-center registration database, we reviewed
the records of all patients with MG who were admitted to
Huashan Hospital Fudan University from August 2013 to August
2020. The diagnosis of MG was based on clinical symptoms
and at least one of the following specific tests: objective clinical
response to neostigmine test, seropositivity for anti-AChR/anti-
MuSK antibody, or significant decremental response on 3Hz
repetitive nerve stimulation (12, 13). Other diseases that mimic
MG were excluded, including Lambert-Eaton syndrome, motor
neuron disease, and congenital myasthenic syndrome.

ADs were identified if they were included in the list defined
by Hayter and Cook, with the addition of psoriasis (14–16).
Diagnoses of ADs were based on the clinical manifestations,
laboratory test (including specific antibodies), biopsy results (if
required), and reference to the diagnostic criteria of ADs by the
corresponding specialists.

This retrospective cohort study was approved by the
Institutional Review Board of Huashan Hospital Fudan
University. Written informed consent was obtained from each
study participant.

Abbreviations: MG, Myasthenia gravis; AChR, acetylcholine receptor; MuSK,

muscle-specific tyrosine kinase; ADs, autoimmune diseases; MC, myasthenic

crisis; MGFA, Myasthenia Gravis Foundation of America; ITP, Immune

thrombocytopenic purpura; AHA, Autoimmune hemolytic anemia; AH,

Autoimmune hepatitis.

Data Collection
Clinical data were collected from the recruited patients, including
age at onset, duration, sex, thymoma concurrence, thymectomy,
history of myasthenic crisis (MC), family history of ADs, history
of allergic diseases, family history of allergic diseases, history
of malignancies, Myasthenia Gravis Foundation of America
(MGFA) Class at onset, serum antibody status, and the presence
of comorbid ADs.

Statistical Analysis
Statistical analyses were performed using IBM SPSS version 21.0
(SPSS Inc., Chicago, IL, USA). The normality of continuous
variables was tested by Shapiro–Wilks test. Continuous variables
that followed a normal distribution are presented as the mean
± standard deviation. Categorical variables are expressed as
frequencies (percentages). The chi-square test for specified
proportions was used to compare the percentages of various
ADs in patients with MG to the corresponding prevalence in
the general population. The most recent prevalence data for
each AD were selected for comparison. Data obtained from the
Chinese population were used when available. The prevalence
of other countries was used when Chinese prevalence data were
unavailable. Independent sample t-test and chi-square test were
used to compare the differences between the two groups as
appropriate (MG with ADs vs. MG without ADs; MG with
1 AD vs. MG with ≥2 ADs). A two-tailed p < 0.05 was
considered significant.

RESULTS

Clinical Characteristics of MG Cohort
The database comprised 1,132 steroid or immunosuppressant
naïve patients who were diagnosed with MG during the study
period. Patients were excluded if they had incomplete medical
records (n = 336). Ultimately, 796 patients with MG were
enrolled in the study, including 704 patients without ADs and 92
patients with ADs (84 with 1 ADs and 8 with≥2 ADs) (Figure 1).

The clinical characteristics of patients with MG are presented
(Table 1). Among the 796 patients, 454 (57.0%) were female,
the average age at onset was 40.4 ± 18.1 years, and the average
duration was 2.9± 5.6 years. Thymoma was present in 214 cases
(26.9%), and thymectomy was performed in 120 cases (15.1%).
As the initial symptom, ocular weakness alone (MGFA Class I)
occurred in 56.4% (449/796) of patients, and 43.5% (346/796)
of patients were classified into generalized type (MGFA Class
II, III, IV). Only 4.3% (34/796) of patients suffered from MC.
Two hundred and sixty-one cases (32.8%) had no information on
antibody test. Approximately 84.9% (454/535) of patients were
AChR-positive, 4.1% (22/535) of patients were MuSK-positive,
and 11.0% (59/535) of patients were double-seronegative.

Types and Percentages of Comorbid ADs
in MG Cohort
Ninety-two patients (59 females and 33 females, 11.6%) with
MG had ≥1 comorbid ADs. The frequencies of overall
ADs in our cohort were higher than the background
prevalence of the population (total patients: 11.6 vs. 5.0%,
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FIGURE 1 | Flow diagram of the study design. A total of 796 patients with MG were enrolled in the study, including 704 patients with MG without ADs and 92 with

ADs (84 with 1 ADs and 8 with ≥2 ADs). MG, Myasthenia gravis; Ads, Autoimmune diseases.

TABLE 1 | Clinical characteristics of patients with MG.

No. of cases (%)

(n = 796)

Age at onset (years) 40.4 ± 18.1

Duration (years) 2.9 ± 5.6

Sex

Male 342 (43.0%)

Female 454 (57.0%)

Age at onset (years)

<50 537 (67.5%)

≥50 259 (32.5%)

Thymoma concurrence

No 582 (73.1%)

Yes 214 (26.9%)

Thymectomy 120 (15.1%)

History of MC

No 762 (95.7%)

Yes 34 (4.3%)

MGFA at onset

I 449 (56.4%)

II 318 (39.9%)

III 25 (3.1%)

IV 3 (0.4%)

Unknown 1 (0.1%)

Antibody status

AChR-positive 454 (57.0%)

MuSK-positive 22 (2.8%)

Seronegative 59 (7.4%)

(Continued)

TABLE 1 | Continued

No. of cases (%)

(n = 796)

Unknown 261 (32.8%)

Antibody status (n = 535)

AChR-positive 454 (84.9%)

MuSK-positive 22 (4.1%)

Seronegative 59 (11.0%)

MG, Myasthenia gravis; MC, Myasthenic crisis; MGFA, Myasthenia Gravis Foundation of

America; AChR, Acetylcholine receptors; MuSK, Muscle-specific tyrosine kinase.

FIGURE 2 | Percentage of comorbid ADs by age at onset. ADs, Autoimmune

diseases.

male patients: 9.6 vs. 3.0%, female patients: 13.0 vs. 7.1%)
(15). The percentages of comorbid ADs varied among
different onset age groups (from 6.8 to 16.1%, Figure 2).
The percentages of comorbid ADs in patients with early onset
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TABLE 2 | Comorbid ADs in patients with MG.

Frequency (%)

(n = 796)

Cases (extrapolated to 100,000

patients with MG)

Prevalence in the general

population (region)

Hyperthyroidism 53 (6.7%) 6658 0.78% (China) (17)

Hypothyrosis 21 (2.6%) 2638 1.02% (China) (17)

Vitiligo 6 (0.8%) 754 0.56% (China) (18)

Hashimoto’s thyroiditis 5 (0.6%) 628 1.7% (China) (19)

Rheumatoid arthritis 4 (0.5%) 503 0.37% (China) (20)

Sjögren’s syndrome 4 (0.5%) 503 0.45% (China) (20)

Psoriasis 2 (0.3%) 251 0.47% (China) (21)

ITP 2 (0.3%) 251 0.0013% (France) (22)

AHA 1 (0.1%) 126 0.017% (Denmark) (23)

Autoimmune hepatitis 1 (0.1%) 126 0.0245% (New Zealand) (24)

Polymyositis 1 (0.1%) 126 0.011% (Africa) (25)

MG, Myasthenia gravis; ADs, Autoimmune diseases; ITP, Immune thrombocytopenic purpura; AHA, Autoimmune hemolytic anemia.

FIGURE 3 | Types and percentages of concomitant ADs. ADs, Autoimmune diseases; ITP, Immune thrombocytopenic purpura; AHA, Autoimmune hemolytic anemia.

MG (67/537, 12.5%) were higher than those in patients with late-
onset MG (25/259, 9.7%). The percentage of comorbid ADs in
patients with MG without thymoma (75/582, 12.9%) was higher
than that in patients with MG with thymoma (17/214, 7.9%).

The types, frequencies, and percentages of concomitant ADs
are presented in Table 2 and Figure 3. Thyroid disease was
the most common comorbid AD, observed in 79 (9.9%)
patients with MG. The percentage of hyperthyroidism,
hypothyrosis, and Hashimoto’s thyroiditis was 6.7% (n =

53), 2.6% (n = 21), and 0.6% (n = 5), respectively. Other
types of ADs included vitiligo (n = 6, 0.8%), rheumatoid
arthritis (n = 4, 0.5%), Sjögren’s syndrome (n = 4, 0.5%),
psoriasis (n = 2, 0.3%), idiopathic thrombocytopenic
purpura (n = 2, 0.3%), autoimmune hemolytic anemia

(n = 1, 0.1%), autoimmune hepatitis (n = 1, 0.1%), and
polymyositis (n= 1, 0.1%).

The percentage of each observed AD in our cohort and
the prevalence of the disease in the general population are
presented in Table 2. The percentage of each observed AD was
extrapolated to 100,000 patients with MG and compared to the
prevalence of the disease in the general population (Table 2
and Figure 4). We found a significantly higher percentage of
hyperthyroidism (8.5-fold increase, p< 0.001) (17), hypothyrosis
(2.6-fold increase, p < 0.001) (17), vitiligo (1.3-fold increase, p <

0.001) (18), rheumatoid arthritis (1.4-fold increase, p < 0.001)
(20), immune thrombocytopenic purpura (193.1-fold increase, p
< 0.001) (22), autoimmune hemolytic anemia (7.4-fold increase,
p < 0.001) (23), autoimmune hepatitis (5.1-fold increase, p <
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FIGURE 4 | Percentage of each observed AD was extrapolated to 100,000 patients with MG and compared to the prevalence of the disease in the general

population. Autoimmune diseases with a significantly higher percentage in patients with MG compared to the general population are shown. The Y-axis is in

logarithmic scale. aData derived from Li et al. (17); bdata derived from Li et al. (17); cdata derived from Wang et al. (18); ddata derived from Xiang et al. (20); edata

derived from Mariotte et al. (22); fdata derived from Hansen et al. (23); gdata derived from Ngu et al. (24); hdata derived from Essouma et al. (25); *p < 0.05 vs. the

prevalence of the disease in the general population. ADs, Autoimmune diseases; MG, Myasthenia gravis.

0.001) (24), and polymyositis (11.5-fold increase, p< 0.001) (25).
We observed at a higher percentage of Sjögren’s syndrome in
patients with MG (20), although the difference did not reach
statistical significance (1.1-fold increase, p= 0.091). Hashimoto’s
thyroiditis and psoriasis were observed at a lower prevalence in
patients with MG (19, 21).

Clinical Characteristics Between MG With
and Without ADs
We compared the clinical characteristics between patients with
MGwith andwithout ADs. Patients withMGwith ADs presented
a lower proportion of previous history of MC (0 vs. 4.8%, p <

0.05) and a higher proportion of family history of ADs (20.7
vs. 4.5%, p < 0.05) than those without ADs. The proportion
of MGFA Class I at onset in patients with MG with ADs was
significantly higher than that in those without ADs (72.8 vs.
54.3%, p < 0.05). No significant differences in other clinical
features were found between patients with MG with and without
ADs (p > 0.05) (Supplementary Table 1).

We next compared the clinical characteristics between
patients with MG with and without ADs for whom antibody
information was available. Patients with MG with ADs presented
a lower proportion of previous history of MC (0 vs. 5.6%, p <

0.05) and a higher proportion of family history of ADs (21.6
vs. 5.4%, p < 0.05) than those without ADs. The proportion
of MGFA Class I at onset in patients with MG with ADs was
significantly higher than that in patients with MG without ADs
(77.0 vs. 52.7%, p < 0.05). The proportion of MuSK-positive
in patients with MG with ADs was significantly lower than
that in patients with MG without ADs (0 vs. 4.8%, p < 0.05).
No significant differences in other clinical features were found

between patients with MG with and without ADs for whom
antibody information was available (p > 0.05) (Table 3).

Clinical Characteristics Between Patients
With MG With 1 and ≥2 ADs
We next compared the clinical characteristics between patients
withMGwith 1 and≥2 ADs. No significant differences in clinical
features were found between patients with MG with 1 and ≥2
ADs (p > 0.05) (Supplementary Table 2).

DISCUSSION

This study revealed that the percentages of some ADs in
our cohort were higher than the background prevalence.
Furthermore, patients with MG with ADs presented a lower
proportion of previous history of MC. The proportion of MGFA
Class I at onset in patients with MG with ADs was significantly
higher than that in patients with MG without ADs. The
proportion of MuSK-positive in patients with MG with ADs was
significantly lower than that in patients with MG without ADs.

It has been demonstrated that MG often coexists with ADs in
European or Japanese cohorts. The percentages of concomitant
ADs in Norwegian and Danish cohorts have been shown to
be 22.9 and 9.4%, respectively (7, 8). A Japanese cohort study
reported that associated ADs were found in 28 of 142 patients
with MG (19.7%) (9). Moreover, a Swedish population-based
study suggested that patients with MG had an increased risk
of another AD compared to controls (22.0 vs. 8.9%) (26). A
systematic review revealed that the pooled estimate of coexisting
ADs in MG was 13% (10). However, few studies have been
conducted in Chinese cohorts to date. The percentage of overall
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TABLE 3 | Clinical characteristics between patients with MG with and without

ADs for whom antibody information were available.

MG with ADs MG without ADs p

(n = 74) (n = 461)

Age at onset (years) 38.7 ± 17.7 40.7 ± 17.9 0.367

Duration (years) 3.7 ± 6.4 2.7 ± 5.0 0.175

Sex 0.077

Male 25 (33.8%) 209 (45.3%)

Female 49 (66.2%) 252 (54.7%)

Age at onset (years) 0.504

<50 53 (71.6%) 310 (67.2%)

≥50 21 (28.4%) 151 (32.8%)

Thymoma concurrence 0.204

No 59 (79.7%) 333 (72.2%)

Yes 15 (20.3%) 128 (27.8%)

Thymectomy 0.299

No 66 (89.2%) 387 (83.9%)

Yes 8 (10.8%) 74 (16.1%)

History of MC 0.037*

No 74 (100%) 435 (94.4%)

Yes 0 (0%) 26 (5.6%)

Family history of ADs 0.000*

No 58 (78.4%) 436 (94.6%)

Yes 16 (21.6%) 25 (5.4%)

History of allergic diseases 0.437

No 68 (91.9%) 434 (94.1%)

Yes 6 (8.1%) 27 (5.9)

Family history of allergic diseases 0.698

No 72 (97.3%) 450 (97.6%)

Yes 2 (2.7%) 11 (2.4%)

History of malignancies 1

No 72 (97.3%) 446 (96.7%)

Yes 2 (2.7%) 15 (3.3%)

MGFA at onset 0.001*

I 57 (77.0%) 243 (52.7%)

II 17 (23.0%) 195 (42.3%)

III 0 (0%) 19 (4.1%)

IV 0 (0%) 3 (0.7%)

Unknown 0 (0%) 1 (0.2%)

Antibody status 0.022*

AChR-positive 63 (85.1%) 391 (84.8%)

MuSK-positive 0 (0%) 22 (4.8%)

Seronegative 11 (14.9%) 48 (10.4%)

MG, Myasthenia gravis; ADs, Autoimmune diseases; MC, Myasthenic crisis; MGFA,

Myasthenia Gravis Foundation of America; AChR, Acetylcholine receptor; MuSK, Muscle-

specific tyrosine kinase. *means p value is < 0.05.

ADs in our cohort was 11.6%, which was similar to previous
studies. The frequency varies widely across studies, which might
be due to the differences in study populations, the ascertainment
criteria, and selection bias. Increasing evidence from analysis
of human leukocyte antigen haplotypes and genome-wide
association studies has revealed shared etiopathogenic factors in

many ADs (27). However, the exact mechanisms of comorbid
ADs in MG are elusive and require further investigation.

The results of this study suggested that the clinical features
of patients with MG with ADs were predominantly female
and were younger at onset of MG symptoms. Similar to our
findings, studies from Danish, Japanese, and Swedish cohorts
also suggested a stronger association among younger and female
patients with MG (8, 9, 15). Thymoma-associated MG has an
unexpected pattern regarding coexisting ADs. Previous studies
have reported a lower percentage of second ADs in thymoma-
associated MG than that in non-thymoma-associated MG (28–
30). A lower risk for autoimmune comorbidity has also been
demonstrated in patients with muscle antibodies against titin
and ryanodine receptor, which predicts the presence of thymoma
in patients with MG (11, 31, 32). Similarly, we found that the
percentage of comorbid ADs in patients with MG with thymoma
was lower than that in those without thymoma.However, patients
with thymic hyperplasia had a higher frequency of concomitant
ADs than those without thymic hyperplasia (9). Few studies have
reported the frequency of associated ADs in MuSK-positive MG.
We found that MuSK-positive MG was rarely accompanied by
ADs; this may be ascribed to the rare occurrence of thymic
hyperplasia in MuSK-positive MG, which is highly associated
with ADs (33). Due to the limitation of small numbers of MusK-
MG patients, more cases should be involved to identify it in
future study.

In this study, the most commonly associated conditions in
patients with MG were hyperthyroidism and hypothyrosis, both
of which were present at a significantly increased percentage
compared to the general population. A meta-analysis was
performed to determine the prevalence of thyroid disorders in
patients with MG, which included 39 studies with 24,927 patients
with MG (34). The results suggested that the prevalence of
thyroid disorders, hyperthyroidism, and hypothyrosis in patients
with MG was 10.1, 5.6, and 2.6%, respectively, which was similar
to our results. However, the meta-analysis showed that the
prevalence of Hashimoto’s thyroiditis in patients with MG was
4.6%, which was significantly higher than 0.6% of our cohort.
The lower rate of Hashimoto’s thyroiditis in our cohort might
be ascribed to the differences in demographic variations and the
bias resulting from the cross-sectional nature of this study. A
common genetic background may explain the high frequency
of autoimmune thyroid disease in MG, and human leukocyte
antigens B8 and DR3 have been reported in both disorders
(35, 36).

Although thyroid disease has been established as a MG-
associated comorbidity, vitiligo has been less frequently reported.
We observed a 1.3-fold increase in the frequency of vitiligo in
patients with MG compared to the general population. Cruz
et al. reported that the percentage of vitiligo in a MG cohort
was <1.7% (1 in over 60 patients with MG) (37). Moreover,
Kubota et al. found a low frequency (0.5%) of vitiligo in patients
with MG (38). Compared to the aforementioned studies, our
results are in the middle of the previously observed range. Gill
et al. found a significantly higher prevalence of MG (0.2%, 36-
fold increase compared to the general population) in a cohort
of 1,873 patients with vitiligo (16). A 10-year cross-sectional
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retrospective study of an urban US population also suggested
a significantly higher prevalence of MG in 1,487 patients with
vitiligo (39). The higher percentage of vitiligo in patients
with MG (or the higher prevalence of MG in patients with
vitiligo) suggests that these diseases share a similar underlying
pathogenesis. Our results support associations between MG and
rheumatoid arthritis or polymyositis, which have also been found
in other MG cohorts (11, 40). Our study evidences several
new comorbid ADs in patients with MG, including immune
thrombocytopenic purpura, autoimmune hemolytic anemia, and
autoimmune hepatitis. Although concomitant presentation of
these diseases with MG has been reported in rare cases, to
our knowledge, these diseases have never been investigated in
large cohorts of patients with MG. Although no case was found
in the present cohort, it is worth noting that several reports
indicated MG may coexist with neuromyelitis optica spectrum
disorder (41–43). Previous case reports were mostly complicated
with thymoma or thymectomy, indicating an immunological link
between the central nervous system and the muscles might exist
and be partially due to immune dysregulation or paraneoplastic
mechanism. Although aquaporin 4 protein was found to harbor
in thymus, the underlying precise mechanism is not clearly
understood (44).

In this study, patients with MG with ADs showed a higher
frequency of ocular MG at onset. Similarly, the results from an
Italian cohort and a Polish cohort suggested that MG associated
with autoimmune thyroid diseases had a mild clinical expression,
with preferential ocular involvement (27, 45). Ocular MG has
a unique link to thyroid disease, which might be ascribed to
immunological cross-reactivity against epitopes or autoantigens
shared by the thyroid and eye muscles (28, 46, 47). Furthermore,
we found that patients with MG with ADs were less susceptible
to MC. Moreover, our findings suggested that patients with MG
combined with ADs tended to have mild clinical presentation,
which is consistent with other studies (28, 29).

This study has some limitations. First, bias is inevitable given
that the study is a retrospective single-center study. Second,
the study is limited by the lack of longitudinal follow-up data.
Therefore, a prospective, multiple-center, follow-up study should
be conducted to study comorbid ADs in MG.

CONCLUSIONS

In conclusion, we observed a higher frequency of concurrent
ADs in a Chinese MG cohort. Thyroid disease was the most

common comorbid AD, while other types of ADs included
vitiligo, rheumatoid arthritis, Sjögren’s syndrome, psoriasis,
idiopathic thrombocytopenic purpura, autoimmune hemolytic
anemia, autoimmune hepatitis, and polymyositis. Patients with
MG with ADs were predominantly female, younger at the onset
of MG symptoms, and had a lower frequency of thymoma.
Furthermore, MG combined with ADs tended to have mild
clinical presentation.
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Introduction: Limited evidence exists for healthcare resource utilization (HCRU) and

costs associated with generalized myasthenia gravis (gMG), a rare autoimmune disorder,

for adults in the United States.

Methods: Adults with ≥1 diagnostic claim for MG between 2014 and 2019 were

identified using Symphony Health’s Integrated Dataverse®. Using a novel algorithm,

HCRU and costs over 12 months following index dates were evaluated for patients

with gMG including those with exacerbation events. For patients who experienced crisis

events, HCRU and costs were analyzed during the 36 months preceding, during, and 12

months following the events.

Results: Mean HCRU and costs were higher for newly diagnosed patients compared

with previously diagnosed patients (hospitalizations: 0.46 vs. 0.34; all-cause costs:

$26,419.20 vs. $24,941.47; direct costs for gMG treatments: $9,890.37 vs. $9,186.47)

and further increased for patients with exacerbation events (hospitalizations: 0.72;

all-cause costs: $43,734.15; direct costs for gMG treatments: $21,550.02). For patients

who experienced crisis events, HCRU and costs markedly increased during the 12

months immediately before the crisis event (hospitalizations: 1.35; all-cause costs:

$49,236.68) compared with the 2 preceding years and increased further during the

12 months following the crisis index date (hospitalizations: 2.78; all-cause costs:

$173,956.99). Cost increases were, in large part, attributed to treatments received.

Discussion: New diagnosis, exacerbation, and crisis events were drivers of HCRU

and cost for patients with gMG. Particularly, high costs of gMG-specific medications

associated with intervention for exacerbation and crisis events contributed to increased

all-cause costs.

Keywords: myasthenia gravis (MG), myasthenic crisis, healthcare resource utilization (HCRU), cost analysis,

disease burden
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INTRODUCTION

Myasthenia gravis (MG) is a rare autoimmune disorder
associated with the failure of neuromuscular junction (NMJ)
transmission and is characterized by autoantibodies that target
specific proteins involved in NMJ signaling (1). The most
common autoantigen is the acetylcholine receptor; other
autoantigens involved in NMJ formation and maintenance
(e.g., MuSK [muscle-specific kinase] and LRP4 [low-density
lipoprotein receptor-related protein 4]) have been identified in
a subset of patients (1). In the United States (US), prevalence
is estimated at 14–20 per 100,000 population with ∼60,000
patients currently living with MG, though figures are likely
higher since MG is often underdiagnosed (2–4). While MG
presents with ocular symptoms in approximately two-thirds of
patients, symptoms remain isolated to the ocular area in only
15% of cases (referred to as ocular MG or oMG) (1). For
the remaining majority of patients, the disease progresses to
generalized MG (gMG), which may involve bulbar, limb, trunk,
and respiratory muscles (5). Exacerbation of gMG symptoms can
lead to a myasthenic crisis defined as respiratory failure requiring
mechanical ventilation, which occurs at least once in 15% to 20%
of patients with MG during their lifetime (6).

A systematic literature review of the economic burden of MG
in the US showed that healthcare resource utilization (HCRU)
associated with MG was particularly increased in patients with
treatment-refractory MG (defined as receiving multiple or a
complex regimen of MG therapies) and patients experiencing
crisis events (7–9). However, limited US-based evidence was
available for cost burden (10), and available studies were outdated
for providing reliable cost estimates—particularly, the cost
burden of gMG has not been clearly delineated from that of
oMG (11). With the objective of filling essential knowledge gaps,
we evaluated HCRU and costs associated with gMG (including
myasthenic crisis management) by designing a novel analysis
method validated by gMG experts based on data extracted from
a comprehensive US claims database. As a secondary objective,
we evaluated treatment patterns associated with subgroups of
patients with gMG.

MATERIALS AND METHODS

Expert Interviews
Five US-based neuromuscular specialists experienced in gMG
management were interviewed individually during 1-h sessions
on disease epidemiology, treatment patterns, and clinical practice

Abbreviations: AChE, acetylcholinesterase; COVID-19, coronavirus disease 2019;

CPI-U, Consumer Price Index for All Urban Consumers; CPT, Current Procedural

Terminology; ED, emergency department; GERD, gastroesophageal reflux disease;

gMG, generalized MG; HCRU, healthcare resource utilization; ICD, International

Classification of Diseases; ICU, intensive care unit; IDV R©, Integrated Dataverse R©;

IVIg, intravenous immunoglobulin; LOS, length of stay; LRP4, low-density

lipoprotein receptor-related protein 4; MG, myasthenia gravis; MG-ADL, MG

activities of daily living; MGFA, Myasthenia Gravis Foundation of America;

MuSK, muscle-specific kinase; NDC, National Drug Code; NMJ, neuromuscular

junction; NSIST, non-steroidal immunosuppressive treatment; oMG, ocular

MG; PIS, post-intervention status; PLEX, plasma exchange; SCIg, subcutaneous

immunoglobulin; SD, standard deviation; US, United States.

of gMG. All experts reviewed the initial approaches for
the cost analysis, provided input on the methodology, and
were engaged throughout the analysis for relevant feedback.
Further details on the interview structure can be found in the
Supplementary Methods.

Study Design and Data Source
This retrospective observational study was conducted using
Symphony Health’s (Blue Bell, PA, USA) Integrated Dataverse
(IDV R©) of pharmaceutical andmedical claims. The IDV R© claims
database links healthcare data of ∼280 million enrollees in
the US from pharmacy point-of-service sales, within-network
transactions, and additional direct prescriptions (including
medical and hospital claims data feeds). The robust database
captures a high proportion of prescription transactions across
the US and includes information from a range of payment
types including commercial insurance, Medicare, Medicaid, and
cash. At the authors’ request, Symphony Health (Blue Bell, PA,
USA) identified study patients spanning the period of January
1, 2014 to December 31, 2019, and relevant data were licensed
by authors through ZS Associates’ (Evanston, IL, USA) data
partnership agreement with Symphony Health (Blue Bell, PA,
USA). The de-identified claims data included details on patient
prescriptions and diagnoses as well as procedural, surgical,
and health service data, and the settings in which they were
administered. NDCs (National Drug Codes) and CPT R© (Current
Procedural Terminology R©) codes were used to identify therapies,
services, and procedures received by patients across outpatient,
inpatient, and other care settings from the extracted dataset. No
identifiable or protected health information was obtained for use
in this study.

Patient Selection
Inclusion Criteria
Adults (≥18 years of age) with claims including International
Classification of Diseases, Ninth or Tenth Editions (ICD-9 or
ICD-10) diagnostic codes associated with MG were included
in the initial screening (Supplementary Table 1). Patients with
≥2 such claims filed at least 1 month apart between January
1, 2014 and December 31, 2019 were selected to limit cases
involving misdiagnoses. Further, patients with MG diagnostic
claims filed only by ophthalmologic specialists (defined as
ophthalmologists, pediatric ophthalmologists, or optometrists)
were considered more likely to be diagnosed with oMG
instead of gMG and were excluded from the analysis. The
final study cohort included patients who had at least 1
claim filed between January 1, 2017 and December 31, 2018
(Supplementary Figure 1).

Subgroup Definitions
Detailed inclusion and exclusion criteria for each subgroup
are summarized in Supplementary Table 2. Of the final
study cohort, patients who were newly diagnosed during
the study period were distinguished from patients who
received their first diagnosis prior to the study period
according to claims data. Patients who fulfilled the criteria
for the exacerbation and crisis event subgroups were drawn
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from the final study cohort regardless of the time of their
first diagnosis. The crisis event subgroup was defined by
the presence of one or more intubation claims with an
associated inpatient stay and ICU (intensive care unit)
admission. The exacerbation event subgroup was defined
only by the presence of MG exacerbation ICD codes G70.01
(ICD-10) or 358.01 (ICD-9) with a concomitant absence
of intubation claims. Of note, reasons for the exacerbation
claim and the accuracy of coding practices was indiscernible
in the claims dataset (limitations are further addressed in
the Discussion).

Time Period Selection
Each patient was associated with a gMG index date defined
as the first occurrence of a diagnostic claim for MG filed by
a non-ophthalmologic specialist between January 1, 2017 and
December 31, 2018. Patients were considered newly diagnosed
(ND) if the index date was their first diagnosis of MG in
the available data, and previously diagnosed (PD) if their first
diagnosis of MG in the available data occurred before the index
date; the analysis period continued for 12 months following the
index dates.

For the exacerbation event subgroup, the exacerbation index
date was defined as the date of first acute exacerbation claim filed
between January 1, 2017 and December 31, 2018; the analysis
period continued for 12 months following the exacerbation
index date.

For the crisis event subgroup, the crisis index date was defined
as the date of first intubation claim filed between January 1, 2017
and December 31, 2018. The analysis period for the crisis event
subgroup spanned across three time periods: pre-crisis, during
the crisis, and post-crisis. The pre-crisis time period was defined
as up to 3 years preceding the crisis index date (with intervals
of 1 year). The crisis event start date was defined as the date of
intubation (crisis index date), and the end date was defined as
the last date of a continuous inpatient stay. The post-crisis time
period was defined as 12 months following the crisis index date;
thus, post-crisis time periods include the crisis event duration.

For each time period, continuous quarterly activity (defined as
≥1 claim filed per quarter) was assessed for missing data; patients
were included in the cost analysis if they had at least 1 claim
activity of any type (MG or non-MG) during each quarter within
the time period of interest. December 31, 2018 was chosen as the
end date for patient selection to allow a follow-up period of 12
months from diagnosis that ended before the beginning of the
COVID-19 (coronavirus disease 2019) pandemic.

Study Measures
Baseline Demographics
Baseline demographics at the index date were analyzed for
the final study cohort and subgroups. Parameters notated in
the claims data included age, gender, comorbidities, and health
insurance plan type at the index date. Mean± standard deviation
(SD) and median age were derived from patients’ year of birth.
Health insurance and plan type were defined as commercial,
Medicare, Medicaid, or other. The five most frequently occurring

comorbidities per ICD-10 diagnostic codes (excluding gMG-
related diagnostic codes) within patients’ claims were assessed.

Healthcare Resource Utilization
HCRU for medical services was evaluated using the place
of service and procedure codes listed for each claim in the
dataset. Visits were broadly classified into hospitalizations,
outpatient services (defined as hospital outpatient and clinic
visits), emergency department (ED) visits, office visits, and other
services. Hospitalizations were defined as the continuous stay
of a patient in a hospital/inpatient setting (identified on basis
of place of service in the data), and mean hospitalizations per
patient were calculated using distinct instances per patient for
continuous inpatient stays. Outpatient, office, and other visits
were determined using the unique number of corresponding
claims and calculating mean visits per patient for each category.
Mean ED visits per patient were identified using claims with
procedure code descriptions for ED, critical care, hospital
observation, and emergency service settings.

Treatment Pattern Analysis
Claims including treatment with intravenous immunoglobulin
(IVIg) or subcutaneous immunoglobulin (SCIg), rituximab,
eculizumab, plasma exchange (PLEX), acetylcholinesterase
(AChE) inhibitors, non-steroidal immunosuppressive treatments
(NSISTs), or corticosteroids were considered gMG-related
treatments and included in treatment pattern analyses. NSISTs
included azathioprine, cyclophosphamide, cyclosporine,
methotrexate, mycophenolate, and tacrolimus.

Cost Analysis
Estimated paid amounts were derived from charged amounts
for medical procedures provided in the IDV R© dataset. Mean
and total costs were evaluated for a 12-month period at the
patient level from the payer perspective, and subset analyses were
performed by separating total costs intomedical service costs and
pharmacy costs as detailed in the Supplementary Methods.

Direct costs for gMG treatments were estimated based on costs
incurred for the following gMG-relevant therapies: standard-of-
care therapies (AChE inhibitors, NSISTs, and corticosteroids)
and add-on therapies (IVIg or SCIg, rituximab, eculizumab,
or PLEX).

For the ND, PD, and exacerbation event subgroups, mean,
total, medical, and pharmacy costs were estimated across the
outpatient, inpatient, clinic, office, and other/unknown settings
12 months after the index date. For the crisis event subgroup,
mean, total, medical, and pharmacy costs were analyzed annually
for up to 3 years before the crisis event index date, during
the crisis event, and 12 months following the crisis index
date. All costs were standardized to 2018 US dollars using
the CPI-U (Consumer Price Index for All Urban Consumers)
provided by the US Bureau of Labor Statistics (https://data.
bls.gov/timeseries/CUUR0000SAM?output_view=data). Further
details on cost estimation methods are available in the
Supplementary Methods.
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TABLE 1 | Baseline patient demographic and clinical characteristics at index date.

Baseline characteristics Total (N =

41,940)

ND (n = 12,822) PD (n = 29,118) Exacerbation

event (n = 4,355)

Crisis event (n =

206)

Age, years

Mean (SD) 64.78 (13.43) 65.46 (12.89) 64.48 (13.66) 65.57 (12.89) 63.70 (14.89)

Median (IQR) 69 (58–77) 69 (59–77) 69 (57–77) 69 (59–77) 68 (56–76)

Gender, n (%)*

Male 20,116 (47.96) 6,325 (49.33) 13,791 (47.37) 2,047 (47.00) 95 (46.12)

Female 21,823 (52.04) 6,496 (51.66) 15,327 (52.63) 2,308 (53.00) 111 (53.88)

Unknown 1 (0) 1 (0.01) 0 (0) 0 (0) 0 (0)

Mean age by gender, years (SD)*

Male 68.07 (10.82) 68.20 (10.37) 68.00 (11.02) 68.62 (10.07) 68.58 (9.71)

Female 61.75 (14.83) 62.79 (14.45) 61.31 (14.97) 62.87 (14.43) 59.52 (17.13)

Health insurance type, n (%)†

Commercial 33,912 (80.86) 10,419 (81.26) 23,493 (80.68) 3,641 (83.60) 188 (91.26)

Medicare 23,975 (57.16) 7,365 (57.44) 16,610 (57.04) 2,645 (60.70) 133 (64.56)

Medicaid 4,361 (10.40) 1,240 (9.67) 3,121 (10.72) 489 (11.20) 39 (18.93)

Other‡ 3,797 (9.05) 1,208 (9.42) 2,589 (8.89) 456 (10.50) 31 (15.05)

Pharmacy insurance type, n (%)†

Commercial 18,823 (44.88) 5,791 (45.16) 13,032 (44.76) 1,953 (44.80) 90 (43.69)

Medicare 20,282 (48.36) 6,301 (49.14) 13,981 (48.01) 2,230 (51.20) 107 (51.94)

Medicaid 5,103 (12.17) 1,527 (11.91) 3,576 (12.28) 570 (13.10) 36 (17.48)

Other‡ 12,909 (30.78) 4,263 (33.25) 8,646 (29.69) 1,563 (35.90) 82 (39.81)

Top five comorbidities (ICD-10 code), n (%)§

Essential hypertension (I10) 22,928 (54.67) 7,242 (56.48) 15,686 (53.87) 2,590 (59.47) 173 (83.98)

Hyperlipidemia, unspecified (E78.5) 12,415 (29.60) 4,006 (31.24) 8,409 (28.88) 1,416 (32.51) 91 (44.17)

Type 2 DM without complications (E11.9) 10,287 (24.53) 3,176 (24.77) 7,111 (24.42) 1,275 (29.28) 97 (47.09)

GERD without esophagitis (K21.9) 8,829 (21.05) 2,828 (22.06) 6,001 (20.61) 1,041 (23.90) 79 (38.35)

Hypothyroidism, unspecified (E03.9) 7,829 (18.67) 2,482 (19.36) 5,347 (18.36) 933 (21.42) 42 (20.39)

DM, diabetes mellitus; GERD, gastroesophageal reflux disease; ICD, International Classification of Diseases; IQR, interquartile range; ND, newly diagnosed; PD, previously diagnosed;

SD, standard deviation.

*Claims data denote gender, as opposed to sex. †Percentages may exceed 100% as some patients were covered under more than one plan type. ‡Other includes cash, government,

pharmacy benefit managers, and unknown. §Percentages may exceed 100% due to a subset of patients having multiple comorbidities.

Statistical Analysis
For baseline patient demographic and clinical characteristics
in the overall cohort and patient subgroups, continuous
variables were summarized using mean and SD, while binary
and categorical variables, such as gender, insurance type,
comorbidities, patients with ≥1 filed claim, and treatment
patterns were described using frequencies and percentages.
HCRU and costs were calculated as standardized mean
(total HCRU or costs divided by number of patients in
the cohort).

For comparisons, two sample t-tests were used to assess
statistically significant differences in mean age between male and
female patients. HCRU related to percentage of patients with
≥1 filed claim and treatment patterns in ND and PD patient
subgroups were compared using Chi-squared tests. As data were
not normally distributed, HCRU related to hospital visits and
length of stay (LOS) in ND and PD subgroups were compared
using Wilcoxon rank sum tests. For comparisons between time
periods within the crisis event subgroup, McNemar tests and
Wilcoxon signed-rank tests were used to account for dependency
of data within the same individuals.

Analyses were conducted using R 4.0.4 (R Foundation
for Statistical Computing, Auckland, New Zealand), and
statistical significance was assessed at the 0.05 level.
Detailed statistical analysis results are reported in the
Supplementary Tables 2, 3, 5, 8, and 9.

RESULTS

Study Cohort
Of patients with claims including MG diagnostic codes between
January 1, 2014 and December 31, 2019 identified in the
dataset, 66,119 patients who fulfilled the study inclusion criteria
and had at least 1 claim filed between January 1, 2017
and December 31, 2018 were further screened. From this
cohort, 1,560 patients whose claims were associated with only
ophthalmologic specialists were excluded from further analysis.
Of the 41,490 total patients with continuous quarterly claims
activity included in the final study cohort, 12,822 patients were
identified as ND and 29,118 patients were identified as PD with
gMG prior to the study period. Regardless of the time of first
diagnosis, 4,355 patients fulfilled criteria for the exacerbation
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TABLE 2 | Standardized healthcare resource utilization in ND, PD, and exacerbation event subgroups over 12 months.

Healthcare resource unit ND (n = 12,822) PD (n = 29,118) Exacerbation event (n =

4,355)

Hospitalizations

Patients with ≥1 filed claim, n (%) 3,032 (23.64) 5,472 (18.79) 1,569 (36.02)

12-month hospitalizations, standardized mean 0.46 0.34 0.72

LOS (days), standardized mean 1.39 0.99 2.04

ED visits

Patients with ≥1 filed claim, n (%) 4,023 (31.37) 8,415 (28.90) 1,661 (38.41)

12-month ED visits, standardized mean 1 0.88 1.24

Outpatient visits

Patients with ≥1 filed claim, n (%) 9,465 (73.81) 20,707 (71.11) 3,250 (74.62)

12-month outpatient visits, standardized mean 7.33 6.92 8.76

Office visits

Patients with ≥1 filed claim, n (%) 10,751 (83.84) 24,110 (82.80) 3,576 (82.11)

12-month office visits, standardized mean 8.76 7.98 9.49

Other visits*

Patients with ≥1 filed claim, n (%) 6,224 (48.54) 14,114 (48.47) 2,516 (57.77)

12-month office visits, standardized mean 4.25 4.57 6.59

ED, emergency department; LOS, length of stay; ND, newly diagnosed; PD, previously diagnosed.

*Other visits included care provided in settings that did not fall within other defined categories such as independent laboratories, home health agencies, and hospices.

event subgroup and 206 patients for the crisis event subgroup
(Supplementary Figure 1).

Baseline Demographics
Table 1 summarizes baseline demographics of the final study
cohort and subgroups at the index date. Mean (SD) age of the
total study cohort was 64.78 (13.43) years (median [interquartile
range]: 69 [58–77] years). Mean age of female patients (61.75
years) was significantly lower than that of male patients (68.07
years; p < 0.001), suggesting female patients were diagnosed at a
younger age.

Commercial plans and Medicare were the most common
health insurance types observed among the total study cohort,
while pharmacy insurance was spread between commercial
plans, Medicare, and other sources. Medicaid was less
utilized among the study cohort across both health and
pharmacy insurance plans compared with Medicare and
commercial plans.

The most frequent comorbidity identified was essential
hypertension followed by hyperlipidemia, type 2 diabetes
mellitus, gastroesophageal reflux disease (GERD), and
hypothyroidism (Table 1; Supplementary Table 3). While
the prevalence of hypertension (12), diabetes (13), and GERD
(14) within the study cohort were largely consistent with age-
matched national reporting, the occurrence of hyperlipidemia
(15) and hypothyroidism (16) trended higher in the study cohort
compared with data based on a general population. Notably, all 5
of the most frequent comorbidities were overrepresented among
patients in the crisis event subgroup compared with the total
study cohort.

Healthcare Resource Utilization
Compared with PD patients, ND patients had significantly higher
HCRU with greater mean hospitalizations, longer mean LOS,
and increased mean ED, outpatient, and office visits over 12
months (p < 0.001) (Table 2). A large proportion of ND patients
with hospitalizations was observed in the first quarter of the
year following the index date, which then stabilized over the
remaining quarters (Supplementary Table 4).

HCRU was further increased for patients who experienced
exacerbation events, withmarkedly higher values observed across
hospitalizations, LOS, ED, outpatient, and office visits compared
with the larger ND or PD cohorts (p < 0.001) (Table 2). For
patients who experienced crisis events, HCRU during the 36–25
months and 24–13 months leading up to the crisis index date was
comparable to or lower than that observed in the larger ND or
PD cohorts; however, a dramatic increase in HCRUwas observed
during the 12 months immediately preceding the crisis event
(p < 0.001) (Table 3). During this time period, more than a 2-
fold increase in mean hospitalizations, LOS, and ED visits was
observed compared with the two preceding years. As expected,
mean LOS and ED visits markedly increased during crisis events.
In the 12-month period following the crisis index date (which
included the crisis event duration), mean hospitalizations, LOS,
and ED visits increased 2- to 3-fold further when compared with
the 12-month period preceding the crisis event (p < 0.001).

Treatment Pattern Analysis
Treatment patterns between ND and PD patients were similar,
with the most frequently used medications being AChE
inhibitors, corticosteroids, and NSISTs (Table 4). While patients
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TABLE 3 | Standardized healthcare resource utilization in the crisis event subgroup.

Healthcare resource unit Pre-crisis (n = 206) Crisis event* (n

= 206)

Post-crisis† (n =

206)

36–25 months 24–13 months 12–0 months 0–12 months

Hospitalizations

Patients with ≥1 filed claim, n (%) 47 (22.81) 52 (25.24) 125 (60.68) 206 (100) 206 (100)

12-month hospitalizations, standardized mean 0.46 0.50 1.35 1.00 2.78

LOS (days), standardized mean 1.27 1.47 3.60 15.38 10.14

ED visits

Patients with ≥1 filed claim, n (%) 62 (30.09) 74 (35.92) 133 (64.56) 205 (99.51) 206 (100)

12-month ED visits, standardized mean 1.24 1.34 3.01 5.65 8.78

Outpatient visits

Patients with ≥1 filed claim, n (%) 141 (68.44) 142 (68.93) 169 (82.03) 104§ (50.48) 184 (89.32)

12-month outpatient visits, standardized mean 7.00 7.43 11.34 1.26 16.32

Office visits

Patients with ≥1 filed claim, n (%) 156 (75.72) 150 (72.81) 171 (83.00) 12 (5.83) 169 (82.03)

12-month office visits, standardized mean 6.31 6.40 9.31 0.10 10.00

Other visits‡

Patients with ≥1 filed claim, n (%) 101 (49.02) 101 (49.02) 133 (64.56) 66 (32.03) 172 (83.49)

12-month office visits, standardized mean 4.02 4.60 6.47 0.66 15.33

ED, emergency department; LOS, length of stay.
*Crisis event HCRU was evaluated during hospital stay. †Post-crisis period included the crisis duration. ‡Other visits included care provided in settings that did not fall within other

defined categories such as independent laboratories, home health agencies, and hospices. §Since visits were calculated based on respective claims, outpatient/office claims present

in the data appear proportionately lower during crisis duration.

TABLE 4 | Patient distribution within each drug class for ND, PD, and

exacerbation event subgroups.

Therapeutic class, n (%) ND (n =

12,822)

PD (n =

29,118)

Exacerbation

event (n = 4,355)

IVIg + SCIg 1,016 (7.9) 2,387 (8.1) 755 (17.3)

Rituximab 99 (0.7) 348 (1.1) 66 (1.5)

Eculizumab 89 (0.6) 58 (0.1) 53 (1.2)

PLEX 354 (2.7) 695 (2.3) 286 (6.5)

AChE inhibitors 6,546 (51.1) 13,394 (45.9) 2,391 (54.9)

NSISTs* 3,053 (23.8) 8,222 (28.2) 1,477 (33.9)

Corticosteroids 5,986 (46.6) 12,293 (42.2) 2,344 (53.8)

AChE, acetylcholinesterase; IVIg, intravenous immunoglobulin; ND, newly diagnosed;

NSIST, non-steroidal immunosuppressive treatment; PD, previously diagnosed; PLEX,

plasma exchange; SCIg, subcutaneous immunoglobulin.

*NSISTs included azathioprine, cyclophosphamide, cyclosporine, methotrexate,

mycophenolate, and tacrolimus.

who experienced exacerbation events used similar standard-of-
care therapies, more than double the proportion of patients
in the exacerbation event subgroup reported use of rescue
or add-on therapies including IVIg or SCIg (17.3%), PLEX
(6.5%), and eculizumab (1.2%) compared with the ND and
PD cohorts.

Treatment patterns during pre-crisis, crisis, and post-crisis
periods were analyzed for patients in the crisis event subgroup
(Table 5). Consistent with the HCRU increases observed, the
proportion of patients receiving AChE inhibitors, corticosteroids,

NSISTs, and PLEX significantly increased (p < 0.01) in the 12-
month period immediately before the crisis event compared with
the 2 preceding years, and were maintained or further increased
during the 12 months following the crisis index date. Though
eculizumab was not used by any patient in this subgroup during
the 3 years preceding the crisis event, 2.4% of patients were
prescribed eculizumab during the 12 months following the crisis
index date. IVIg and SCIg use increased over the 3 years leading
to the crisis event (4.4% to 7.8% to 8.7%) with a significant
increase observed between the 12 months before and after the
crisis index date (14.5%; p < 0.05).

Cost Analysis
Here, we report standardized mean payer-relevant costs; actual
average costs per patient at an individual level are reported in
Supplementary Tables 5–8.

ND, PD, and Exacerbation Event Subgroups
ND patients incurred higher mean all-cause costs compared with
PD patients ($26,419.20, ND; $24,941.47, PD) (Table 6) (median
costs: $7,300.27, ND; $6,681.28, PD; p < 0.001). Mean direct
costs for gMG treatments were similarly higher for ND patients
($9,890.37) compared with PD patients ($9,186.47). As expected,
patients in the exacerbation event subgroup incurred higher all-
cause costs ($43,734.15) and direct costs for gMG treatments
($21,550.02) compared with the overall ND and PD cohorts.

For drug costs (Table 7), IVIg and SCIg costs represented
52.8% of total direct costs for gMG treatments for ND patients
($5,223.70 of $9,890.37) and 73.4% for PD patients ($6,743.17 of
$9,186.47) despite only a small proportion of patients (7.9% of
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TABLE 5 | Patient distribution within each drug class for the crisis event subgroup.

Therapeutic class, n (%) Pre-crisis (n = 206) Crisis event* (n

= 206)

Post-crisis (n =

206)

36–25 months 24–13 months 12–0 months 0–12 months

IVIg + SCIg 9 (4.4) 16 (7.8) 18 (8.7) 2 (1.0) 30 (14.5)

Rituximab 2 (1.0) 4 (1.9) 2 (1.0) 0 (0) 8 (3.9)

Eculizumab 0 (0) 0 (0) 0 (0) 0 (0) 5 (2.4)

PLEX 9 (4.4) 5 (2.4) 13 (6.3) 37 (17.9) 53 (25.7)

AChE inhibitors 67 (32.5) 73 (35.4) 111 (53.8) 19 (9.2) 117 (56.7)

NSISTs† 43 (20.9) 39 (18.9) 53 (25.7) 6 (2.9) 82 (39.8)

Corticosteroids 77 (37.4) 88 (42.7) 110 (53.4) 30 (14.6) 120 (58.3)

AChE, acetylcholinesterase; IVIg, intravenous immunoglobulin; NSIST, non-steroidal immunosuppressive treatment; PLEX, plasma exchange; SCIg, subcutaneous immunoglobulin.

*Most costs and drug utilization information during a crisis event were captured from inpatient claims. These inpatient costs are not directly attributable to gMG-specific therapies; hence,

overall utilization numbers are underreported (nearly to 45%). †NSISTs included azathioprine, cyclophosphamide, cyclosporine, methotrexate, mycophenolate, and tacrolimus.

TABLE 6 | Standardized mean 12-month payer-relevant medical and pharmacy

service costs per patient in ND, PD, and exacerbation event subgroups.

Type of costs (USD) ND (n =

12,822)

PD (n =

29,118)

Exacerbation

event (n =

4,355)

Mx estimated paid amount

All-cause costs 21,785.29 20,062.10 37,724.34

Direct costs for gMG treatments* 8,627.10 7,579.34 19,320.15

Unspecified gMG costs 7,676.81 7,788.92 12,123.51

Rx paid amount

All-cause costs 4,633.91 4,879.36 6,009.82

Direct costs for gMG treatments* 1,263.27 1,607.14 2,229.87

Unspecified gMG costs NA NA NA

Total paid amount

All-cause costs 26,419.20 24,941.47 43,734.15

Direct costs for gMG treatments* 9,890.37 9,186.47 21,550.02

Unspecified gMG costs 7,676.81 7,788.92 12,123.51

gMG, generalized myasthenia gravis; Mx, medical services; NA, not applicable; ND, newly

diagnosed; PD, previously diagnosed; Rx, pharmacy; USD, United States dollar.

*Direct costs for gMG treatments were calculated based on therapies relevant

to gMG only. These were defined as intravenous immunoglobulin (IVIg) or

subcutaneous immunoglobulin (SCIg), rituximab, eculizumab, plasma exchange

(PLEX), acetylcholinesterase (AChE) inhibitors, non-steroidal immunosuppressive

treatments (NSISTs), or corticosteroids.

ND and 8.1% of PD) receiving IVIg or SCIg treatment (Table 4).
IVIg and SCIg costs also comprised the highest proportion of
drug costs for the exacerbation event subgroup despite only
17.3% of patients in the subgroup being prescribed IVIg or
SCIg. Eculizumab incurred the second highest costs among drug
classes for both the ND patient cohort and the exacerbation event
subgroup, but not for the PD patient cohort.

Crisis Event Subgroup
For the crisis event subgroup, all-cause costs were significantly
higher during the 12 months immediately preceding a crisis
event ($49,236.68) compared with 24–13 months ($24,354.37)
prior to the crisis event (p < 0.001) (Table 8). All-cause costs

TABLE 7 | Standardized mean 12-month payer-relevant drug costs per patient in

ND, PD, and exacerbation event subgroups.

Type of costs (USD) ND (n =

12,822)

PD (n =

29,118)

Exacerbation

event (n =

4,355)

Mx estimated paid amount

IVIg or SCIg 4,954.15 6,299.06 12,757.53

Rituximab 312.59 514.66 894.45

Eculizumab 3,203.47 535.38 5,263.24

PLEX 150.78 220.60 396.59

AChE inhibitors 2.23 0.43 0.55

NSISTs* 2.45 7.57 3.39

Corticosteroids 1.44 1.63 4.42

Rx paid amount

IVIg or SCIg 269.55 444.11 723.43

Rituximab 7.02 10.90 6.24

Eculizumab 133.99 83.77 361.49

PLEX - 0.02 -

AChE inhibitors 570.00 700.03 749.95

NSISTs* 246.73 337.65 347.79

Corticosteroids 35.97 30.66 40.98

Total paid amount

IVIg or SCIg 5,223.70 6,743.17 13,480.95

Rituximab 319.61 525.55 900.68

Eculizumab 3,337.46 619.16 5,624.73

PLEX 150.78 220.62 396.59

AChE inhibitors 572.23 700.47 750.50

NSISTs* 249.18 345.22 351.18

Corticosteroids 37.41 32.29 45.40

AChE, acetylcholinesterase; IVIg, intravenous immunoglobulin; Mx, medical services;

ND, newly diagnosed; NSIST, non-steroidal immunosuppressive treatment; PD,

previously diagnosed; PLEX, plasma exchange; Rx, pharmacy; SCIg, subcutaneous

immunoglobulin; USD, United States dollar.

*NSISTs included azathioprine, cyclophosphamide, cyclosporine, methotrexate,

mycophenolate, and tacrolimus.

further increasedmore than 3-fold in the 12months following the
crisis index date ($173,956.99 [period included the crisis event
duration]; p < 0.001). Direct costs for gMG treatments varied
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TABLE 8 | Standardized mean 12-month payer-relevant medical and pharmacy service costs per patient in the crisis event subgroup.

Type of costs (USD) Pre-crisis (n = 206) Crisis event* (n

= 206)

Post-crisis† (n =

206)

36–25 months 24–13 months 12–0 months 0–12 months

Mx estimated paid amount

All-cause costs 15,217.29 18,710.30 44,356.68 92,586.90 168,766.58

Direct costs for gMG treatments‡ 2,604.48 6,013.05 5,141.30 353.69 23,569.42

Unspecified gMG costs 7,686.42 7,876.30 29,470.02 86,088.68 127,362.95

Rx paid amount

All-cause costs 5,617.30 5,644.07 4,880.00 91.13 5,190.41

Direct costs for gMG treatments‡ 2,717.65 2,554.05 1,908.58 21.15 1,505.87

Unspecified gMG costs NA NA NA NA NA

Total paid amount

All-cause costs 20,834.59 24,354.37 49,236.68 92,678.02 173,956.99

Direct costs for gMG treatments‡ 5,322.13 8,567.10 7,049.88 374.84 25,075.29

Unspecified gMG costs 7,686.42 7,876.30 29,470.02 86,088.68 127,362.95

gMG, generalized myasthenia gravis; Mx, medical services; NA, not applicable; Rx, pharmacy; USD, United States dollar.

*Crisis event costs were evaluated during hospital stay. As hospital expenses were coded under diagnosis-related groups (DRGs), costs may show as bundled in claims data, limiting

distinct identification of individual cost items during crisis hospitalization episodes. †Post-crisis period included the crisis duration. ‡Direct costs for gMG treatments were calculated

based on therapies relevant to gMG only. These were defined as intravenous immunoglobulin (IVIg) or subcutaneous immunoglobulin (SCIg), rituximab, eculizumab, plasma exchange

(PLEX), acetylcholinesterase (AChE) inhibitors, non-steroidal immunosuppressive treatments (NSISTs), or corticosteroids.

across the time periods but were highest during the 12 months
following the crisis index date. Unspecified gMG costs also rose
significantly during the 12 months preceding the crisis event and
continued to increase in the 12 months following the crisis index
date (p < 0.001). Notably, unspecified gMG costs comprised a
higher proportion of all-cause costs at most time points for the
crisis event subgroup compared with ND, PD, or exacerbation
event subgroups.

Similar to the ND, PD, and exacerbation event subgroups,
the majority of drug costs for patients in the crisis event
subgroup were attributed to IVIg or SCIg during all time
periods analyzed, with a significant and marked increase in cost
observed between the 12 months preceding crisis ($4,499.59)
and the post-crisis period, which included the crisis duration
($12,488.30; p < 0.001) (Table 9). During the post-crisis period,
eculizumab costs comprised the second highest proportion of
drug costs despite being prescribed to only 2.4% of patients
in this subgroup (Table 5). Costs incurred for all gMG-related
treatment classes examined in this study were higher in the
post-crisis time period compared with 36–25 months prior to a
crisis event.

DISCUSSION

The present analysis of HCRU and costs associated with gMG
in the US was informed through a robust algorithm validated
by clinical experts to capture patients living with gMG within
national claims data from Symphony Health’s IDV R© dataset.
Although gMG has been associated with a substantial clinical and
economic burden, few studies have highlighted the magnitude
of this burden in the US (11, 17–23) despite having the highest
direct medical cost of MG out of 8 countries with available data
(10). A need for additional and updated studies—particularly

focusing on patients’ clinical characteristics—was reported in
a recent systematic literature review (10). To address these
knowledge gaps, in addition to evaluating HCRU, treatment
patterns, and costs in patients with gMG who were ND, PD, and
who experienced exacerbation events, we expanded our analysis
for patients who experienced myasthenic crisis events to include
3 years leading up to the crisis event, during the crisis event, and
1 year following the crisis event.

Though values are not directly comparable due to differences
in databases used, time periods analyzed, and cost estimation
methodologies, mean per-patient annual direct medical costs for
our larger study population ($26,419.20 for ND; $29,941.47 for
PD) were in a consistent range with a previous US-based burden
of illness report for MG ($28,780) (10, 11). Other past analyses
using claims data from Symphony Health’s IDV R© dataset may
aid in further contextualizing our findings in gMG. Mean 1-year
per-patient all-cause costs from IDV R© in 10,140 patients with
epilepsy without tuberculosis sclerosis complex was reported to
be $56,397 (24), while total cost over 5 years was reported at
$47,464 (average of $9492.80 per year) for 15,599 patients with
rheumatoid arthritis who used oral methotrexate only (25). For
7043 patients with chronic obstructive pulmonary disease, 1-
year all-cause costs from IDV R© were reported at $19,690.40 (26).
Though direct comparisons cannot be made due to non-trivial
differences in cost estimation algorithms (i.e., charged vs. paid
amounts), it is apparent that costs for gMG lie in the higher range
within these relatively age-matched chronic conditions, with
exacerbations and crisis events causing costs to rise even further.
Of note, previous reporting that the cost of MG management
comprised 78% of total direct medical costs when compared with
a matched non-MG control group suggests that the majority of
healthcare expenses observed in our study can be attributed to
gMGmanagement (17).
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TABLE 9 | Standardized mean 12-month payer-relevant drug costs per patient in the crisis event subgroup.

Type of costs (USD) Pre-crisis (n = 206) Crisis event* (n

= 206)

Post-crisis† (n =

206)

36–25 months 24–13 months 12–0 months 0–12 months

Mx estimated paid amount

IVIg or SCIg 1,721.95 4,912.84 3,808.33 206.23 12,488.30

Rituximab 260.30 416.47 130.15 - 1,688.72

Eculizumab - - - - 6,948.66

PLEX 604.88 681.58 1,200.74 147.41 2,411.94

AChE inhibitors 0.07 0.04 0.23 - 0.11

NSISTs‡ 15.27 0.13 1.04 - 23.83

Corticosteroids 2.02 1.99 0.82 0.05 7.87

Rx paid amount

IVIg or SCIg 1,972.99 1,441.13 691.26 - -

Rituximab - 137.44 198.95 - -

Eculizumab - - - - -

PLEX - - - - -

AChE inhibitors 585.33 812.45 844.40 14.05 884.19

NSISTs‡ 137.50 139.58 152.59 5.89 570.36

Corticosteroids 21.83 23.45 21.37 1.21 51.32

Total paid amount

IVIg or SCIg 3,694.94 6,353.96 4,499.59 206.23 12,488.30

Rituximab 260.30 553.91 329.10 - 1,688.72

Eculizumab - - - - 6,948.66

PLEX 604.88 681.58 1,200.74 147.41 2,411.94

AChE inhibitors 585.40 812.49 844.63 14.05 884.30

NSISTs‡ 152.77 139.71 153.63 5.89 594.19

Corticosteroids 23.85 25.44 22.19 1.26 59.18

AChE, acetylcholinesterase; IVIg, intravenous immunoglobulin; Mx, medical services; NSIST, non-steroidal immunosuppressive treatment; PLEX, plasma exchange; Rx, pharmacy; SCIg,

subcutaneous immunoglobulin; USD, United States dollar.

*Crisis event costs were evaluated during hospital stay. As hospital expenses were coded under diagnosis-related groups (DRGs), costs may show as bundled in claims data, limiting

distinct identification of individual cost items during crisis hospitalization episodes. †Post-crisis period included the crisis duration. ‡NSISTs included azathioprine, cyclophosphamide,

cyclosporine, methotrexate, mycophenolate, and tacrolimus.

During interviews, clinical experts estimated the prevalence
of gMG to be higher than that found in the literature and
claimed that almost all patients require therapy at some point.
They predicted that differential diagnoses, diagnostic delays, and
the complexity of treatment decisions for ND gMG might lead
to increased intervention and thus, increased healthcare costs
when compared with PD gMG. Consistent with this, our results
demonstrated higher 12-month HCRU (Table 2) and costs
(Table 6) associated with ND gMG compared with PD gMG.
Increased HCRU was impacted by greater mean hospitalizations,
longer LOS, and greater mean ED visits, and increased costs
were largely attributed to medical and pharmacy service costs.
The pronounced proportion of ND patients with high HCRU
associated with the time of new diagnosis suggests that previously
undiagnosed patients may present with more severe symptoms
or complications that require more intense clinical attention
compared with PD patients.

A granular analysis of patients who experienced myasthenic
crisis events yielded intriguing results. During the 36–25 months
and 24–13 months preceding the crisis index date, HCRU

and costs incurred were comparable to, or even lower than,
corresponding results for ND and PD patient cohorts. However,
a dramatic increase in HCRU and costs was observed during
the year immediately preceding the crisis event, which further
increased during the year following the crisis index date (which
included crisis duration). Increased usage of rescue treatments
including IVIg or SCIg, PLEX, eculizumab, and rituximab during
these time periods contributed most to the increased costs
(Table 9). These data suggest that myasthenic crisis events,
which are key drivers of HCRU and cost for patients living
with gMG, may be predictable and preventable; additional
investigation around possible windows of opportunity and
appropriate interventions are warranted.

Consistent with recommended treatment patterns in the
literature (27), most patients in the study were observed to
be undergoing treatment with AChE inhibitors, corticosteroids,
and/or NSISTs (Table 4). Increased usage of monoclonal
antibodies (eculizumab and rituximab), recommended for
patients with severe symptoms with insufficient response to
standard treatment (28), was observed in the exacerbation and
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crisis event subgroups. Across all subgroups, costs for IVIg or
SCIg treatment accounted for the greatest proportion of total
drug costs (Tables 7, 9), despite a small subset of patients utilizing
them (Tables 4, 5). Our results are consistent with a previous
study reporting that IVIg accounted for 85% of MG-related
pharmacy costs despite being used by 12% of patients with MG
(11). Of note, the present study did not differentiate between
rescue and maintenance IVIg treatment, and associated cost
differences have not been investigated. Further, our study did
not address the treatment-refractory patient subgroup as other
recent studies have focused on examining their burden in detail
(7–9, 29, 30).

A major limitation in the present study pertains to defining
exacerbation events. Using solely ICD diagnostic codes as a
proxy for gMG exacerbations can involve considerable caveats,
as misuse or misclassification of diagnostic codes can occur;
ICD codes for MG with or without acute exacerbation may
be used interchangeably by mistake, and their usage may
not totally reflect MG status. This is an inherent limitation
associated with analysis of any administrative health claims data
without a link to extensive medical records. Additionally, the
occurrence of exacerbations can be subjective depending on
the individual patient’s history, rate of disease progression, and
bulbar involvement, and etiologies associated with exacerbation
claims were not available in the data. Considering these factors,
it should be noted that this subgroup may not capture those
with true exacerbations to the full extent. Nevertheless, we found
that this subgroup, which included a considerable proportion of
patients, had higher HCRU and costs compared with the ND and
PD patient cohorts. Despite the limitations, higher usage of later-
line treatments (e.g., IVIg, SCIg, and PLEX) suggests this distinct
subgroup of patients had a clearly more severe disease profile
requiring greater clinical intervention compared with the overall
population of patients with gMG.

Some other limitations in our study should be noted. First,
the mean age range of the study population is higher compared
with some previous studies (11, 21). Though the number of
late-onset MG diagnoses are rapidly increasing (18, 27, 28), this
alone cannot account for the gap. We confirmed that while
our initial cohort had a mean age more aligned to a previous
insurance database study (11), the mean age increased as each
of the following study inclusion criteria were applied: (1) having
at least 2MG claims at least 30 days apart, (2) adults aged
≥18 years, (3) index date between 2017 and 2018, and (4)
continuous quarterly claims activity. While we recognize that
these criteria led to the enrichment of older patients who may
seek increased medical care while excluding a proportion of
younger and healthier patients, they were critical to ensure
a robust analysis and to maintain consistency with standard
practice for longitudinal analyses of open claims data. Next,
the present study could not account for key socioeconomic
and demographic factors unavailable in the dataset (including
race and ethnicity) that are additional underlying drivers of
resource use and costs. Critical factors pertaining to disease
severity, including MG activities of daily living (MG-ADL), the
Myasthenia Gravis Foundation of America (MGFA) class, and
MGFA post-intervention status (PIS) are also not available in

claims data and must be investigated through other databases.
However, some additional patient subgroup stratifications that
are feasible using available data in claims (including age, gender,
key comorbidities, and geographic location) are currently being
analyzed in a separate ongoing follow-up study to address further
knowledge gaps pertaining to the burden of gMG in various
patient subpopulations.

Further, claims are subject to inconsistencies in diagnostic
and procedural coding practices; although the inclusion and
exclusion criteria sought to limit cases involving misdiagnoses
(e.g., chronic fatigue syndrome or fibromyalgia), they did not
account for patients with gMG who had not received a diagnosis
within the time periods of interest. Any change in the patients’
point-of-care location or benefits enrollment during a quarter
with claims activity, as well as any services provided outside of
the Symphony Health (Blue Bell, PA, USA) provider network,
may have led to missed events. Next, though our analysis took
multiple measures to exclude patients with oMG with added
considerations for disease progression from oMG to gMG,
separate diagnostic codes between oMG and gMG are necessary
to establish further targeted insights. Additionally, the IDV R©

dataset was provider-based (rather than insurance-based) with
records unavailable for patient eligibility. Medical expenditures
were reported as charged amounts, which are different from
actual paid amounts. To address these limitations in the
dataset, expert guidance was incorporated into our unique cost
estimation algorithms elaborated in Supplementary Methods.
Lastly, our definition for direct costs for gMG treatments did
not capture costs associated with HCRU, other medical services,
or the management of comorbidities. Further comparison of
patients with gMG against a claims-based non-gMG population
will lend insights into the incremental costs and HCRU of gMG
management relative to a general population.

In the present study of patients living with gMG, we
observed that ND patients had a higher HCRU and cost burden
compared with PD patients, which could be attributed to severe
and/or progressed disease symptoms requiring robust treatment,
or confounding symptoms leading to differential diagnoses,
diagnostic delays, and the complexity of treatment decisions.
Additional research is required to better understand the potential
drivers of increased HCRU and costs of exacerbation and
crisis events by delineating socioeconomic factors and intensity
of interventions. Furthermore, real-world reimbursement data
should be utilized to validate our novel algorithm. To lower
costs and improve outcomes for patients with gMG, providers
can monitor and identify risk factors for crisis events to achieve
prevention or timely intervention. Importantly, there is a need to
reduce IVIg and SCIg costs which account for a major portion
of cost to payers, and preventive treatment options that could
minimize the risk of crisis events should be made available to
relieve the cost burden of patients with gMG in the US.
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Objective: Despite the high efficiency of glucocorticoids (GCs), ∼18–34% patients with

myasthenia gravis (MG) may experience relapses of the disease. Here, we aim to identify

clinical factors related to relapses during steroid tapering or after withdrawal in MG

patients who were well-managed on steroid monotherapy.

Methods: We conducted a retrospective study on 125MG patients from the Xuanwu

Hospital MG Trial Database. Patients were treated with corticosteroids and achieved

minimal manifestation status (MMS) or better. Patients were divided into steroid reduction

subset (N = 74) and steroid withdrawal subset (N = 51). Clinical characteristics and

therapeutic data were compared between patients with disease relapse and those who

maintained clinical remission at the last follow-ups. Cox proportional hazards regression

models were used to identify risk factors of relapse in each subset.

Results: Thirty-seven (29.6%) patients experienced relapses during the follow-up

periods. Relapse during the steroid reduction was significantly associated with drug

reducing duration (HR = 0.81, 95%CI 0.74–0.89, P < 0.001). Risk of relapse was

augmented if the drug reducing duration was < 11.5 months (HR 27.80, 95%CI

5.88–131.57, P < 0.001). Among patients who discontinued the steroids, those with

onset symptoms of bulbar weakness (adjusted HR 3.59, 95%CI 1.19–10.81, P = 0.023)

were more likely to experience relapse.

Conclusion: Our study demonstrated that patients could benefit from prolonged

steroid-reducing duration to prevent disease relapse. Patients with bulbar

weakness at disease onset should be proposed to take long-term steroids or

other immunosuppressants.

Keywords: myasthenia gravis, relapse, steroid monotherapy, clinical predictor, steroid reduction, steroid

withdrawal

INTRODUCTION

Myasthenia gravis (MG) is an autoimmune disease with the presence of autoantibodies
against the neuromuscular junction proteins. Treatments such as acetylcholinesterase inhibitors,
immunotherapies, thymectomy, intravenous immunoglobulin (IVIG), and plasma exchange
are used to realize the therapeutic target of full physical function and high quality
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of life (1). Despite the fact that promising novel therapies are
upcoming (2), the glucocorticoid (GC) is still the first choice
of MG therapy on the basis of rapid onsets of effects, low
costs, and high efficiency, which could lead to improvement
in 80–95% patients (3–6). After the relief of symptoms, the
corticosteroid dose is reduced or even discontinued to minimize
the accompanying side effects of long-term use (3–6). However,
∼18–34% patients may experience subsequent exacerbations
or disease relapses (5, 7, 8). Only 10–20% patients could
discontinue immunotherapy completely and achieve complete
stable remission (CSR) (4, 9, 10).

It has been demonstrated that the increased risk of relapse
was correlative with drug withdrawal or rapid reduction of
steroids when patients took corticosteroid as monotherapy in
the 1990’s (5, 6). Thereafter, the “slow and steady” tapering
strategy was adopted in the clinical practice when the steroid
was administrated solely (11). Even so, patients may still
experience disease recurrence during the drug reduction. In
some cases, relapses of MG occur in months to years after the
discontinuation of prednisone (6). However, there are few studies
concerning the clinical factors that are correlative with relapse
during steroid tapering (5, 6, 12). Moreover, to our knowledge,
risk factors of relapse after steroid withdrawal have not been
investigated thoroughly.

Here, we present a retrospective cohort analysis of GC-treated
MG patients from a single center in order to determine indicators
of clinical relapse under steroid monotherapy.

MATERIALS AND METHODS

Patients and Ethical Statements
Medical records and follow up data of consecutive MG
patients from the Xuanwu Hospital Capital Medical University
Myasthenia Gravis Trial Database since April 2017 to July 2020
were retrospectively reviewed and analyzed. The study was
approved by the Ethics Committee of Xuanwu Hospital (No.
2017084). All patients provided written informed consents.

The inclusion criteria included: (1) Patients were diagnosed
with MG and over 16 years. The diagnosis of MG was based
on fluctuating weakness symptoms along with supporting
pharmacological, serologic, and electrophysiologic tests
(13). (2) Patients were treated with GC for controlling
disease and the maintenance therapy in the absence of
other immunosuppressive agents, except for short-term IVIG
during the acute exacerbations. Steroids were prescribed for
at least 1 month before patients reached a stable status. The
stable status was defined as patients having no symptoms of
functional limitations fromMG, meeting the criteria for minimal
manifestation status (MMS) or better according to the MGFA
postintervention status (MGFA-PIS) classification (14). (3)
Patients were followed up prospectively after the enrollment for
at least 12 months. We identified 154 potential patients who were
receiving GC therapies. The exclusion criteria were as follows:
(1) patients had incomplete medical records or less than one
follow-up visit. (2) Patients took other immunosuppressants,
except for short-term IVIG. Patients whose therapies switched
to other immunosuppressive agents due to steroid-induced

side effects during the follow-up period were excluded. (3)
Patients experienced relapses before enrollments. (4) Patients
achieved stable status at the last visits with no further follow-up
information. Ultimately, 125 patients were enrolled (Figure 1).

Clinical Features and Evaluations
Clinical features were collected including sex, the age of onset,
onset symptoms, symptoms at nadir, MGFA classification at the
nadir, presence of autoantibodies, repetitive nerve stimulation
tests (RNS) result, and presence of other autoimmune diseases.
The presenting symptoms within the first month of disease onsets
were collected as the onset symptoms. Mild disease was defined
as MGFA II class at disease maximal worsening, and moderate to
severe disease was defined asMGFA III to V classes. Radiographic
examinations of the mediastinum were performed routinely, and
31 patients underwent thymectomies. Patients with thymoma
(N=17) were pathologically diagnosed. MG–activities of daily
living (ADL) scores were measured to quantify the disease
severities. Follow-up assessments were scheduled every 3 months
for the first year and then every 6 months. Assessments included
clinical symptoms, ADL scores, prednisone doses, and the dates
of achieving stable status. Once patients achieved MMS or better,
they did not need to come for the return visits and telephone
follow-ups would be performed. The follow-ups for all the
enrolled patients were performed prospectively and completed by
July 2021.

Treatment
All the enrolled patients were taking steroids as monotherapy.
The short-term use of IVIG during the acute exacerbation
was permitted. Whether patients were treated with high dose
intravenous methylprednisolone (IVMP) pulses or not was also
recorded. The induction therapy regimens were categorized as
steroid increasing regimen, medium-dose regimen, and steroid-
tapering regimen. After patient’s marked improvements or
reachingMMS or better, the maximal GC doses would be tapered
to the minimal doses, if the conditions permitted. The tapering
strategy comprised a 5mg reduction monthly or slower until it
reached 20mg daily, 5mg reduction every 2 to 4 months until
5mg daily. A 5mg dose per day of steroid would be discontinued
in 3–6 months. Patients whose GC doses were reduced but not
discontinued were grouped into steroid reduction subset (SR
subset;N = 74), and patients who discontinued steroids were into
steroid withdrawal subset (SW subset; N = 51).

The doses, start and end dates at the initiation, maximum and
the final doses of oral corticosteroids were recorded. The final
steroid dose was noted as the minimum dose before relapse or at
the final visit. The intervals between the steroid initiation to the
maximum doses, the steroid initiation to the stable status, and
the drug reducing duration were calculated by month. The drug
reducing duration (month) was defined as the interval from the
end date of the maximum dose of oral steroids to the start date of
the final dose. The accumulated dose of oral steroids before stable
status was counted according to the medical record and periodic
follow-up records. The average reduction speed (mg/month) was
computed as the difference between the maximal dose and the
final dose, divided by the drug reducing duration. Duration of
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FIGURE 1 | Flowchart of the participants included in the current study.

the final dose was the interval from the start of the final dose to
the last follow-up or relapse, whichever came first. In SW subset,
the start date of the final dose was when the patient stopped
the corticosteroid.

Relapse
The primary endpoint was the occurrence of disease relapse,
which was defined as recurrence of MG symptoms or a
substantial increase in MG medications after the patient
achieving MMS or better status (14). If patients didn’t pay return
visits during disease exacerbations, symptoms, and ADL-scores
of relapses would be inquired by telephone. In this case, increases
of ADL scores were determined as disease relapse. Patients of
each subset were divided into relapse group (R-MG) and non-
relapse group (NR-MG). Clinical features and therapeutic data
were compared between R-MG and NR-MG groups to find
relevant factors of relapse.

Statistical Analysis
Continuous variables were presented as median and interquartile
range (IQR), and categorical variables were presented as number
and frequency. Clinical characteristics were compared between
R-MG and NR-MG. Continuous data were analyzed using the
Mann–Whitney U test. Categorical variables were analyzed using
the chi-square or Fisher exact test, as appropriate. Candidate
variables were included in Cox proportional hazards regression
for calculating the multivariable hazard ratio (HR) if univariate
P-values were < 0.10. Kaplan–Meier curves of relapse rates
were plotted to illustrate the differences over time. Patients were
censored at the last follow-up visits. The receiver operating
characteristic (ROC) curve method was used to evaluate the best
cut-off value of drug reducing duration in predicting relapse.

Data were analyzed using SPSS (Version 22, IBM) and Prism
(version7, GraphPad). A value of P lower than 0.05 was regarded
as significant.

RESULTS

The Primary Endpoint and the Therapy
Regimens of All the Enrolled Patients
A relapse rate of 29.6% (37/125) was observed in the current
study, and the median time from stable status to relapse
was 18 months (IQR 8.0–21.5, range 2.0–53.0). Basic clinical
characteristics and therapeutic data of the 125 patients are shown
in Table 1. Ninety-seven patients had pure ocular symptoms
at onset, six patients had pure limb weakness at onset, and
seven patients had pure bulbar symptoms. Fifteen patients
presented with more than one symptom at onset. No patient
presented with shortness of breath at onset. The induction
therapy regimens varied and could be generally categorized as
steroid-increasing regimen, medium-dose regimen, and steroid-
tapering regimen. Fifty-eight patients (46.4%) took low initial
doses (median 15.0 mg/day, IQR 15.0–16.3) and the dosages
gradually increased to maximal doses (median 35.0 mg/day, IQR
30.0–50.0) until improvement was observed; 45 patients (36.0%)
took medium doses (median 25.0 mg/day, IQR 17.5–30.0) as
maintenance therapy; and 22 patients (17.6%) initiated high
dose corticosteroid treatments (median 60.0 mg/day, IQR 50.0–
60.0), after which the dosages were gradually tapered. Other than
drug reduction or discontinuation, the reported causes of relapse
included over exertion (N = 4), cold (N = 3), and pneumonia
(N = 1). Thirty-one patients experienced one MG relapse and six
patients had two relapses during the follow-up periods.
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TABLE 1 | Clinical characteristics and therapeutic data of enrolled patients on steroid monotherapy.

Total (N = 125) Steroid reduction subset (N = 74) Steroid withdrawal subset (N = 51)

Relapse group Non-relapse group P-valuea Relapse group Non-relapse group P-valueb

(N = 19) (N = 55) (N = 18) (N = 33)

Age at onset (years) 48.0 (IQR 35.0–59.0) 52.0 (IQR 42.0–63.0) 49.0 (IQR 34.0–57.5) 0.369 48.5 (IQR 36.5–59.0) 43.0 (IQR 28.5–62.0) 0.413

Sex (male) 73 (58.4%) 12 (63.2%) 29 (52.7%) 0.303 12 (66.7%) 20 (60.6%) 0.669

Symptoms at onset

Ocular 111 (88.8%) 19 (100.0%) 47 (85.5%) 0.081 15 (83.3%) 30 (90.9%) 0.354

Limb 13 (10.4%) 1 (5.3%) 8 (14.5%) 0.267 0 (0.0%) 4 (12.1%) 0.164

Bulbar 17 (13.6%) 0 (0.0%) 9 (16.4%) 0.058 6 (33.3%) 2 (6.1%) 0.017

Symptoms at nadir

Ocular 116 (92.8%) 19 (100.0%) 52 (94.5%) 0.405 15 (83.3%) 30 (90.9%) 0.354

Limb 34 (27.2%) 2 (10.5%) 18 (32.7%) 0.060 5 (27.8%) 9 (27.3%) 0.608

Bulbar 46 (36.8%) 6 (31.6%) 25 (45.5%) 0.291 8 (44.4%) 7 (21.2%) 0.082

Respiratory 8 (6.4%) 1 (5.3%) 5 (9.1%) 0.513 1 (5.6%) 1 (3.0%) 0.657

Disease severity at nadir 0.861 0.353

OMG (MGFA I) 64 (51.2%) 9 (47.4%) 24 (43.6%) 9 (50.0%) 22 (66.7%)

Mild (MGFA II) 52 (41.6%) 9 (47.4%) 26 (47.3%) 7 (38.9%) 10 (30.3%)

Moderate to severe (MGFA III-V) 9 (7.2) 1 (5.3%) 5 (9.1%) 2 (11.1%) 1 (3.0%)

Autoimmune antibodies 0.323 0.097

AChR 90 (72.0%) 12 (63.2%) 42 (76.4%) 16 (88.9%) 20 (60.6%)

MuSK 8 (6.4%) 3 (15.8%) 3 (5.5%) 0 (0.0%) 2 (6.1%)

DN 27 (21.6%) 4 (21.2%) 10 (18.2%) 2 (11.1%) 11 (33.3%)

RNS result 65 (52.0%) 9 (47.4%) 29 (52.7%) 0.445 9 (50.0%) 18 (54.4%) 0.756

Thymoma 17 (13.6%) 2 (10.5%) 10 (18.2%) 0.362 4 (22.2%) 1 (3.0%) 0.047

Thymectomy 33 (26.4%) 3 (15.8%) 17 (30.9%) 0.201 5 (27.8%) 6 (18.2%) 0.325

Presence of other autoimmune

disease

6 (4.8%) 1 (5.3%) 4 (7.3%) 0.618 0 (0.0%) 1 (3.0%) 0.647

ADL score at nadir 4.0 (IQR 3.0–6.0) 4.0 (IQR 3.0–7.0) 4.0 (IQR 3.0–6.0) 0.844 5.0 (IQR 4.0–7.8) 4.0 (IQR 3.0–6.0) 0.254

Age at start of GC (years) 49.0 (IQR 35.5–59.5) 54.0 (IQR 44.0–63.0) 50.0 (IQR 36.0–59.0) 0.284 48.5 (IQR 36.5–59.0) 45.0 (IQR 31.5–62.0) 0.436

Disease course before

immunotherapy (month)

5.0 (IQR 2.0–14.0) 6.0 (IQR 3.0–43.0) 5.0 (IQR 3.0–12.0) 0.434 4.0 (IQR 1.8–12.0) 2.0 (IQR 1.0–9.0) 0.445

Initial oral GC dose (mg/day) 20.0 (IQR 15.0–30.0) 15.0 (IQR 10.0–20.0) 20.0 (IQR 15.0–30.0) 0.242 20.0 (IQR 15.0–36.3) 20.0 (IQR 15.0–40.0) 0.772

Maximal oral GC dose (mg/day) 35.0 (IQR 25.0–50.0) 25.0 (IQR 20.0–50.0) 35.0 (IQR 25.0–50.0) 0.197 40.0 (IQR 28.8–60.0) 30.0 (IQR 20.0–47.5) 0.090

Final oral GC dose (mg/day) 5.0 (IQR 0.0–6.9) 5.0 (IQR 5.0–10.0) 5.0 (IQR 5.0–10.0) 0.445 0 0 -

Duration of the final dose (month) 6.0 (IQR 2.0–13.0) 3.0 (IQR 1.0–6.0) 5.0 (IQR 0.0–9.0) 0.396 4.0 (IQR 2.0–9.5) 17.0 (IQR 11.5–26.5) <0.001

GC dose regimen of induction

therapy

0.272 0.058

Steroid tapering regimen 22 (17.6%) 2 (10.5%) 8 (14.5%) 4 (22.2%) 8 (24.2%)

(Continued)

F
ro
n
tie
rs

in
N
e
u
ro
lo
g
y
|
w
w
w
.fro

n
tie
rsin

.o
rg

F
e
b
ru
a
ry

2
0
2
2
|
V
o
lu
m
e
1
3
|A

rtic
le
8
1
6
2
4
3

42

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Su et al. Predicting Relapse in Steroid-Treated MG

T
A
B
L
E
1
|
C
o
n
tin

u
e
d

To
ta
l
(N

=
1
2
5
)

S
te
ro
id

re
d
u
c
ti
o
n
s
u
b
s
e
t
(N

=
7
4
)

S
te
ro
id

w
it
h
d
ra
w
a
l
s
u
b
s
e
t
(N

=
5
1
)

R
e
la
p
s
e
g
ro
u
p

N
o
n
-r
e
la
p
s
e
g
ro
u
p

P
-v
a
lu
e
a

R
e
la
p
s
e
g
ro
u
p

N
o
n
-r
e
la
p
s
e
g
ro
u
p

P
-v
a
lu
e
b

(N
=

1
9
)

(N
=

5
5
)

(N
=

1
8
)

(N
=

3
3
)

M
e
d
iu
m

d
o
se

re
g
im

e
n

4
5
(3
6
.0
%
)

9
(4
7
.4
%
)

1
5
(2
7
.3
%
)

4
(2
2
.2
%
)

1
7
(5
1
.5
%
)

S
te
ro
id

in
c
re
a
si
n
g
re
g
im

e
n

5
8
(4
6
.4
%
)

8
(4
2
.1
%
)

3
2
(5
8
.2
%
)

1
0
(5
5
.6
%
)

8
(2
4
.2
%
)

D
u
ra
tio

n
fr
o
m

G
C
in
iti
a
tio

n
to

st
a
b
le

c
o
n
d
iti
o
n
(m

o
n
th
)

3
.0

(IQ
R
2
.0
–5

.0
)

2
.0

(IQ
R
1
.0
–4

.0
)

3
.0

(IQ
R
2
.0
–5

.0
)

0
.0
9
0

3
.0

(IQ
R
2
.8
–6

.5
)

2
.0

(IQ
R
1
.0
–3

.5
)

0
.0
2
4

A
c
c
u
m
u
la
te
d
G
C
d
o
se
s
b
e
fo
re

st
a
b
le
st
a
tu
s
(m

g
)

2
3
9
0
.0

(IQ
R

1
4
1
5
.0
–4

4
9
5
.0
)

2
0
5
5
.0

(IQ
R

1
3
5
0
.0
–3

6
0
0
.0
)

3
0
0
0
.0

(IQ
R

1
8
2
5
.0
–4

9
5
0
.0
)

0
.0
6
6

2
7
2
7
.5

(IQ
R

2
1
8
5
.0
–6

4
9
3
.8
)

1
4
2
5
.0

(IQ
R

9
0
0
.0
–2

7
3
0
.0
)

0
.0
0
9

D
ru
g
re
d
u
c
in
g
d
u
ra
tio

n
(m

o
n
th
)

1
3
.0

(IQ
R
7
.5
–1

9
.5
)

8
.0

(IQ
R
5
.0
–1

1
.0
)

1
5
.0

(IQ
R
1
2
.0
–2

3
.0
)

<
0
.0
0
1

1
3
.5

(IQ
R
3
.0
–2

0
.7
5
)

9
.0

(IQ
R
3
.5
–1

6
.0
)

0
.4
1
7

A
ve
ra
g
e
re
d
u
c
tio

n

sp
e
e
d
(m

g
/m

o
n
th
)

2
.5

(IQ
R
1
.4
–5

.0
)

2
.5

(IQ
R
1
.4
–6

.3
)

1
.7

(IQ
R
1
.0
–3

.5
)

0
.0
8
6

3
.2

(2
.2
–1

3
.8
)

3
.8

(1
.9
–8

.8
)

0
.8
9
0

IV
IG

b
e
fo
re

re
m
is
si
o
n

1
4
(1
1
.2
%
)

1
(5
.3
%
)

7
(1
2
.7
%
)

0
.3
3
7

3
(1
6
.7
%
)

3
(9
.1
%
)

0
.3
5
4

IV
M
P
b
e
fo
re

re
m
is
si
o
n

7
(5
.6
%
)

0
(0
.0
%
)

4
(7
.3
%
)

0
.2
9
6

2
(1
1
.1
%
)

1
(3
.0
%
)

0
.2
8
2

a
P
-v
a
lu
e
w
a
s
c
o
m
p
a
re
d
b
e
tw
e
e
n
R
-M

G
a
n
d
N
R
-M

G
in
th
e
s
te
ro
id
re
d
u
c
ti
o
n
s
u
b
s
e
t;
b
P
-v
a
lu
e
w
a
s
c
o
m
p
a
re
d
b
e
tw
e
e
n
R
-M

G
a
n
d
N
R
-M

G
in
th
e
s
te
ro
id
w
it
h
d
ra
w
a
ls
u
b
s
e
t;
M
G
F
A
,
M
ya
s
th
e
n
ia
G
ra
vi
s
F
o
u
n
d
a
ti
o
n
o
f
A
m
e
ri
c
a
c
la
s
s
ifi
c
a
ti
o
n
;

A
C
h
R
,
a
c
e
ty
lc
h
o
lin
e
re
c
e
p
to
r;
M
u
S
K
,
m
u
s
c
le
s
p
e
c
ifi
c
ki
n
a
s
e
;
D
N
,
d
o
u
b
le
n
e
g
a
ti
ve
;
A
D
L
,
A
c
ti
vi
ti
e
s
o
f
D
a
ily
L
iv
in
g
;
G
C
,
g
lu
c
o
c
o
rt
ic
o
id
;
IV
IG
,
in
tr
a
ve
n
o
u
s
im
m
u
n
o
g
lo
b
u
lin
;
IV
M
P,
in
tr
a
ve
n
o
u
s
m
e
th
yl
p
re
d
n
is
o
lo
n
e
;
IQ
R
,
in
te
rq
u
a
rt
ile

ra
n
g
e
. Factors Correlative With Relapse During

Steroid Reduction (SR)
Seventy-four patients were included in the SR subset, and 19
of them (25.7%) relapsed (Table 1). The median time from
stable status to relapse was 16 months (IQR 7.0–19.0, range 2.0–
31.0). Nine patients (12.2%) relapsed within the first year after
achieving stable status and 17 patients (23.0%) relapsed within
the first 2 years.

Among clinical characteristics and therapeutic data between
R-MG and NR-MG groups, the drug reducing duration was the
only factor associated with relapse (R-MG median 8.0 months,
IQR 5.0–11.0 vs. NR-MG median 15.0 months, IQR 12.0–23.0,
P < 0.001). There were no statistical differences in sex, age at
onset, onset symptom, disease severity at nadir, MG-ADL score
at nadir, MG autoantibody, RNS result, thymoma, thymectomy
or presence of other autoimmune diseases. Ages at the initiation
of corticosteroid, disease courses before treatment, initial steroid
doses, maximal doses, intervals from steroid initiation to stable
condition and the number of patients taking IVIG or IVMP
therapies were comparable between R-MG and NR-MG groups.
Themedian steroid dose of patients at relapse was 5 mg/day (IQR
5.0–10.0), which was similar to that of NR-MG patients at last
follow-ups (median 5 mg/day, IQR 5.0–10.0, P= 0.445). Patients
in the R-MG group had shorter durations from steroid initiation
to stable status (median 2.0 months, IQR 1.0–4.0 vs. NR-MG
median 3.0 months, IQR 2.0-5.0; P = 0.090), lower accumulated
doses of oral steroids before stable status (median 2055.0mg,
IQR 1350.0–3600.0 vs. NR-MG median 3000.0mg, IQR 1825.0–
4950.0; P= 0.066), and faster average reduction speeds of steroids
(median 2.5 mg/month, IQR 1.4–6.3 vs. NR-MG median 1.7
mg/month, IQR 1.0–3.5; P = 0.086), which, however, didn’t
reach the statistical significance. In using the Cox proportional
hazards model to identify the prognostic covariates associated
with relapse during tapering steroid doses, day 0 was defined as
the date when the patient achieved stable status. Only shorter
drug reducing duration was identified as a significant predictor
of relapse (HR = 0.81, 95%CI 0.74–0.89, P < 0.001; Table 2).
Using the ROC curve, the best cut-off value of drug reducing
duration (month) was 11.5 (sensitivity 74.5%, specificity 78.9%,
area under the curve 0.779). Risk of relapse was augmented if the
drug reducing duration was < 11.5 months (HR 27.80, 95%CI
5.88–131.57, P < 0.001, Figure 2).

Factors Correlative With Relapse After
Steroid Withdrawal (SW)
Fifty-one patients were included in the SW subset (Table 1).
The occurrence of CSR was observed in 25/125 (20.0%) enrolled
MG patients. Eighteen (35.3%) patients experienced relapses
after drug discontinuation, and 15 of them relapsed within 12
months. The median time from stable status to relapse was 20
months (IQR 8.0–23.5, range 3.0–53.0). The median time from
steroid withdrawal to relapse was 4 months (IQR 2.0–9.5, range
1.0–40.0). In patients who discontinued the steroids, relapse
was associated with the onset symptom of bulbar weakness (P
= 0.017; odds ratio: 7.75, 95%CI 1.37–43.87), thymoma (P =

0.047; odds ratio: 9.14, 95%CI 0.94–89.35), duration from steroid
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TABLE 2 | Associations of clinical and therapeutic variables with relapse of patients on steroid reduction therapy (N = 74).

Clinical and therapeutic variables HR 95% CI P-value

Univariate

Drug reducing duration (month) 0.81 0.74–0.89 <0.001

Drug reducing duration < 11.5 months 27.80 5.88–131.57 <0.001

Ocular weakness at onset 24.22 0.05–12422.17 0.317

Bulbar weakness at onset 0.04 0.00–17.62 0.301

Limb weakness at nadir 3.37 0.78–14.58 0.105

Duration from GC initiation to stable condition (month) 0.90 0.71–1.12 0.339

Accumulated GC doses before stable status (mg) 1.00 1.00–1.00 0.570

Average reduction speed(mg/month) 1.02 0.97–1.07 0.422

Thymectomy 1.87 0.54–6.44 0.321

Variables were included in multivariate analyses if P < 0.10 in univariate analyses; GC, glucocorticoid; HR, hazard ratio.

FIGURE 2 | Kaplan–Meier curve of the relapse rate in SR patients with different steroid-reducing durations. Day 0 was defined as the date when patients achieved

stable status.

initiation to stable status (R-MG median 3.0 months, IQR 2.8–
6.5 vs. NR-MG median 2.0 months, IQR 1.0–3.5; P = 0.024) and
accumulated steroid doses before stable status (R-MG median
2727.5mg, IQR 2185.0–6493.8 vs. NR-MG median 1425.0, IQR
900.0–2730.0; P=0.009). In Cox proportional hazards regression
analysis, day 0 was defined as the steroid discontinuation date.
Bulbar weakness at onset was identified to have a significant
association with relapses after steroid discontinuation (adjusted
HR 3.59, 95%CI 1.19–10.81, P = 0.023; Table 3, Figure 3). The
median time from steroid discontinuation to relapse for patients
with bulbar onset was 4.0 months (IQR 2.0–21.0, range 0.0–27.0).

DISCUSSION

We demonstrated a relapse rate of 29.6% in a cohort of well-
managed MG patients taking GC as monotherapy and 20.0% of
enrolled patients achieved CSR by the end of the study, which
was consistent with previous studies (5, 7–10). Analysis implied
that shortened GC reducing duration was a significant predictor
for relapse during steroid tapering in the well-controlled MG

patients. The bulbar symptom at disease onset was independently
associated with relapse after the discontinuation of GC.

Among patients in SR subset of the current study, 25.7%
patients relapsed. Most relapses (17/19, 89.5%) happened within
the first 2 years after achieving stable status. R-MG group
had significantly shorter drug reducing duration than NR-
MG, and there were numerical trends of less duration from
steroid initiation to stable status, lower accumulated steroid
doses before stable status and higher steroid-reducing speed
in R-MG group, which were approaching significance, whereas
no statistical difference was found in clinical characteristics.
Moreover, shortness of steroid-reducing duration was identified
to be associated with increased risk of relapse during steroid
tapering by the Cox proportional hazards model. These results
implied that relapses during steroid reduction weremore relevant
to inadequate treatments. It was validated that once generalized
MG patients attained the MMS, depending on the efficacy of
azathioprine, rapid tapering of prednisone was associated with
good outcomes and well tolerated without destabilizing MG (15).
However, when the steroid was administered in absence of other
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TABLE 3 | Associations of clinical and therapeutic variables with relapse after steroid discontinuation (N = 51).

Clinical and therapeutic variables HR 95% CI P value

Univariate

Bulbar weakness at onset 4.34 1.59–11.85 0.004

Bulbar weakness at nadir 2.36 0.93–6.00 0.071

Thymoma 3.06 0.99–9.41 0.051

Thymectomy 0.62 0.22–1.76 0.369

Autoimmune antibodies

AChR Ref - 0.309

MuSK 0.00 - 0.985

DN 0.32 0.07–1.38 0.125

GC dose regimen of induction therapy

Steroid tapering regimen Ref. - 0.197

Medium dose regimen 0.40 0.10–1.62 0.200

Steroid increasing regimen 1.15 0.36–3.73 0.813

Maximal oral GC dose (mg/day) 1.02 0.99–1.04 0.209

Duration from GC initiation to stable status (month) 1.05 0.99–1.12 0.131

Accumulated GC doses before stable status (mg) 1.00 1.00–1.00 0.132

Multivariate

Bulbar weakness at onset 3.59 1.19–10.81 0.023

Thymoma 1.82 0.53–6.28 0.342

Multivariate

Bulbar weakness at nadir 2.20 0.86–5.67 0.101

Thymoma 2.77 0.89–8.64 0.079

Variables were included in multivariate analyses if P < 0.10 in univariate analyses; AChR, acetylcholine receptor; MuSK, muscle specific kinase; DN, double negative; GC, glucocorticoid;

HR, hazard ratio.

FIGURE 3 | Kaplan–Meier curve of the relapse rate after steroid discontinuation in patients with bulbar onset and non-bulbar onset. Day 0 was defined as the steroid

discontinuation date. HR indicated hazard ratio.

immunosuppressants, it was well acknowledged that rapid dose-
reduction could result in a recurrence of weakness (5, 11, 12).
In line with these data, we found that risk of relapse increased
by 26-fold when the steroid-reducing durations of the patients
were < 11.5 months. The findings led us to conclude that the
steroid-reducing duration of at least 1 year might be in favor of
preventing disease relapse. It was close to statistically significant
that a relatively high average reduction speed was observed in

R-MG groups. The result was in accordance with less drug
reducing duration in R-MG and might reach significance when
expanding the sample size. The final doses before relapses in our
study were similar to the minimum doses in the NR-MG groups,
which was 5 mg/day (IQR 5.0–10.0). Low-dose medication could
preserve well management of MG (11, 16). The side effects
resulting from long-term use of steroids were dose-dependent,
which could be minimized and acceptable by administration of
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dosages no more than 5mg (17, 18). In Japanese guidelines for
MG, MM with oral prednisolone (PSL) of 5 mg/day or below
was recommended as the therapeutic goal (19), which was more
reachable than CSR and with equivalent satisfaction of patients
(20). Since only shorter drug reducing duration was identified as
a significant predictor of relapse, we presumed that with steroid-
reducing duration longer than 1 year, patients might maintain
asymptomatic on oral steroids of 5mg per day.

Among patients who stopped GC therapies, 35.3% patients
relapsed and most relapses (15/18, 83.3%) happened within the
first year after GC discontinuation. To our knowledge, this is
the first report concerning prognostic factors of relapse after
steroid discontinuation. In the present study, bulbar weakness
at onset was identified as a predictor of relapse in patients
who discontinued steroids. Manifestations of bulbar symptoms
included dysarthria, dysphagia, and dysphonia (21, 22), which
might be the initial and solitary presentation in 15–27% MG
patients (23, 24). The bulbar symptom was reported to be
one of risk factors of the postsurgery myasthenia crisis (25).
The relationship between the onset phenotype involving bulbar
muscles and elevated relapse risk had not yet been published yet.
Presence of thymoma and severe forms of MG were identified as
risk factors of relapse in a cohort of steroid-treated MG patients
(6). However, it would be more reasonable if they had performed
a multivariate analysis and considered the confounding factors.
It was demonstrated that patients with thymoma were generally
in serious conditions (26). In agreement with pervious study,
we observed a significantly higher proportion of patients with
thymoma in R-MG, whereas it did not achieve statistical
significance in the Cox regression analysis. However, it should
be taken into account that our study was limited by the small
sample size. In the present study, durations of oral steroid and
accumulated GC doses before the stable status were significantly
higher in R-MG of the SW subset, indicating that severe
diseases might be related to relapses. Nevertheless, there were
no differences in ADL scores or disease severity at nadir.
This can be explained by the fact that patients in the current
study were generally with mild to moderate diseases, since the
median ADL score at maximal worsening of the cohort was 4
points. Patients with severe forms might take combining non-
steroidal immunotherapies (8, 11) and were excluded from the
current study. Taken together, bulbar weakness at onset could be
indicative of relapse after GC discontinuation and patients might
require long-term use of steroids or other immunosuppressants.

Our findings could not be ascribed to the confounding
effects of MG antibodies or thymectomy, as the autoantibodies
and thymectomized patients did not statistically significantly
differ between R-MG group and NR-MG group. Our results
coincided with the previous report that no significant correlation
was found between thymectomy and relapse (7). Even though
thymectomy was validated in controlling diseases and sparing
prednisone doses in non-thymomatous generalized MG patients
(27), relapse remained a major concern after discontinuing
pharmacotherapy in thymectomized patients (28). This might
be attributed to the fact that the disease relevant lymphocytes
shuttled from thymus into circulation and resided in secondary
sites of chronic pathogenic antibody production (29, 30). Thus,
precautions should be taken against disease relapses when

thymectomized patients become symptom-free and discontinue
the immunotherapies. MuSK-MG was demonstrated to be
associated with a higher risk of relapse (8). However, when
comparing our results to the previous study, it must be pointed
out that the majority of MuSK-MG patients in our cohort were
ascribed to other immunotherapies and were excluded from the
current study.

The main limitation of our work was the retrospective design
and the limited sample size from a single center. Besides,
follow-ups were completed mainly by telephones after patients
achieved stable status. Therefore, the maintenance of stable
conditions was based on the self-reports of patients, instead
of careful physical examinations. Because of the retrospective
design, patients who switched to other immunotherapies due
to steroid-induced side effects during the follow-up periods
were excluded from the study. Therefore, steroid maintenance
therapies were well tolerated in the current cohort and the
side effects of steroid were not measured and compared
between groups.

In conclusion, despite the satisfactory effects of
corticosteroids, about 30% well-managed patients with MG
might experience disease relapses. Our study emphasized the
significance in prolonged steroid-reducing durations of at least
1 year before reaching maintenance doses to prevent relapses.
Moreover, laryngological manifestations at the onset of a disease
might predict a high risk of relapse after discontinuance of GC,
and these patients should be proposed to take long-term steroids
or other immunosuppressants.
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Objectives: To evaluate the long-term outcome of tacrolimus for childhood-onset

myasthenia gravis (CMG) with an inadequate response to glucocorticoids, and

investigate factors associated with favorable outcomes following tacrolimus treatment.

Methods: A retrospective, observational cohort study was performed for CMG patients

who had not improved satisfactorily after sufficient prednisone therapy for at least 8

weeks. All patients were given tacrolimus in doses of 2–3mg for more than 6 months.

The primary efficacy outcome was assessed using the prednisone dose, quantitative MG

(QMG), and MG-activity of daily living (ADL) scores. The participants were divided into

improved and unimproved groups based on changes in QMG scores to investigate the

risk factors that affected tacrolimus efficacy.

Results: A total of 149 glucocorticoid resistant CMG patients were finally enrolled

in our study, with 113 (75.8%) responding well to tacrolimus (defined as minimal

manifestation status or better). One month after initiating tacrolimus, there was a

noticeable improvement in prednisone dose, QMG, and ADL scores, which continued to

improve throughout the study. More importantly, the prednisone was eventually stopped

in 89 of the patients (78.8%). Thymus type [odds ratio (OR) = 3.156, 95% confidence

interval (CI) 1.427–6.978; P = 0.005] and pre-intervention status (OR = 0.284, 95%CI

0.109–0.741; P = 0.010) were independent predictors of tacrolimus efficacy after

controlling for confounding factors in multiple logistic regression.

Conclusion: The majority of glucocorticoid-resistant CMG patients have a good

long-term prognosis after adding tacrolimus. Thymus type and pre-intervention status

can serve as potential predictors affecting the efficacy of tacrolimus.

Keywords: myasthenia gravis, children, tacrolimus, thymus type, pre-intervention status
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INTRODUCTION

Myasthenia gravis (MG) is an acquired autoimmune disorder
caused by antibodies that target the neuromuscular junction,
leading to extraocular and/or systemic skeletal muscle weakness
and fatigability (1, 2). The age distribution in MG seems
different between Caucasians and East Asian populations (3, 4).
In China, there are more than half of MG patients initially
developed symptoms in childhood (5). The long-term treatment
methods for MG patients usually include pyridostigmine,
glucocorticoids (steroids) and immunosuppressants (IS) (6, 7).
However, about 20–35% of the MG patients were insensitive
to steroid therapy (8, 9). Furthermore, compared with adult-
onset MG (AMG), childhood-onset myasthenia gravis (CMG) is
more likely to develop resistance to steroids and suffer serious
adverse drug reactions (ADRs) from long-term immunotherapy
(5, 8). Alternative approaches with more satisfied efficacy
and less serious ADRs are urgently needed for long-term
use in CMG patients. Majority of CMG patients experienced
fluctuating course characterized by remitting-relapsing pattern
and slowly developed unresponsiveness to pyridostigmine and
corticosteroids in China (8). The long-term outcome of CMG
patients remained a major concern.

Tacrolimus, a kind of immunosuppressants by inhibiting
interleukin-2 production, Th1 and Th17 responses, and T
lymphocyte activation (10), had been suggested to satisfactorily
and safely improve the symptoms of AMG patients who were
unresponsive or intolerant to steroids (11, 12). However, clinical
data about the efficacy and safety of tacrolimus in CMG is
very limited, due to the difficulties with study design and
recruitment of patients in sufficiently large numbers (5, 11,
13–15). In this study, we evaluated the efficacy and safety of
tacrolimus in a cohort of steroid-resistant CMG patients. In
addition, clinical predictors associated with favorable outcomes
have been analyzed.

MATERIALS AND METHODS

Study Design and Patient Selection
This study is a retrospective analysis of CMG patients from a
single centre. Steroids resistant CMG patients were evaluated at
Tongji hospital of Tongji Medical College, Huazhong University
of Science and Technology from January 2015 to May 2020. The
inclusion criteria were as follows: (1) patients with a confirmed
diagnosis of MG based on the fatigable weakness of the skeletal
muscles and at least one of the following positive results of the
neostigmine test, repetitive nerve stimulation (RNS) test, or MG-
related autoantibody test; (2) patients with onset age ≤14 years;
(3) patients had an inadequate response to prednisone at doses
of ≥0.75 mg/kg/day for at least 8 weeks prior to enrolment.
The inadequate response was defined as meeting at least one of
the following criteria (11, 16): ① QMG score or MG-ADL score
improved by <25%; ② the steroids dosage failed to reduce; ③ the
MGFA post-intervention state (PIS) didn’t improve.

Patients were excluded if they had any of the following
conditions: (1) tacrolimus was not available because of
complications, including diabetes, abnormal liver, and kidney

FIGURE 1 | Flowchart of participants’ recruitment. *During the follow-up

throughout our study, 12 out of 183 (<7.5%) patients discontinued tacrolimus

due to severe adverse drug reactions after a median of 2.8 months (ranged

from 0.25 to 10.00 months): renal insufficiency in three, hepatic dysfunction in

two, stomachache in two, tremor in two, hyperglycemia in one, infection in

one, and allergic to tacrolimus in one.

function, or severe infectious diseases; (2) tacrolimus was
withdrawn due to ADRs; (3) thymectomy or steroid-sparing
agents were used within 3 months before the start of tacrolimus
administration; (4) duration of follow-up is <1 year. In addition,
to investigate factors that may potentially affect the efficacy of
tacrolimus, the patients were divided into two groups based on
the changes of QMG scores at the 6-month visit: the improved
group with reduction of QMG score ≥25% and unimproved
group with reduction of QMG score<25% (16, 17). Figure 1
depicted the selection procedure.

Therapy, Evaluation, and Follow-Up
All participants were given 0.05 mg/kg/day of tacrolimus
(Hangzhou Zhongmei Huadong Pharmaceutical Co., Ltd.,
H20094027), which was later adjusted to a trough level between
5 and 10 ng/dL according to the therapeutic effect (17). For
patients with rapid tacrolimus metabolism, Wuzhi capsules,
an ethanol herbal extract of Schisandra sphenanthera, were
usually added to increased tacrolimus oral bioavailability (18).
To investigate the long-term safety of tacrolimus, routine
laboratory tests were performed every 4 weeks after tacrolimus
administration to identify potential abnormalities in blood count,
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electrolytes, serum chemistry and blood glucose. The prednisone
dose was gradually reduced by 5–10mg per month after a
noticeable improvement in symptoms. After a successful steroids
withdrawal, the dose of tacrolimus was reduced by 0.5mg every
3–6 months and subsequently removed after at least 6 months
of MM or better status. If the clinical symptoms recurred, the
dose of prednisone or tacrolimus was increased immediately until
the symptoms improved and stabilized. Because prednisone was
utilized to treat themajority of subjects (83.2%) in our study, their
steroid dosages were expressed as equivalents to prednisone when
oral steroids other than prednisone were used.

MG is classified as ocular MG (OMG) and generalized
MG (GMG) according to symptoms within the first month of
onset (19). The MGFA classification was used to evaluate the
maximum clinical severity before tacrolimus administration, and
MGFA-PIS was used to assess the clinical status at the last
visit (20). In terms of the MGFA PIS, the category of “MM
or better status” included minimal manifestation (MM) status,
pharmacological remission (PR), and complete stable remission
(CSR). Therapeutic effects were evaluated using the dose of
prednisone, MG-ADL, and QMG scores. In addition, MG-ADL
and QMG scores were performed at 3–4 h after the last dose of
pyridostigmine to avoid the potential influence of cholinesterase
inhibitors. Follow-up was conducted to evaluate the therapeutic
effect for all patients and adjust the therapeutic agents was done
once a month for the first 6 months of tacrolimus treatment and
at least once every 3 months after that.

Statistical Analysis
Numerical data are presented as mean ± standard deviation
(SD) or median (interquartile range, IQR), and categorical
data are presented as frequencies with absolute numbers and
percentages. The changes in the titers of AChR-ab, prednisone
dose, QMG, and ADL scores were accessed using Wilcoxon
signed-rank test at each follow-up visit. Kaplan-Meier curve was
used to visualize the discontinuation rate of steroids during the
tacrolimus treatment. A univariate logistic regression analysis
was applied to identify possible factors correlated with the efficacy
of tacrolimus and entered variables with p values < 0.20 into
the multivariate logistic regression analysis. Additionally, the
spearman rank test was performed in all variables to reduce
confounders if 2 variables have a correlation coefficient ≥0.5.
After that, amultivariate logistic regressionmodel was performed
to determine predictors that independently affected the efficacy
of tacrolimus, using a stepwise forward selection procedure with
a 0.05 threshold for both inclusion and exclusion. All statistical
analyses were performed with SPSS version 22.0 (SPSS Inc.
Chicago, IL, USA), and two-tailed P < 0.05 was deemed to
indicate statistical significance.

RESULTS

Demographic Characteristics
Among 767 CMG patients in our centre, 206 cases (35.2 %)
were resistant to corticotherapy and 183 cases were then treated
with tacrolimus. In addition, 12 out of 183 (<7.5%) patients
discontinued tacrolimus due to severe ADRs after a median

TABLE 1 | Baseline characteristics of 149 study participants.

Characteristics Patients

Gender

Male 52 (34.9)

Female 97 (65.1)

Age at onset (years) 4.4 (2.5, 7.4)

≤ 5 years 84 (57.1)

5–10 years 42 (27.5)

> 10 years 23 (15.4)

Duration (years) 12.9 (7.4, 19.2)

Complicated with other AID 24 (16.1)

Neostigmine test (+) 144 (96.6)

RNS abnormalities 20/31

Autoantibody statusa

AChR-ab (+) 113/149

MuSK-ab (+) 1/84

Thymus typeb

Normal 82 (55.0)

Hyperplasia 59 (39.6)

Thymoma 9 (5.4)

Thymectomy 26 (17.4)

Age at thymectomy (years old) 16.0 (11.3, 20.6)

Time from onset to thymectomy (years) 12.2 (6.2, 15.7)

Ocular MG at onset 140 (94.0%)

Ptosis 100 (67.1)

Diplopia 11 (7.4)

Ptosis and diplopia 21 (14.1)

Ptosis and strabismus 8 (5.4)

Generalized MG at onset 9 (6.0%)

Limb weakness 3 (2.0)

Bulbar weakness 4 (2.7)

Limb and bullar weakness 2 (1.3)

Generalized disease development (years)c 12.0 (6.4, 17.2)

Within 2 years 3 (2.0)

After 2 years 30 (20.1)

Pre-intervention status

Unchanged 31 (20.8)

Worse 24 (16.1)

Exacerbation 94 (63.1)

Data are given as n (%) or median (interquartile range).
aThe AChR-ab titers >0.50 nmol/L and MuSK-ab titers >0.05 nmol/L were defined as

positive (RIA kit, RSR Limited, Cardiff, UK).
bThymus status was evaluated by chest computed tomography (CT) scan in non-

thymectomized patients and thymus histology in thymectomized patients.
cBecause only patients with ocular forms at onset can develop a generalized disease, the

denominators are the number of patients with ocular forms at onset.

AChR-ab, anti-acetylcholine receptor antibodies; AID, autoimmune disease; MG,

Myasthenia gravis; MGFA, Myasthenia Gravis Foundation of America; MuSK-ab, anti-

muscle specific kinase autoantibody; RNS, repetitive nerve stimulation.

of 2.8 months (ranged from 0.25 to 10.00 months) (Figure 1).
Thus, a total of 149 patients (median [IQR] age at onset:
4.4 [2.5, 7.4] years; 65.1% female) were enrolled in the study,
with a follow-up for a median of 12.9 years (IQR: 6.9, 19.2)
(Table 1). There was no significant difference in age of onset
between males and females (P = 0.866) (Figure 2A). Of all
patients, 140 patients (94.0%) showed only ocular symptoms
at onset (MGFA class I). Ptosis was the most common initial
presentation in 67.1% (100/149) of patients. 6.0% (9/149) of
patients had generalized muscle weakness at onset. Besides,
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FIGURE 2 | Profiles of study participants. (A) Distribution of onset age between male and female. (B) The most severe MGFA classification before tacrolimus

administration. (C) MGFA-PIS on the last follow-up [median 12.9 years (IQR: 6.9, 19.2) from diagnosis]. Data are presented as the number or proportion of patients in

each category. CSR, complete stable remission; E, exacerbation; MGFA, Myasthenia Gravis Foundation of America; MM, minimal manifestation; PIS, post-intervention

state; PR, pharmacologic remission; U, unchanged; W, worse.

33 out of the 140 OMG patients (20.4%) had transformed
into GMG after a median of 12.0 years (IQR: 6.4–17.2). MG
severity was classified as mild (MGFA I or II) in 127 patients
(85.2%) and severe (MGFA III-V) in 22 patients (14.8%)
before tacrolimus initiation (Figure 2B). The positive AChR-
ab or MuSK-ab were detected in 113 (87.5%) patients and
1 (1.2%) patient, respectively. Thymus status was evaluated
in all patients by chest computed tomography (CT) scan (2
thymomas, 39 thymus hyperplasia, 82 normal thymus) or thymus
pathology (6 thymomas, 20 thymus hyperplasia). Thymectomy
had been performed in 26 patients (17.4%) and the median
(IQR) time from onset to thymectomy was 12.2 years (6.2,
15.7). One hundred and thirty two patients (79.0%) attained
CSR, PR, MM or improvement at the last visit. However, 10
patients (6.7%) remained unchanged, 8 patients (5.4%) had
clinically worsened symptoms, and 9 patients (6.0%) experienced
exacerbated (Figure 2C).

Efficacy Evaluation of Tacrolimus
All patients received a daily dose of 2–3mg of tacrolimus with a
mean trough concentration of 5.6 ± 1.5 ng/ml. The median age
at the start of the tacrolimus was 15.2 years old (IQR, 9.3–22.2),
and the median disease duration before initiating tacrolimus was
9.9 years (IQR, 4.1–16.3). After a mean follow-up of 3.16 ± 1.33
years, the tacrolimus dosage had been successfully tapered from
2.53 ± 0.74 to 1.55 ± 0.66 mg/day in 16 patients and withdrawn
in 8 patients without any deterioration. The remaining 125
patients needed to maintain the initial tacrolimus dose to control
the symptoms.

In addition, all patients had received prednisone for a median
(IQR) duration of 2.0 (0.6, 4.5) years before tacrolimus and
the median (IQR) age at prednisone initiation were 8.9 (4.5,
17.3) years old. The mean prednisone dosage significantly
decreased after tacrolimus was added to treatment, from 17.47
± 9.16 mg/day at baseline to 6.42 ± 6.39 mg/day at the
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FIGURE 3 | Changes of the prednisone dose, QMG score and MG-ADL score during treatment with tacrolimus. #Mean follow-up of 3.16 ± 1.33 years (range

1.24–7.18 years). ADL, activity of daily living; QMG, quantitative MG. (A) Dose of prednisone, (B) QMG score, (C) MG-ADL score decreased gradually after initiation of

tacrolimus treatment during the 6-month following-up (Dose of prednisone were 17.47 ± 9.16, 13.83 ± 8.69, 10.97 ± 7.38, 8.74 ± 6.65, 7.87 ± 6.46, 7.08 ± 6.28,

6.42 ± 6.39, 3.17 ± 4.93; QMG scores were 6.22 ± 2.58, 4.50 ± 2.47, 3.50 ± 2.52, 2.91 ± 2.71, 2.47 ± 2.49, 2.22 ± 2.59, 2.01 ± 2.57, 1.68 ± 2.49; and ADL

scores were 3.70 ± 1.63, 3.02 ± 1.77, 2.38 ± 1.62, 1.95 ± 1.62, 1.73 ± 1.65, 1.45 ± 1.61, 1.26 ± 1.63, 1.01 ± 1.46 at the start of acrolimus treatment, 1, 2, 3, 4,

5, 6 month and the end of follow-up; respectively) (Compared with the last follow-up time point, *P < 0.05, **p < 0.001; 2-tailed Wilcoxon signed-rank test). *p <

0.05. **p < 0.01.

FIGURE 4 | The Kaplan-Meier curve for time to discontinued steroids in

children with steroid-resistant MG.

6-month visit (Figure 3A, p < 0.001). Furthermore, at 3,
6, 12, 24, and more than 24 months of follow-up, 26, 12,
15, 28, and 8 cases were withdrawn from prednisone due
to improvement following tacrolimus treatment, respectively
(Figure 4). Compared to the baseline, there was a statistically
significant improvement in QMG and ADL scores at 1, 2, 3,
4, 5, and 6 months after initiating tacrolimus (Figures 3B,C,
p < 0.05).

After an average of 0.9 years (range 0.5–1.8 years) of
tacrolimus treatment, 41 of 113 (36.3%) anti-AChR antibody-
positive cases were retested for anti-AChR antibodies, and the
mean titers of AChR-ab were significantly decreased from 4.649
± 2.564 to 2.283 ± 1.250 nmol/L (P < 0.001). However,
no conversion from positive to negative for AChR-ab was
observed in these patients. Moreover, only 1 of the 84 (1.2%)

child with MG was positive for anti-MuSK antibody. This
patient was a 5 year old girl who developed ptosis and
diplopia followed by progressive limbs weakness, dysphagia, and
dysarthria during the pyridostigmine and prednisone treatment.
Thymic hyperplasia was identified on a chest CT scan. After
3 months of tacrolimus therapy, she was improved and no
longer had any symptoms. This girl gradually stopped taking
prednisone, and the MuSK-ab changed from positive to negative
after one year.

Factors That Might Influence the Efficacy
of Tacrolimus in the Treatment of CMG
The patients were divided into two groups: improved MG group
(n = 113) and unimproved MG group (n = 36). The common
clinical features of the improved and unimproved patients
were available in Supplementary Table 1. Gender, thymus type,
thymectomy, the tacrolimus concentrations before tapering, and
pre-intervention status were found to be associated with the
clinical outcome using univariate logistic regression analysis.
Although the thymectomy was found to be significant by
univariate analysis, it was excluded from multivariate regression
analysis due to its strong correlation with thymus type
(Spearman correlation coefficient = 0.544, P < 0.001). Finally,
multivariate logistic regression analysis indicated that thymus
hyperplasia and pre-intervention status were independent
predictors of tacrolimus efficacy. To be specific, thymic
hyperplasia compromise therapeutic efficacy of tacrolimus
compared with normal thymic (odds ratio [OR] = 3.140,
95% confidence interval [CI] =1.374–7.178; P = 0.007) but
not thymoma (OR = 1.066, 95% CI = 0.113–10.085, P =

0.956). For pre-intervention status, CMGwith exacerbated status
had better therapeutic efficacy than those with unimproved
status (OR = 0.284, 95% CI = 0.109–0.741, P = 0.010)
(Table 2).
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TABLE 2 | Univariate and multivariate analysis for the influencing factors of the tacrolimus efficacy.

Variable Univariable Multivariable

OR (95%CI) P OR (95%CI) P

Age at onset, y 1.011 (0.912, 1.120) 0.834

Gender (male vs. female) 0.502 (0.233, 1.079) 0.078*

Duration, y 0.502 (0.233, 1.079) 0.533

Complicated with other AID 0.798 (0.275, 2.316) 0.678

Neostigmine test (+) 1.011 (0.973, 1.051) 0.576

Symptoms at onseta 1.621 (0.384, 6.841) 0.511

MGFA classification
I

II

III

IV

V

1 [Reference]

1.482 (0.514, 4.273)

(0.000, 0.000)

2.306 (0.364, 14.604)

3.458 (0.804, 14.868)

0.470

0.466

0.999

0.375

0.095

QMG score before tacrolimus administration 1.000 (0.864, 1.158) 0.998

ADL score before tacrolimus administration 1.051 (0.838, 1.318) 0.668

AChR-ab titers, nmol/L 1.430 (0.566, 3.614) 0.449

Thymus type

Normal 1 [Reference] 0.012** 1 [Reference] 0.022**

Hyperplasia 3.156 (1.427, 6.978) 0.005 3.140 (1.374, 7.178) 0.007

Thymoma 0.758 (0.086, 6.691) 0.803 1.066 (0.113, 10.085) 0.956

Thymectomy 2.875 (1.176, 7.024) 0.021*

Age at Pre administration, y 1.011(0.972, 1.051) 0.587

Interval between onset and starting Pre, y 1.012 (0.969, 1.057) 0.590

Duration of Pre before Tac, y 1.002 (0.903, 1.110) 0.976

Age at Tac administration, y 1.012 (0.973, 1.052) 0.566

Interval between onset and starting Tac, y 1.015 (0.971, 1.060) 0.514

Tac concentrations before tapering, ng/mL 1.185 (0.920, 1.526) 0.189*

Pre-intervention status

Unimproved 1 [Reference] 0.004** 1 [Reference] 0.007**

Worse 1.131 (0.382, 3.353) 0.824 1.130 (0.364, 3.509) 0.832

Exacerbation 0.277 (0.111, 0.695) 0.006 0.284 (0.109, 0.741) 0.010

aPatients were categorized as ocular MG (MGFA class I) and generalized MG (MGFA class II-V) according to the initial symptoms.

AChR-ab, acetylcholine receptor antibody; AID, autoimmune disease; MG, Myasthenia gravis; MGFA, Myasthenia Gravis Foundation of America; OR, odds ratio; Pre, prednisone; SD,

standard deviation; Tac, tacrolimus.

*p < 0.20; **p < 0.05.

DISCUSSION

In this study, we reported the clinical data from CMG patients

who did not achieve satisfactory therapeutic effects and then

were treated with tacrolimus. The majority of subjects can

respond well to tacrolimus, and nearly half attained MMS

or better status at the end of follow-up (21). In contrast
to previous studies, which found no gender bias in CMG
patients in Asian populations (8, 22), our data showed a female
preponderance, which was significantly lower than that the entire
population of CMG patients treated at our center (seen in the
Supplementary Table 2). This gender bias may be the result
of a combination of sex hormones and genetic predisposition
on the immunological function, and it represents disparities in
therapeutic response to steroids between males and females (23).
Similar to earlier studies that the majority of CMG patients
only had ocular symptoms (8, 22, 24), the current study showed
that 94.0% of recruited subjects had OMG. However, our
cohorts had a higher rate of generalized conversion or severe
MG (MGFA III-V) during pyridostigmine and steroids therapy.
Therefore, alternative non-steroidal immune-suppressants with

better efficacy is urgently needed to treat CMG patients with an
inadequate response to steroids.

The QMG and MG-ADL scores were primarily used to assess
the therapeutic efficacy of MG (20). Our findings revealed that
these two markers began to improve 1 month after initialing
tacrolimus and steadily improved throughout the study. This is
in line with recent studies reporting that the therapeutic effect of
tacrolimus can be shown within 4 weeks of commencing therapy,
which is faster than other traditional IS, such as azathioprine,
cyclophosphamide, and methotrexate (25–27). Another benefit
of tacrolimus for patients with MG was that it allowed them to
reduce their steroid dosages, however, there is a lot of individual
variance (1, 28–30). Previous studies have demonstrated that
the early favorable outcomes of tacrolimus may be caused
by improving both the transport of steroids into the nucleus
and the ability of steroid receptor to bind hormone (12, 29,
31). In this study, more than half patients were able to stop
taking steroids after responding well to tacrolimus, while 21.2%
patients needed a combination of low-doses steroids to keep their
symptoms under control at the end of follow-up. Furthermore,
previous studies have reported positive results with tacrolimus
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monotherapy, suggesting that tacrolimus can be used alone or in
combination with steroid (21, 32).

AChR antibodies were found in the majority of the
participants in our study, and the reduction of AChR-ab titers
was accompanied by the clinical improvement after tacrolimus
treatment, which was consistent with prior researches (12, 24,
29). By comparing the AChR-ab titers before enrollment between
the improved and unimproved group, we were able to show that it
was not an independent risk factor for tacrolimus efficacy. These
findings suggest that, while AChR-ab levels do not correlate
with tacrolimus efficacy, dynamic changes in AChR-ab titers are
helpful to assess the symptom improvement and guide further
treatment. In addition, MG patients with MuSK-ab (MuSK-MG)
had a substantially greater probability of failure with traditional
IS agents compared to patients with AChR-MG (10, 33). We
effectively treated a severe generalized MuSK-ab-positive CMG
patient with tacrolimus in our study, suggesting that tacrolimus
might be a viable treatment for children with MuSK-MG (10).

Two clinical predictors of tacrolimus efficacy were identified
statistically in our study: thymus type and pre-intervention
status. Although the relationship between the thymus gland
and MG is not yet fully understood (34). The thymus is
thought to play an important role in the pathogenesis of MG.
Our data showed that concomitant thymus hyperplasia was an
independent risk factor for poor efficacy of tacrolimus in children
with steroid-resistant MG, even in situation when thymectomy
therapy had been used. One theory is that autoreactive T-
lymphocytes exported from the aberrant germinal center in
thymus hyperplasia might have remained in the periphery for a
long period and then been activated to disrupt immunological
homeostasis (35). However, it should be noted that thymus status
was mostly assessed by CT or MRI scans in our study, which may
have limited sensitivity for thymus hyperplasia and hence bias of
the assessment of tacrolimus effectiveness (36). Furthermore, the
pre-intervention state of the improved and unimproved group
differed, indicating that patients with exacerbated status before
enrollment were more likely to respond effectively to tacrolimus
than those with unimproved status. In terms of MGFA pre-
intervention state, the majority of exacerbated patients who had
previously achieved MM or better status with steroids therapy,
tended to develop acquired resistance to steroids; whereas the
unimproved cases did not respond to steroids once steroid
therapy was initiated. This might mean that patients with MG
who had developed resistance to steroids had a greater response
to tacrolimus than those who had an initially poor response to
steroids. Additionally, a recent cohort study reported tacrolimus
combined with steroids can improve clinical effectiveness and
serve as medication maintenance to prevent disease relapses
in MG patients (36). Finally, because many clinical factors did
not correlate with tacrolimus efficacy in steroid-resistant CMG
patients, future researches should focus on biochemical and
immunological indicators like NF-κB transcriptional activity,
FK506-binding proteins (FKBPs), and abnormal T cell selection
and activation (30, 33).

Even when the symptoms had been adequately controlled,
most patients in our study were hesitant to stop taking tacrolimus

because of the protracted illness course and significant chance
of relapse (37). Tacrolimus dosage was successfully tapered in
24 (21.2%) of the 113 well-controlled patients in our cohorts
without exacerbating their condition. In contrast to other studies
which reported a higher incidence of tacrolimus-related ADRs,
ranging from 42.5–87.5% (1, 11, 28, 38). Our data showed that
<7.5% patients had ADRs after an average follow-up of 3 years,
which may be related to the use of lower doses of tacrolimus. All
the ADRs occurred within 10 months of tacrolimus treatment
and were resolved when tacrolimus was discontinued. Therefore,
we conclude that long-term tacrolimus usage in children with
steroid-resistant MG is relatively safe.

In conclusion, children with steroid-resistant MG displayed
distinct clinical characteristics. Although tacrolimus improved
symptoms in the majority of steroid-resistant CMG patients
with few adverse effects, some patients still did not react
well to tacrolimus. Clinically independent factors affecting
tacrolimus efficacy include thymus hyperplasia and pre-
intervention status. And we are currently working on a follow-up
study to explore the underlying immunological mechanism of
therapeutic failure in patients who haven’t responded to steroids
or tacrolimus.
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Myasthenia gravis (MG) appears to have a similar incidence among adult populations

worldwide. However, epidemiological and phenotypic differences have been noted

among children and juveniles with MG. We reviewed the literature on childhood- and

juvenile-onset MG among different populations, with the focus on ocular involvement,

antibody profiles, the genetic susceptibility to juvenile MG phenotypes, the use of

immune treatments, and the reported responses of extraocular muscles to therapies.

Although epidemiological studies used different methodologies, reports from Asia,

compared to Europe, showed more than two-fold higher proportions of prepubertal

onset (before 12 years) vs. postpubertal-onset juveniles with MG. Compared to

European children, ocular MG was 4-fold more frequent among Asian children, and

2–3-fold more frequent among children with African ancestry both in prepubertal

and postpubertal ages at onset. These results suggest genetic influences. In Asia,

HLA-B∗46 and DRB1∗09 appeared overrepresented in children with ocular MG.

In Europe, children with MG had a significantly higher rate of transforming from

ocular to generalized disease and with an overrepresentation of HLADRB1∗04.

Although treatment regimens vary widely and the responses to immune therapies

of the ocular muscles involved in MG were generally poorly described, there were

indications that earlier use of steroid therapy may have better outcomes. Reports of

treatment-resistant ophthalmoplegia may be more frequent in African and Asian juvenile

MG cohorts compared to Europeans. Genetic and muscle gene expression studies

point to dysregulated muscle atrophy signaling and mitochondrial metabolism pathways

as pathogenetic mechanisms underpinning treatment-resistant ophthalmoplegia in

susceptible individuals. In conclusion, phenotypic differences in juveniles with ocular

manifestations of MG were evident in different populations suggesting pathogenetic

influences. Treatment responses in MG-associated ocular disease should attract more

careful descriptive reports. In MG, extraocular muscles may be vulnerable to critical

periods of poor force generation and certain individuals may be particularly susceptible

to developing treatment-resistant ophthalmoplegia. The development of prognostic

biomarkers to identify these susceptible individuals is an unmet need.

Keywords: treatment refractory ophthalmoplegia, ocular myasthenia gravis (OMG), childhood myasthenia gravis,

juvenile myasthenia gravis, genetic susceptibility, Asian ancestry, myasthenia (myasthenia gravis—MG), African

ancestry
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BACKGROUND

Myasthenia gravis (MG) represents a heterogeneous group of
autoantibody-mediated diseases targeting the neuromuscular
junction. Extraocular muscles (EOMs) are highly susceptible to
manifesting myasthenic weakness and are frequently involved
early in the MG disease course prior to developing generalized
myasthenia (1, 2). Younger children appear to have a higher
prevalence of developing ocular MG (myasthenia remains
confined to the EOMs for an extended period) among Asian
cohorts, but the outcomes of EOMs to MG therapies are
generally not adequately described. This study aimed to review
the epidemiological literature of childhood and juvenile MG
and determine the severity of ocular phenotypes and treatment
responses, as well as current postulates related to the pathogenetic
mechanisms underlying the ocular phenotypes with the focus on,
but not confined to, the past decade.

METHODS

Search Strategy and Selection Criteria
Epidemiological Data
We searched the PubMed database for reports published in
English between January 1, 2010 and October 31, 2021 with
the MeSH terms “juvenile” or “childhood” in combination
with “myasthenia gravis,” “ocular myasthenia gravis,” and
“antibody.” We also selected references from manual searches of
reference lists of articles and reviews. Some of these references
were published before 2010, but after 1991. We included
publications that had clearly stated diagnostic criteria and in
which epidemiological data could be extracted such as age
at onset and phenotypic characteristics such as acetylcholine
receptor (AChR)-antibody status, ocular involvement, secondary
generalization, frequency of autoimmune diseases and thymoma,
sex differences, and outcomes of ocular myasthenia. If there were
2 publications from the same group, then we included only the
most recent article unless unique data was mentioned in the first
report. For juvenile MG, we included reports specifying age at
onset of MG symptoms between 1 and 20 years, despite the most
frequent age cutoff for juvenile onset MG being < 18 years (3).

Genetic Data
Search terms included; “gene” or “HLA” and “ocular myasthenia,”
“juvenile myasthenia gravis,” “childhood myasthenia gravis,” and
“extraocular muscles.” We also searched using geographical
terms “Asia,” “China,” “Africa,” and “myasthenia gravis.” Original
research articles written in English and published between
1996 and October 2021, which compared MG/MG subgroup
vs. age and race matched healthy controls, were selected
for review particularly if there was a special reference to
EOM involvement at presentation, treatment approaches, and
descriptive outcomes to treatment. When appropriate data were
extracted for positive individual human leukocyte antigen (HLA)
associations (excluding haplotypes) with MG (by subgroup if
specified).

Data Extraction and Organization
Although the use of critical appraisal tools to judge the scientific
merit of studies for inclusion in a review is encouraged, the
scarcity of studies including adequate descriptions of ocular
manifestations made the use of such tools difficult to implement.
A further limitation was the heterogeneity of age cutoffs for
juveniles, childhood, prepubertal and postpubertal cases with
MG; while most reports define the age of 12 years as the threshold
of puberty and < 18 years as juvenile onset, there were different
cutoffs to differentiate postpubertal MG from early-onset adult
MG, and childhood MG from prepubertal MG. These were
indicated as per author(s) and grouped together for comparative
purposes (Table 1).

RESULTS

Population Differences in MG by age at
Symptom Onset
Although there is recognition worldwide of an increasing
predominance of MG among the elderly, including in Asia
and Africa (4, 21–25), incidence rates among younger people
manifesting with MG appear to differ between Asia and Europe.
Population data including children are sparse and methodologies
vary widely, but there appear to be four-fold higher incidence
rates of MG among younger children from Asia compared to
Europe and North America (12, 19, 26). A multiracial pediatric
cohort from the United Kingdom (UK) in which data were
accrued over 10 years showed similar findings with higher
proportions of Afro-Caribbean, Asian, and Arabic children with
MG compared to Caucasian children living in the UK (20).

Reports from China regarding the proportions of juveniles
withMG, vary substantially and ranged between 27% (302/1,108)
in northern China, and 45% (964/2,154) in southern China (27)
(Table 1). Nevertheless, at least half of the children manifested
with MG before the age of 10, and the incidence peaked in
those presenting with symptoms before the age of 5 years (6,
8) (Table 1). A nationwide MG prevalence questionnaire from
Japan showed that children developing MG before the age of 10
years accounted for 9% of the overall proportion of MG cases
(n = 3,061) (4), which is much lower compared to China, but
remains substantially higher than the 2% prevalence in Italy (13).
Therefore, despite the possible impact of differences in study
methodology on the epidemiological results, the incidence ofMG
in both the prepubertal and postpubertal juveniles, compared
to adult-onset disease, was lower in juveniles with European
genetic ancestry compared to those with Asian and African
genetic ancestry.

Population and Phenotype Differences
Among Categories of Juveniles With MG
Prepubertal vs. Postpubertal Onset
There is accumulating evidence that MG presenting in the
prepubertal phase in contrast to postpubertal onset differs by
genetic ancestry. Studies from Asia showed the proportions of
children developing myasthenia before puberty (≥74%) were
more than twice as high compared to postpubertal children, and
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TABLE 1 | Characteristics of juvenile myasthenia gravis (MG) and subgroups (pre-pubertal vs. post-pubertal) by race and/or geographical area.

References Region Pre-pubertal MG Post-pubertal MG JMG

N AAO (%) AChR+ OMG AAO (%) AChR+ OMG Thymoma

Asian and Indian ancestry juveniles

Murai et al. (4) Japan 268 <10 ≈50% 62–81% NR NR NR 4–10%

Gui et al. (5) China 424* ≤10 (86%) ≈70% ≈95% 10–14 (14%) ≈70% ≈95% 17%

Feng et al. (6) China South 130 <10 58% NR 10–19 42% NR NR

Lee et al. (7) South Korea 88 <12 (74%) 90% 97% 12–18 (26%) 87% 70% NR

Wang et al. (8) China North 302 <5 (50%) NR 73% 5–15 (≈50%) NR 66% NR

Cohorts with >40% African ancestry juveniles

Xu et al. (9) USA (Texas) 60 <10 (40%) NR 58% 10–17 (60%) NR 14% NR

Barraud et al. (10) France 40 <12 (48%) 58% 37% 12–18 (52%) NR 24% 2%

Heckmann et al. (11) South Africa 190 <12 (41%) 56% 43% 12–20 (69%) NR NR 1–3%

Cohorts with >45% European ancestry juveniles

VanderPluym et al. (12) Canada** 49 ≤12 (80%) 52% 46% 13–17 (20%) ≈90% 0 NR

Evoli et al. (13) Italy 19 <10 74% 26% NR NR NR 0%

Popperud et al. (14) Norway 63 <12 (33%) 57% 14%# 12–18 (67%) 83% 12% 0%

Jastrzebska et al. (15) Poland 101 <12 (15%) 71% NR 12–18 (85%) 94% NR 1%

Juvenile MG

Wong et al. (16) Hong Kong 101 – – – <16 ND 71% 8%

Chou et al. (17) Taiwan 54 – – – <20 57% 78% 2%

Ashraf et al. (18) India 77 – – – <15 ## 27% 1%

Mansukhani et al. (19) USA 217 – – – <19 83% 23% 0%

Vecchio et al. (20) UK 74 – – – <16 84% 51% NR

Inclusion into this table required some demographic details according to the columns. AAO refers to the age at symptoms onset (in years as indicated by the respective authors) and

% refers to the proportion of the juvenile sample satisfying the prepubertal or postpubertal definition (as indicated for each study) if available; N, refers to sample size; NR, nor reported;

ND, not done; OMG refers to ocular MG (for this review, persistence of ocular only symptoms >1 year); JMG, juvenile MG; AChR+ refers to those with detectable antibodies to the

acetylcholine receptor.

*5 years of follow-up required for inclusion; **48% of cohort European and 28% Asian ancestries; – indicates incomplete data for prepubertal vs. postpubertal, therefore presented data

as juvenile MG. #used the follow-up data. ##AChR+ data only available for 18% (11/14 AChR+).

contrasts with a more even distribution (∼40 to 48%) amongst
cohorts with African children, and <33% in cohorts comprising
European children (Table 1). A large cohort from China showed
that half of the juveniles developing MG before age 15 were
younger than 5 years (8).

In Asia, there was a definite tendency toward more ocular
MG amongst the very young, prepubertal children compared to
older aged children with MG, but this was not evident in the
Norwegian children (Table 1). A multiracial juvenile MG cohort
from Canada, in which only 48% had European ancestry, also
showed a much higher proportion of prepubertal onset MG, and
most of the very young onset ocular MG cases (aged ≤ 6 years)
had Asian ancestry (12).

Interestingly, two multiracial cohorts from France (48%
of 40 had African ancestry) (10) and the UK (54% of 74
did not have European ancestry) (20) showed similar results
in which prepubertal ocular MG were more likely in the
African children despite equal proportions of children with
pre- and postpubertal MG. A feature of MG among north
European children (Norway and Italy) was that ocular only
presentations of MG occurred in less than a third, with most
children (>75%) developing generalized disease (with/or without
respiratory involvement) within 2 years, and between 15 and
26% remained with ocular MG (13, 14). Similar observations

were noted in Canada where white children were more likely
to develop generalized MG, and Asian children remained with
ocular disease (12). Furthermore, the conversion of ocular MG
cases to generalized disease was reported in only 5 to 20% of
Chinese and Thai children (5, 16, 28, 29) and among 25% of
the French cohort in which almost half the children had African
genetic ancestry (10).

Sex differences and severity of MG were not consistently
different in postpubertal cohorts from different populations;
a European cohort showed more girls in the postpubertal
group with less severe MG disease (14); two Asian cohorts
showed similar proportions of girls and boys, but inconsistent
severity of MG grades by sex were reported (7, 28). An
older study from the USA, which specifically assessed MG
outcomes by race in a clinical setting where the same treatment
approaches were used for all children, reported infrequent
clinical remissions in prepubertal black patients compared to
white patients, although overall disease severity was similar
irrespective of race (30). It is important to highlight that MG
crises can occur in children and require appropriate immune
therapies (3, 12, 26).

In summary, pre- and postpubertal MG cases were more
likely to remain confined to the ocular muscles in Asian children
compared to those in Europe.
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Antibody Profile
The AChR-Ab positive MG frequencies by RIA appeared to be
similar in all children and in almost all studies ranged between 50
and 95%, irrespective of whether the MG onset was prepubertal
or postpubertal (Table 1). A study from China found similar
proportions of AChR-Abs by RIA and cell-based assay (CBA) in
juveniles (<19 years of age) compared to adult-onset MG cases,
although 18% of the juveniles (compared to 10% of adults) were
only positive by CBA (31). The age-adjusted incidence rates of
AChR-Ab positive MG among juveniles from South Africa (24)
appeared to be higher than in Caucasian cohorts from the UK,
USA, Norway, and Canada (≈3 per million vs. < 1.5 per million,
respectively) (12, 19, 32, 33).

Data on the prevalence of muscle-specific kinase (MuSK)-Abs
are sparse. Only rare cases of MuSK-Ab positive MG have been
reported in juveniles from China [0/118 (31) or < 3% (6)], Japan
(1.4%) (4), North America (34), and northern Europe (35) and
possibly more than expected in the two cohorts with African
ancestry children (10, 14, 15, 17, 19, 20).

Overall, most populations reported that younger children
were more likely to have AChR-Ab negative MG and ocular
disease, both of which conferred a higher likelihood of obtaining
remission status (17, 20, 28). However, in the situation where
the child does not respond to treatment, despite symptom onset
after infancy, the question of possible congenital myasthenia
may arise. Clinical features supportive of autoimmune MG
include: subacute progressive onset; marked asymmetry of ptosis;
substantial fluctuations of ophthalmoplegia (36).

Thymoma Incidence
Thymoma occurs rarely in juveniles with MG (34). Data from
Asia varied between 0 (0/118) (31) and 17% (6/34) (Table 1).

Autoimmune Disease
Concomitant autoimmune disease, mainly thyroid disease,
was reported in 4–19% of children with MG from China,
Thailand, Hong Kong, and racially diverse cohorts from
Canada and the UK (4, 5, 12, 16, 20, 27–29), 27% from
Taiwan (included MG onset before age 20) (17) and ≈7%
in juvenile cohorts with substantial African ancestry MG
cases (10, 11). In contrast, ≈30% of pre- and postpubertal
Norwegian children had other autoimmune diseases in addition
to MG (14).

Epidemiology of Ocular MG Among
Juveniles
The higher frequencies of ocular MG among younger children
fromAsia differed substantially from Europe (4, 22, 28) (Table 1).
Within the prepubertal onset range, the very young children
presenting with symptoms before the age of 4, showed the
highest proportions of ocular MG compared to older children
from China and Japan (4, 23, 28). African, Afro-Caribbean, and
African-American prepubertal onset children also showed higher
proportions of ocular MG compared to postpubertal juveniles
(9, 11, 12, 20).

Severity of Extraocular Muscle
Involvement at the Presentation of MG in
Juveniles vs. Adults
There was a paucity of descriptive data of EOM involvement
in MG. An audit of the examination findings in adults
presenting with MG to a Scottish ophthalmological service,
reported bilateral weakness of multiple EOMs in more than
half the patients, irrespective of age, with 6% having bilateral
ophthalmopareses (or duction failure) (37). A review from
Thailand, but in juveniles (<15 years) presenting with ocular
MG, also found limitations of EOM movement in more than
50% (of 62), and most had complete duction failure (29). Juvenile
MG cases seen at theMayo clinic (most were Caucasian children)
found limitations of EOMmovement in 30%, although there may
be a bias to more severe cases in this cohort as most patients were
not residents of the county (19).

Observational descriptive EOM data from a largely adult
MG clinic, prior to any therapy and in which ≈15% had only
ocular manifestations of MG, showed that ≈12% of MG cases
had fatigable ptosis/diplopia compared to ≈87% with persistent
ophthalmoparesis (or weakness) with or without ptosis in at
least one EOM (38). Of those with ophthalmoparesis, > 60%
had weakness of ≥ 6 EOMs. There was a trend toward more
severe weakness in those with generalized MG compared to
ocular only MG (severity is defined by the number of EOMs
with ≥ 50% weakness (i.e., can only move half of the EOM’s
full trajectory) (38). It is worth mentioning that even mild
weakness of one EOM may cause diplopia, and those patients
with complete ophthalmoplegia may not experience diplopia,
although minor malignment of the visual axes may result in
diplopia (39).

Taken together, a substantial proportion of patients
with MG may develop persistent weakness of their EOMs
(ophthalmoparesis or ophthalmoplegia), and this may occur
more frequently in juveniles. However, the absence of a
standardized approach to reporting does not allow for firm
conclusions (see below).

Treatment Outcomes of Extraocular
Muscles in MG
The quantitative and descriptive data with respect to EOM
outcomes to therapy in juveniles with MG, were sparse,
highlighting a research gap (Table 2). A large cohort of 306
juveniles with ocular MG from southern China, of whom most
were treated with immune therapy in addition to pyridostigmine,
only 50% achieved minimal manifestations (43) or better after
at least 12 months of follow-up (28). Better outcomes were
related to earlier use of “standard treatment” (within 2 years
of symptom onset), which included the use of prednisone 0.25
mg/kg/day if symptoms did not resolve with pyridostigmine
alone, followed by a slow taper and steroid cessation after 6
months of clinical remission (28). Another large study from
China, in which 95% of juveniles had ocular involvement, only
17% “improved” while the remainder were either unchanged
or worse, despite immune treatments (advising prednisone 0.75
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TABLE 2 | Outcomes of extraocular muscles in juveniles with MG by region.

Region AAO, years N Follow-up, years (mean) Ocular outcomes: good vs.

treatment resistance as %

OMG patients on

immune treatment

Kim et al. (40) S/Korea <15 24 3.1 NR; 10% TRO 75%

Lee et al. (7) S/Korea <18 88 >2.6 65% vs. 0 >55%

Kraithat et al. (41) Thailand <15 14 6.3 93% vs. 7% 79%

Vanikieti et al. (29) Thailand <15 62 >4 NR; 8% TRO 52%

Huang et al. (28) China <18 306 >1 NR; 50% in remission 93%

Gui et al. (5) China <14 424 >5 NR; most unchanged/worse 100%

Ortiz and Borchert (42) US <12 21 6.5 NR; OMG resolved in 19% 29%

Xu et al. (9) US <18 22 NR NR; 0 TRO “Almost all”

AAO, age at onset; OMG, ocular myasthenia gravis; N, refers to sample size; Ocular outcome: “Good” refers to remission or minimal symptoms and “treatment resistance” refers

unchanged or worse; TRO refers to treatment-resistant ophthalmoplegia. S/Korea, South Korea; NR refers to not reported.

mg/kg/day with poor responses to pyridostigmine), and even
thymectomies (5).

The retrospective results of hospital-based pediatric clinics
in South Africa showed, after a median follow-up of 5 years,
31% of prepubertal children (n = 31) remained with partial or
complete treatment-resistant ophthalmoplegia, and 12% in the
postpubertal group (n = 20) (11). Although immune treatments
were used in this case series, the treatment protocols varied from
site to site. In contrast, the pediatric group from North America
(n = 22; 40% of children with African ancestry) in which >80%
were treated within a median of 5 months from symptom onset,
and using doses of prednisone 2.5 mg/kg/day for 4–6 weeks
before a reduction to alternate day dosing, resulted in all the
patients reaching minimal manifestation status or better (9).

In a cohort of predominantly adult MG patients, longitudinal
observational data to assess the duration of immune treatment
required before the resolution of MG-induced EOM paresis
showed that starting immune therapy earlier (<12 months
of symptom onset) and using higher doses of prednisone
in the first 3 months (0.45 vs. 0.29 mg/kg) associated with
significantly better outcomes; patients whose ophthalmoplegia
resolved within 3 months of starting therapy had received the
higher dose compared to those who only showed resolution of
ophthalmoplegia between 4 and 12 months (38). Although there
were only nine of 76 patients with MG manifesting with MG
before the age of 20 in this cohort, the younger people were less
likely to show resolution at 12 months compared to the older
people (statistical analyses were not performed due to sample
size). Of those with EOM weakness at baseline, 24% remained
with complete ophthalmoplegia (all the 12 EOMs with persistent
paresis) at 12 months despite moderate doses of prednisone
≈0.35 mg/kg daily with/without steroid-sparing agents (38).
These results support the treatment recommendations from
Kupersmith and Ying to use earlier and higher doses of
prednisone, up to 60mg daily, for short periods in treating the
EOMmanifestations of MG (44).

An international working group advising on therapies for
juvenile MG recommended starting cholinesterase inhibitors
at 0.5 to 1 mg/kg every 4 to 6 h and increasing the dose
to 7 mg/kg/day in divided doses for symptom control (3).

In our experience, cholinesterase inhibitors may produce
some symptomatic relief to the ocular manifestations of MG,
especially ptosis, but rarely result in resolution of symptoms;
however, others have noted that >50% of patients improve
symptomatically on cholinesterase treatment (10). Oral steroids,
between 0.5 and 1 mg/kg daily (or 1.5 mg/kg alternate days),
are advised in increasing doses in juveniles not responding to
cholinesterase inhibitors, with lower doses advised in children
with only ocular manifestations (3). Several groups recommend
adding steroid-sparing agents to prednisone in children in
the setting of poor treatment responses to steroids (3, 5, 11,
12, 28). Steroid-sparing agents which are used in juveniles
include azathioprine, mycophenolate mofetil, and rituximab (3).
Althoughmethotrexate is increasingly accepted as a cost-effective
adjunct to the MG therapeutic armamentarium in adults (45)
based on decades of experience in the juvenile arthritides among
others, we also use methotrexate in children (10–15 mg/m2/week
plus folic acid >24 h after methotrexate (folate dose≈ 1/3 of
methotrexate) (46).

Differential Diagnosis for Treatment-Resistant

Seronegative Ocular Myasthenia
Treatment-refractory ophthalmoparesis/plegia among
particularly the prepubertal group of juveniles with AChR-
Ab negative MG or MuSK-Ab negative MG, may raise the
possibility of a congenital myasthenic syndrome (CMS).
CMS usually manifests with features of fatigable ocular or
generalized muscle weakness at birth or within the first year
of life, and often with a family history of a similar phenotype
(47). However, pathogenic variations in several CMS genes
may manifest in childhood (CHNRE; COLQ; DOK7; GFPT1;
RAPSN), adolescence (DPAGT1), or even in adulthood
(CHRNA1; CHRNE; DOK7; GFPT1; RAPSN) (47). Most of
these CMS are accompanied by additional features such as
dysmorphism (CHRNA1), or limb-girdle pattern of weakness
(GFPT1; GMPPB; DGPAGT1) without EOM weakness or
ptosis. Pathogenic gene variants in a few CMS genes may rarely
cause diagnostic confusion with “treatment resistant ocular
± generalized myasthenia”; pathogenic variants in CHRNE1
have been reported to present after infancy with mild ptosis or
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ophthalmoplegia and respond to cholinesterase inhibitors;DOK7
pathogenic variants may present with limb-girdle weakness and
ptosis; occasional pathogenic variants in RAPSN may cause
fluctuating ptosis with/without generalized fatigability (36, 47).
Although pathogenic variants in COLQ usually cause severe
early onset axial weakness with sparing of EOMs, some cases
may have later onset, milder disease with variable occurrence of
ophthalmoplegia and ptosis; these patients do not respond to
cholinesterase inhibitors (36).

Treatment-Resistant Ophthalmoplegia and

Definitions
Myasthenic involvement of the EOMs, similar to non-ocular
muscles, is expected to respond to immunosuppressive
therapies (38). However, in 2007, we first highlighted the
occurrence of chronic treatment-resistant ophthalmoparesis (or
ophthalmoplegia) in a subset of patients with MG from South
Africa, whereas their non-ocular muscles responded to immune
therapies. Treatment-resistant ophthalmoplegia occurred more
frequently in those with younger onset (<20 years), AChR-Ab
positive MG, and in individuals with African genetic ancestry
(48). Subsequently, cross-sectional data from different pediatric
centers across South Africa showed that up to 30% of the
children attending hospital-based clinics remained with degrees
of ophthalmoplegia after several years of immune therapies,
irrespective of whether they had ocular-only or generalized
MG (11).

Although complete ophthalmoplegia (also referred to as
“eyeball fixation”) (6) is mentioned in juvenile cohorts from
Asia, and elsewhere, it is frequently not quantified. Nevertheless,
a Korean cohort of childhood-onset ocular MG (onset before
15 years and follow-up > 6 months) reported that only
29% (of 24 cases) improved in response to treatment with
pyridostigmine and prednisone and 10% of patients remained
with total ophthalmoplegia; only 50% were treated with
prednisone and pyridostigmine (40) (Table 2). Treatment-
resistant ophthalmoplegia was also reported in cohorts from Italy
(3 of 19, 15%) and Canada (1 of 25, 4%) comprising either
childhood-onset generalized or ocular MG and was frequently
treated with immunosuppressive therapies and thymectomies
(13, 49). Children with ocular MG from the USA (n = 21;
followed for 2 years) showed “limitation of ductions” in 81%
and complete resolution of myasthenic signs occurred in only
19%, although only a third had received steroids (42). Treatment
resistance requiring oculoplastic surgery was reported in 6% of
mainly Caucasian juveniles in another US cohort (19).

Taken together, younger African and Asian children with
myasthenic involvement of EOMs appear to be at greater
risk of developing treatment-resistant ophthalmoplegia (11,
29, 40). It is important to note that adult-onset MG cases,
irrespective of ocular only MG or generalized MG, may
develop treatment-resistant ophthalmoplegia including those
with MuSK-Ab positive MG, triple seronegative MG, and older
men with AChR-Ab positive MG (38, 50–52).

Presently, there is no definition for treatment-resistant
or refractory ophthalmoplegia in MG. Definitions related to
refractory generalized MG do not apply as patients with

ophthalmoplegia (± ptosis) may experience substantial visual
disability while the remaining non-ocular muscles may not be
severely weak. In addition, refractoriness in generalized disease
often requires documentation of treatment non-responsiveness
and failure to prevent severe generalized MG weakness or crisis
after trying several immune therapies for 12 to 24 months
(53, 54), whereas observations suggest EOMs are vulnerable
to shorter periods of inactivity due to functional denervation.
Therefore, the definition of treatment-resistant ophthalmoplegia
cannot be conservative as waiting for long periods in this
setting may be counterproductive and contribute to muscle
atrophy (Figure 1). Longitudinal observations of new patients
with MG with persistent ophthalmoparesis/plegia and the timing
of their resolution (or not) to immune therapy suggest that
a signal for treatment non-responsiveness in most cases is
evident around 6–7 months (38). However, another scenario
occurs in which patients with MG may only manifest treatment-
resistant ophthalmoplegia later, even after initially showing
treatment responsiveness of their EOMs; in these cases, usually
in the context of generalized disease, we noted that a critical
event (infection; abrupt non-compliance) resulted in a relapse
of MG and ophthalmoplegia with ongoing persistent non-
responsiveness of the EOMs while the non-ocular muscles
responded to the re-introduction/adjustments of MG therapies.
We postulate that these events may have triggered critical
biological pathways (see below) (39).

The clinical examination in patients with MG with chronic
treatment-resistant ophthalmoplegia may also vary; some
patients show an initial brief quiver movement as the saccadic
movement is initiated before the eye stops short of its reduced
trajectory, or brief lid twitches with attempted upgaze after a
period of downgaze may be observed. However, after years of
treatment-resistant ophthalmoplegia, the EOMs of some patients
with MG show very limited and slow movements, and in some,
there is no observable movement at all. When there is complete
ophthalmoplegia, forced duction testing by an ophthalmologist
may distinguish whether an apparently “fixed” eyeball can move
through its trajectory; this can distinguish between severe eye
muscle paralysis, where there is no mechanical restriction to
forced EOM duction, and a restrictive force which prevents
ocular movement (infiltration or fibrosis). In the setting of
concomitant thyroid eye disease, the EOMs would show limited
mechanical movement (39).

Genetic Differences of Juvenile MG by
Race/Population
Human Leukocyte Antigen Genes
The HLA region on chromosome 6 was the first genetic region,
encompassing various class I (HLA-A, HLA-B) and class II
genes (HLA-DR, HLA-DQ), shown to associate with MG (55).
These HLA genes encode molecules that present antigens to
CD4+ T helper cells which are necessary to mount an adaptive
immune response specific to foreign pathogens [reviewed in Nel
et al. (56)]. Although many HLA association studies have been
performed in adults with MG, those in juveniles and children are
sparse, but may suggest that juvenile and/or ocular MGmay have
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FIGURE 1 | Proposed mechanisms in the development of treatment-resistant ophthalmoplegia in susceptible patients with myasthenia gravis. EOM, extraocular

muscles; MRI, magnetic resonance imaging of the orbit; EAMG, experimental autoimmune myasthenia gravis; Abs, antibodies.

a distinct immunological basis in certain populations (Table 3).
For example, children from Norway showed an association
with DRB1∗04 (61) whereas those from Asia were associated
with DRB1∗09. Childhood-onset ocular MG in Japanese and
Chinese children, who were predominantly AChR-Ab negative,
have shown reasonably consistent HLA-B∗4601; DRB1∗0901
associations. Nel et al., found a higher frequency of functional
variants in the HLA-DRB1 region in a selected sample of African
juveniles with treatment-resistant ophthalmoplegia (see below)
compared to MG cases who responded to therapy (65), as well
as the closely linked HLA-DPB1 region (2). Preliminary results
suggest that “low expression” HLA-DPB1∗105:01 genotypes,
which were also more common in African controls compared
to European controls, associated with African juveniles with
treatment-resistant ophthalmoplegia (2).

Pathogenic Mechanisms of Treatment-Resistant

Ophthalmoplegia in MG
Our current hypothesis is that in a genetically susceptible
individual, treatment-resistant ophthalmoplegia is likely the

result of a complex network of dysregulated genes “activated”
within the context of MG (39). Against this backdrop and
together with a critical period of loss of contractility in the
EOMs, muscle atrophy-pathways and mitochondrial metabolic
pathways are not able to maintain normal homeostasis, and
the paralysis of the EOMs may enter an irreversible phase of
mitochondrial stress, EOM atrophy, and fat replacement (66,
67). Importantly, these histopathological changes may not be
peculiar to MG, but rather to EOMs (more than other skeletal
limb muscles) being particularly vulnerable to atrophy when
contractility is compromised for a critical period irrespective of
the cause (67). Similar to the EOM histopathological findings,
imaging of the EOMs in patients withMGwith chronic refractory
ocular symptoms, found evidence of muscle atrophy and fatty
replacement (52). Interestingly, fatty replacement with larger
muscle volume was evident in the EOMs of a pilot case series
(feasibility study) earlier in their disease course (68), whereas
those with a longer disease duration showedmuscle atrophy (69).

Gene expression studies in the EOMs of experimentally
induced MG in rodents have also pointed to altered oxidative
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TABLE 3 | Human leukocyte antigen (HLA) associations in juvenile myasthenia

gravis by racial ancestry or geographical area.

Type Symptom

onset, y

HLA gene

associations

Geographical area

Pre-pubertal MG <10 <12 -DR9; Dw13

-DRB1*0404

Japan (57, 58)

China (59, 60)

Norway (61)

Post-pubertal MG 12-18 -B*08 Norway (61)

Juvenile MG <15 <20 -DRB1*0901

-DRB4*0101

China (59)

Japan (58, 62)

Ocular MG <15 <18 -DQA1*0302; China (63)

DQB1*0303:02 Japan (62)

-DRB1*1302;

DQA1*0102;

DQB1*0604

-DRB1*0901;

DQA1*0301;

DQB1*0303

-B*4601; China (59, 64)

DRB1*0901

-B*4601;

DRB1*0403

MG to myasthenia gravis. Ocular MG when MG has been confined to ocular muscles for

>2 years. Y, years. Both serological and molecular HLA typing methods were considered.

HLA alleles derived from molecular typing are denoted with an asterix (*) e.g., DRB1*0901

is the gene for the serotype DR9. For more detail on the curation of HLA studies see Nel

and Heckmann (56).

metabolism (70) which may in turn impact on EOMs
maintaining high firing rates and generating contractile force
(Figure 1). Poor muscle force generation affects mitochondrial
biogenesis and triggers muscle atrophy signaling pathways (71,
72) all of which have been shown to be relevant in MG in-
vitro modeling (73). The patient developing treatment-resistant
ophthalmoplegia may be genetically susceptible to the induction
of these “dysregulated” pathways only when they develop MG
and possibly enter an irreversible stage when not treated
early enough.

Although genetic studies have been limited due to the rarity
of these patients, candidate gene approaches in juvenile AChR-
Ab positive generalized patients with MG with the treatment-
resistant ophthalmoplegic phenotype showed associations with
regulatory variants in both the DAF (-198 C>G) and TGFB1 (-
387 C>T) genes (74, 75). However, these genetic associations did
not account for many of the cases.

An unbiased genome-wide analysis in a highly selected
enriched group of juveniles with treatment-resistant
ophthalmoplegic MG compared to a matched control group of
young myasthenic responders (extreme phenotype approach)
identified several genes by their putative functional gene variant

burden, which associated with ophthalmoplegic cases (2).

Prioritizing these genes by their expression levels in muscle
showed they converged on muscle atrophy signaling and
myosin II function pathways (2). These predictions were
validated in gene expression studies using orbital muscle
biopsies of MG cases compared to an independent control group
without MG, pointing to dysregulated muscle networks in the
ophthalmoplegic MG cases involving muscle atrophy and/or
contractility as well as oxidative metabolism gene pathways
(76). These pathways identified by gene variant burden, showed
significant dysregulated correlations (which differed from
controls) with known MG genes/pathways (70, 73), highlighting
the importance of theMG context. The unmet need is developing
a prognostic biomarker for the early detection of these cases.

CONCLUDING REMARKS

In juveniles with myasthenia, there are phenotypic differences
amongst different populations in their ages at presentation, the
proportions of ocular vs. generalized manifestation of MG, and
in the treatment responsiveness of EOMs to immune therapies.
Although ocular MG in younger children is often benign and
self-limiting, indications are of genetically susceptible individuals
who require a more aggressive approach with immune therapy
to avoid chronic visual morbidity. There is a critical need
for a prognostic biomarker to guide treatment approaches. In
addition, clear knowledge gaps were identified; there is a lack of
standardized use of descriptions of eye muscle involvement in
juveniles with MG, and poor descriptions of their responsiveness
(or lack thereof) to immune therapies. The field will benefit from
a collaborative response to these research gaps.
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Myasthenia gravis (MG) is an autoimmune disorder caused by autoantibodies targeting

components of the postsynaptic membrane of the neuromuscular junction (NMJ),

leading to neuromuscular transmission deficiency. In the vast majority of patients, these

autoantibodies target the nicotinic acetylcholine receptor (nAChR), a heteropentameric

ion channel anchored to the postsynaptic membrane of the NMJ. Autoantibodies in

patients with MG may target all the subunits of the receptor at both their extracellular

and intracellular regions. Here, we combine immunoadsorption with a cell-based assay to

examine the specificity of the patients’ autoantibodies against the extracellular part of the

nAChR. Our results reveal that these autoantibodies can be divided into distinct groups,

based on their target, with probably different impacts on disease severity. Although

our findings are based on a small sample group of patients, they strongly support that

additional analysis of the specificity of the autoantibodies of patients with MG could serve

as a valuable tool for the clinicians’ decision on the treatment strategy to be followed.

Keywords: myasthenia, autoantibodies, anti-nAChR antibodies, cell-based assay, diagnosis of myasthenia,

immunoadsorption

INTRODUCTION

Myasthenia gravis (MG) is a well-characterized autoimmune disorder caused by autoantibodies
(autoAbs) targeting molecules of the neuromuscular junction (NMJ). In MG, the signal
transduction caused by the neurotransmitter acetylcholine is impaired and muscle weakness and
fatigability occur (1–4).

To date, various MG-specific autoAbs have been identified. One case is the autoAbs against
the muscle nicotinic acetylcholine receptor (nAChR) (5), which act according to one of the
following three pathogenic mechanisms: (a) activation of the complement at the NMJ, which
causes destruction of the typical folds in the sarcolemma, (b) antigenic modulation, which leads to
internalization and degradation of the surface nAChR, or (c) blocking of the acetylcholine binding
and consequently of the channel opening (6). AutoAbs against the muscle-specific kinase (MuSK)
(7) and low-density lipoprotein receptor-related protein 4 (LRP4) (8–10) block the interactions of
MuSK and LRP4 and affect the maintenance of the NMJ (6, 11). In addition, other autoAbs with
unknown pathogenicity directed against agrin, cortactin, titin, and ryanodine receptor have also
been detected in patients’ sera with MG (12–16).
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The nAChR is a ligand-gated ion channel anchored to the
NMJ (17). In humans, two subtypes of the muscle nAChR have
been identified, the fetal and the adult subtype. Both the subtypes
are heteropentamers composed of 4 subunits forming pentameric
assemblies with a stoichiometry of 2α1: β1: ε: δ (adult subtype)
or 2α1: β1: γ: δ (fetal subtype) (18–20). Each subunit consists
of a ∼210 amino acid extracellular domain (ECD), bearing the
epitopes for potential pathogenic autoAbs (21, 22). Although
the α1 subunit hosts the main immunogenic region, patients
with MG also harbor autoAbs against the non-α1 subunit-ECDs
(22–25). AutoAbs against the α1 subunit of the nAChR are
characterized as more pathogenic than those against the β1
subunit (26). Furthermore, autoAbs against the γ subunit trigger
arthrogryposis in newborns and recognize the fetal subtype of the
nAChR on the extraocular muscle in adults (27–30). Thus, the
subunit specificity of the anti-nAChR autoAbs seems to influence
disease severity.

Currently, the gold standard technique for anti-
nAChR autoAbs detection and quantification is a
radioimmunoprecipitation assay (RIPA), performed with a
mixture of solubilized fetal and adult human nAChR bound
to the [125I]-labeled antagonist α-bungarotoxin. RIPA is a
reliable technique that provides an accurate estimation of the
anti-nAChR autoAbs titer (5, 31). The anti-nAChR autoAbs
titer does not correlate with disease severity when patients are
compared, although fluctuations in the anti-nAChR autoAbs
concentration in an individual patient have been reported to
correlate with the severity of muscle weakness and to predict
exacerbations. Thus, repeated testing for autoAbs can influence
therapeutic decisions (2). Other techniques with good sensitivity
and specificity for the detection of the anti-nAChR autoAbs,
namely, ELISA, luciferase and fluorescence immunoprecipitation
assays, exist. However, these assays have not been widely adopted
in clinical practice (2, 32–34). Recently, cell-based assays
(CBAs) for the detection of anti-nAChR autoAbs have been
developed (35). In brief, CBA utilizes either transiently or
stably co-transfected cells with plasmids encoding the five
subunits of the nAChR and rapsyn. This co-transfection results
in overexpression of the native nAChR on the cell membrane,
mimicking the tightly clustered nAChRs on the NMJ. Thus,
in addition to other techniques, CBA allows the detection of
conformational dependent anti-nAChR autoAbs that recognize
discontinuous epitopes and clustered nAChRs (36–41). It
has been reported that 16–66% of seronegative patients with
MG have autoAbs against the clustered nAChR, detected
by CBA (42–46).

Here, we studied the specificity of the anti-nAChR autoAbs in
sera, derived from a group of 20 anti-nAChR positive patients
with MG at different time points. First, we investigated how
many of these patients possess autoAbs against extracellular parts
of the nAChR by CBA. We were surprised to find that 7 out
of the 20 patients with MG were CBA negative (CBA–), which
suggests that they mainly have autoAbs against intracellular parts
of the receptor, since these patients were RIPA positive against
the native nAChR. Then, only for the CBA positive sera (CBA+),
we tested by immunoadsorption the subunit specificity of the
autoAbs. Following the immunoadsorption of autoAbs against

specific subunit-ECDs, we tested the remaining autoAbs by: (a)
RIPA to quantify the percentage of the unbound autoAbs and (b)
CBA to test if all the autoAbs against extracellular parts of the
nAChR were depleted. Based on our findings, we could divide
the tested patients with MG into four groups, according to the
target of their autoAbs, which possibly reflects differences in their
clinical phenotype.

MATERIALS AND METHODS

Patients
Sera from patients with nAChR-MG, confirmed by RIPA, were
provided by the diagnostic department of the Hellenic Pasteur
Institute (HPI). The sera samples used were collected from at
least two different time points for most of these patients. In
total, 55 sera were collected from 20 patients with MG (Table 1).
Clinical data from 9 patients are available and given in Table 1.

Statement of Ethics
The studies involving human participants were reviewed and
approved by HPI Ethics Committee. The patients/participants
provided their written informed consent to participate in
this study.

Immobilization of Purified Recombinant
Proteins on CNBr-Sepharose Beads
The expressed, in yeast Pichia pastoris, ECDs of the human
α1, β1, γ, δ, and ε nAChR subunits (47, 48) were immobilized
on cyanogen bromide (CNBr)-sepharose beads, after their
enzymatic deglycosylation and purification, as described
previously (24, 49). In brief, 0.1mg of ECD and 0.9mg of bovine
serum albumin (BSA) (used as a carrier) were immobilized
on 0.1 g of CNBr-activated sepharose beads according to
the manufacturer’s protocol (GE Healthcare). Following the
immobilization, the ECD-carrying beads were diluted in 12ml
phosphate-buffered saline (PBS) containing 0.02% NaN3. As
a control, BSA (1mg) was immobilized on CNBr-activated
sepharose beads.

Immunoadsorption
A total of 125 fmoles of anti-nAChR autoAbs, diluted in
PBS/0.2% BSA (total volume: 40 µl), were incubated with 120
µl of sepharose-ECD or sepharose-BSA suspension, for 2 h at
room temperature (RT). After centrifugation, supernatants from
the immunoadsorption columns containing the unbound anti-
nAChR autoAbs were tested by RIPA and CBA.

Radioimmunoprecipitation Assay
For the quantification of the unbound anti-nAChR autoAbs, the
autoAb RIPA kit (RSR, UK), containing [125I]-α-bungarotoxin-
labeled human fetal and adult muscle nAChR preparations,
was used, according to the manufacturer’s instructions. From
the 160 µl immunoadsorption mix, duplicates of 30 µl
samples (containing ∼25 fmoles in case of no depletion) were
added to the reaction. The percentage of immunoadsorption
was estimated using the equation: 100 × {[1cpmBSA] –
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TABLE 1 | Results of the tested sera.

Date Age Onset MGFA anti-nAChR

(nM)

Live CBA anti-α1 (%) anti-β1 (%) anti-γ (%)

Live CBA negative

P1 2017 n.a. n.a. n.a. 820 N N N N

2021 n.a. n.a. n.a. 496 A N N N

P2 2011 n.a. n.a. n.a. 275 N N N N

2013 n.a. n.a. n.a. 450 A N N N

2018 n.a. n.a. n.a. 256 A N N N

2019 n.a. n.a. n.a. 480 A N N N

P3 2017 n.a. n.a. n.a. 97 A N N N

2019 n.a. n.a. n.a. 39 A N N N

2020 n.a. n.a. n.a. 28 A N N N

P4 2017 n.a. n.a. n.a. 65 N

2018 n.a. n.a. n.a. 46 A

P5 2011a 28 Early IIA 272 N

2011b 28 IIA 277 N

2018 35 PR 130 N

P6 2010 33 Early I 341 N

2019 42 I 310 N

P7 1999 51 Early I 144 N

2009 61 I 145 N

Anti-α1 autoAbs

P8 2018 79 Late I 8.8 P 57.84 (±6.07) N N

2019 80 V 36 P 58.38 (±8.83) N N

P9 2017 n.a. n.a. n.a. 32 P 38.38 (±4.08) N N

2018 n.a. n.a. n.a. 36 P 27.55 (±1.82) N N

P10 2016 n.a. n.a. n.a. 82 P 87.43 (±0.08) N N

2017 n.a. n.a. n.a. 40 P 88.06 (±2.16) N N

2020 n.a. n.a. n.a. 33 P 88.00 (±1.06) N N

P11 2016 n.a. n.a. n.a. 16 P 90.70 (±1.65) N N

2017 n.a. n.a. n.a. 9 P 93.20 (±1.32) N N

2020 n.a. n.a. n.a. 18.7 P 85.47 (±0.31) N N

P12 2011 n.a. n.a. n.a. 165 P 90.69 (±0.67) N N

2012 n.a. n.a. n.a. 77 P 89.61 (±0.12) N N

2019 n.a. n.a. n.a. 48 P 92.59 (±0.13) N N

Non anti-α1 autoAbs

P13 2016 73 Late I 165 P N N 65.33 (±2.48)

2018 75 I 160 P N N 67.50 (±3.28)

P14 2016 n.a. n.a. n.a. 26 P N 76.45 (±0.64) N

2020a n.a. n.a. n.a. 153 P N 39.69 (±1.43) N

2020b n.a. n.a. n.a. 89 P N 41.52 (±4.58) N

2021 n.a. n.a. n.a. 43 P N 51.90 (±1.82) N

P15 2013 n.a. n.a. n.a. 420 P N 60.83 (±2.21) N

2016 n.a. n.a. n.a. 193 P N 52.08 (±2.33) N

2020 n.a. n.a. n.a. 208 P N 57.17 (±1.53) N

Anti-α1 and non anti-α1 autoAbs

P16 2017 36 Early IIA 98 P 27.97 (±3.97) N 16.15 (±0.83)

2020 39 IIA 246 P 25.07 (±4.51) N 15.83 (±7.85)

P17 2007 61 Late IVB 25.4 P 18.21 (±5.59) 20.01 (±0.73) 34.50 (±4.48)

2017a 71 IIA 3.5 P 17.51 (±4.32) 14.03 (±3.18) 63.50 (±4.47)

2017b 71 IIA 2.5 P 16.11 (±1.73) 18.51 (±5.06) 53.51 (±2.13)

2020 74 IIA 22 P N N 38.53 (±5.43)

(Continued)
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TABLE 1 | Continued

Date Age Onset MGFA anti-nAChR

(nM)

Live CBA anti-α1 (%) anti-β1 (%) anti-γ (%)

P18 2011a n.a. n.a. n.a. 65 P 37.37 (±5.16) N 36.51 (±0.86)

2011b n.a. n.a. n.a. 14 P 38.38 (±1.54) N 34.93 (±0.95)

2017 n.a. n.a. n.a. 7.6 P N N 50.71 (±0.99)

2019 n.a. n.a. n.a. 12.7 P 59.66 (±1.69) N 18.26 (±1.36)

P19 2007 48 Early IVB 8.2 P 56.85 (±6.70) N N

2009 50 IIIB 5 P N 50.94 (±0.85) N

P20 2015 34 Early IVB 11 P 17.51 (±5.96) N 25.15 (±3.74)

2018 37 IIB 9.6 P 26.51 (±6.01) N 35.01 (±7.07)

2020 39 IIB 198 P N 44.12 (±4.94) 33.21 (±3.17)

Patients with myasthenia gravis (MG) are grouped by autoAbs specificity. The year of the sample collection, the age of the patients, and the time of disease onset are listed. The

distribution and severity of myasthenic weakness were classified according to the MG Foundation of America (MGFA) grading system. The titer of the anti-nAChR autoAbs is given as

estimated by RIPA. All the sera were tested for the presence of anti-nAChR autoAbs targeting the extracellular part of the receptor by CBA. The sera were also tested for the presence

of the autoAbs against each ECD of the five subunits of the receptor and the percentage of immunoadsorption presented here was estimated as described in “Materials and Methods”

section. The average percentage of immunoadsorption from three experiments is presented. In parenthesis, the numbers refer to the ±SD of the immunoadsorption percentage between

the different experiments (there was no depletion of autoAbs after the treatment with δ and ε ECD sepharose beads and thus these are not shown in the table).

N, negative; A, ambiguous; P, positive; n.a., not available; PR, pharmacology remission.

[1cpmECD]}/[1cpmBSA], where 1cpm is the cpm of [125I]-
α-bungarotoxin-labeled nAChR (provided in the RSR kit)
precipitated by the serum minus that precipitated by a control
normal human serum and 1cpmBSA and 1cpmECD are
the corresponding 1cpm values for samples incubated with
immobilized BSA or nAChR-ECD, respectively.

Cell-Based Assay
The CBA was performed as described by Leite et al. (35).
Briefly, HEK293T cells were transiently co-transfected with the
plasmids encoding for human α1, β1, γ, δ, and ε nAChR
subunits and for rapsyn in a ratio of 2:1:1:1:1:1, respectively.
Transfection was performed with polyethylenimine (Polyplus).
After 48 h, the transfected cells were incubated with serum
(20 fmoles of anti-nAChR autoAbs) or supernatant from the
immunoadsorption mixture (30 µl containing ∼20 fmoles if no
depletion occurred) for 1 h at RT. Afterwards, cells were fixed
in 10% formalin solution (Sigma-Aldrich) for 10min at RT.
Patients’ anti-nAChR autoAbs were detected after incubation
of the cells for 1 h at RT with Alexa Fluor-555 conjugated
anti-human IgG Ab (Life Technologies, Invitrogen) in 1:750
dilution. The presence of nAChR on the cell surface was
verified by staining with Alexa Fluor-488 labeled α-bungarotoxin
(Life Technologies, Invitrogen) in 1:1,000 dilution. Cells were
examined under an Olympus IX51 fluorescence microscope
by 2 observers.

RESULTS

Detection of AutoAbs Against the
Extracellular Parts of the nAChR
We used sera from patients who were tested positive for the
presence of anti-nAChR autoAbs at the diagnostic department
of the HPI. We chose 20 patients with MG, from whom a
recent and at least one previous serum sample were available
(55 sera in total). In addition, clinical data for 9 out of the 20
patients were available (Table 1). The anti-nAChR autoAbs titer

was estimated in all the sera by RIPA (Table 1), which detects
autoAbs targeting both the extra- and intracellular parts of the
nAChR, since solubilized intact nAChRs are used (5, 31). We
tested samples containing 20 fmoles of anti-nAChR autoAbs
from all sera by CBA. This assay detects only the potential
pathogenic autoAbs against adult and fetal subtypes of the
nAChR extracellular part (38). We found 18 sera, derived from
7 patients with MG, negative or ambiguous by CBA (Figure 1
and Table 1). This suggests that these patients with MG do not
harbor autoAbs targeting extracellular parts of the nAChR or that
these autoAbs could not be detected by this method, due to their
low concentration in the serum. Interestingly, 3 out of these 7
patients, of whom the clinical data were available, belong to the
I-IIA scale according to the MG Foundation of America (MGFA)
clinical classification (Table 1).

Depletion of AutoAbs Against the
Extracellular Domain of the nAChR
Subunits
To characterize the autoAbs’ subunit-ECD specificity, depletion
of autoAbs against the various nAChR ECDs from serum samples
was achieved by immunoadsorption (Figure 1). For the following
experiments, we used immunoadsorption protocols previously
established in our laboratory (24, 49). Each immunoadsorption
column contained sepharose beads with immobilized either one
of the ECDs of the five nAChR subunits (α1, β1, γ, δ, or ε) or
only BSA (23, 24, 49). To ensure that all the autoAbs incubated
with the immobilized ECDs could be depleted, we used 0.125
pmoles antibodies (Abs)/mg of ECD-sepharose beads, since the
capacity of the columns was determined in previous studies to be
1.5 pmoles Abs/mg of immobilized α1-ECD sepharose beads and
5 pmoles Abs/mg of β1-ECD sepharose beads (24, 49).

All the CBA+ MG patients’ sera were incubated with the
6 proteins (α1-, β1-, γ-, δ-, ε-ECD, and BSA) immobilized on
sepharose beads; unbound autoAbs were then quantified by RIPA
and the percentage of immunoadsorption by each column was
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FIGURE 1 | Specificity of the autoAbs derived from patients with myasthenia gravis (MG). Overview of the results.

calculated (Figure 1 and Table 1). From the group of CBA−MG
patients, only 3 out of the 7 patients were chosen to be tested
by immunoadsorption to verify the absence of any extracellular
autoAbs. As expected, there was practically no depletion of
autoAbs after incubation with columns containing beads with
immobilized nAChR ECDs (Figure 1 and Table 1), confirming
the CBA result.

After immunoadsorption, the depleted sera from CBA+ MG
patients were further qualified by CBA. More specifically, we
investigated if all the autoAbs directed against extracellular
epitopes of the nAChR were removed. Based on these
experiments, we divided the MG patients tested into the three
distinct groups, as given in Figure 1 and described below:

(a) Patients With MG Harboring autoAbs Against the α1
Subunit.

Five out of 13 CBA+ patients (P8-P12) had anti-α1

autoAbs (Figure 1 and Table 1). After immunoadsorption with

the immobilized α1-ECD, these sera were found negative

or ambiguous by CBA (Figures 2A–F), suggesting that the
vast majority of autoAbs targeting extracellular epitopes were

depleted by immunoadsorption. Also, data from P8 revealed that
an increase of the anti-α1 autoAbs attributed to a higher MGFA
score (Table 1).

(b) Patients With MG Harboring autoAbs Against the non-α1
Subunits.

Three out of 13 CBA+ patients had non-anti-α1 autoAbs
(Figure 1 and Table 1); one patient had anti-γ autoAbs (P13) and
two had anti-β1 autoAbs (P14, P15). After immunoadsorption, all
sera of the P13 that had been incubated with the γ- immobilized
ECD and all sera of the P14 and P15, incubated with the

β1-immobilized ECD were negative or ambiguous by CBA.
Moreover, P13 who harbors anti-γ autoAbs belongs to the
MGFA-I clinical classification, indicating ocular MG (Table 1).

(c) Patients With MG Harboring autoAbs Against the α1 and
non-α1 Subunits.

Five out of 13 CBA+ patients had anti-α1 and non-anti-
α1 autoAbs. More specifically, P16 and P18 had anti-α1 and
anti-γ autoAbs, P17 and P20 had anti-α1, anti-β1, and anti-γ
autoAbs and P19 had anti-α1 and anti-β1 autoAbs (Figure 1
and Table 1). Interestingly, anti-β1 autoAbs were detected in
P19 and P20 for the first time at the second and third samples,
respectively, while anti-α1 autoAbs were not detected at those
time points (Figure 1 and Table 1). The sera that were treated
with the corresponding column when tested by CBA produced
a reduced signal (Figures 2G–O). In some sera, the reduction
of the signal in the CBA was higher than the percentage of
immunoadsorption. This is probably due to the depletion of
the autoAbs against extracellular epitopes of the receptor after
immunoadsorption. The remaining autoAbs were still detected
by RIPA but not CBA; this implies that they probably target
intracellular epitopes. The clinical data for P16, P17, P19, and P20
indicate that the increase of the non-anti-α1 autoAbs correlates
with a decrease in the MGFA score (Table 1).

DISCUSSION

Myasthenia gravis is an autoimmune disease caused mainly
by autoAbs targeting the nAChR on the NMJ and results in
the impairment of neuromuscular transmission and muscle
weakness (4). Anti-nAChR autoAbs are heterogeneous and
may target all the subunits of the receptor with demonstrated
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FIGURE 2 | Cell-based assay (CBA) performed with sera after the immunoadsorption assay. HEK293T cells overexpressing a mixture of adult and fetal subtypes of

the nAChR were used in the assay. (A–F) show cells incubated with serum derived from the patient P11 treated with BSA sepharose beads (A–C), where no autoAbs

were depleted or treated with α1-ECD sepharose beads (D–F), where the anti-α1 autoAbs were depleted. (G–O) show cells incubated with serum derived from the

patient P18 treated with BSA (G–I), α1-ECD (J–L), and γ-ECD (M–O) sepharose beads. The first column shows the binding of the specific anti-nAChR autoAbs

contained in the serum, visualized by Alexa Fluor-555 labeled anti-human IgG Ab, the second column shows the total number of the nAChR on the cell surface of

HEK293T stained with Alexa Fluor-488 labeled α-bungarotoxin. The third column shows merged confocal images of the anti-human IgG and α-bungarotoxin. Images

were taken by Leica confocal TCS-SP8 microscope.
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different potency for inducing experimental autoimmune MG in
rodent models (26, 50, 51). Moreover, epitope spreading against
intracellular epitopes, may occur at later stages of MG, as shown
in the experimental autoimmune MG rat model, probably due to
tissue damage (52).

Here, we studied the specificity of the anti-nAChR autoAbs
in sera derived from 20 anti-nAChR positive patients with
MG at different time points. We found that 7 out of the
20 patients with MG were negative or ambiguous by CBA
(Figure 1 and Table 1). This suggests that the majority of the
autoAbs found in these patients’ sera is probably against the
intracellular parts of the receptor, which are detectable only by
RIPA. Interestingly, according to RIPA, these sera had high anti-
nAChR autoAbs titer. On the other hand, one could claim that
the negative signal of CBA could be attributed to a concentration
of autoAbs against extracellular parts of the nAChR well-below
the detection limits of the CBA. However, previous studies
have also shown patients with MG to be positive by RIPA
and negative by CBA (53). The majority of these patients did
not have the clinical profile of a neuromuscular transmission
disorder, implying that they had no pathogenic autoAbs, which
probably recognized intracellular parts of the nAChR (53).
Despite the absence of clinical data, we believe that 7 CBA−
MG patients in this study fall into the same category as that
other study.

Having detected CBA+ patients, we proceeded to further
characterization of the autoAbs presented in their sera regarding
their subunit specificity. We used immunoadsorption columns
appropriate for the depletion of autoAbs targeting the nAChR
subunits, as described previously (24, 49). In brief, the columns
contained immobilized either the ECD of one of the five
subunits of the nAChR (α1, β1, γ, δ, or ε) or BSA. Each serum
was incubated with each column and the unbound autoAbs
were quantified by RIPA. Moreover, to qualify the unbound
autoAbs which recognize extracellular parts of the nAChR,
we performed CBA. It is worth mentioning that by testing
each serum for the presence of autoAbs against all the five
subunits, we also tested the specificity of the bound autoAbs.
Based on the results from both techniques, we concluded
that CBA+ MG patients tested here can be divided into the
three distinct groups: (a) patients with MG harboring anti-
α1 autoAbs (5/13), (b) patients with MG harboring non-anti-
α1 autoAbs (3/13), and (c) patients with MG harboring anti-
α1 and non-anti-α1 autoAbs (5/13) (Figure 1 and Table 1).
The CBA signal of all the sera after immunoadsorption was
reduced in agreement with the immunoadsorption treatment
(Figures 2A–F). In fact, in some sera, we observed a higher
reduction in the CBA signal (Figures 2G–O), compared to the
depletion of autoAbs detected in RIPA after immunoadsorption,
e.g., although the immunoadsorption percentage of P8’s serum
after treatment with the immobilized α1-ECD was only 58%,
the CBA performed after the immunoadsorption produced
no signal. This is probably due to the depletion of the
autoAbs against the extracellular epitopes of the receptor after
the immunoadsorption. The fact that the remaining autoAbs
were detected by RIPA but not by CBA implies that they
target intracellular epitopes. In other sera, the CBA signal

was negative or ambiguous, suggesting that most autoAbs
against the extracellular part of the nAChR were depleted by
immunoadsorption. In agreement with previous works, in none
of the samples anti-δ or anti-ε autoAbs were detected (23,
24). In general, we observed that the increase of the non-
anti-α1 autoAbs correlates with improvement in the disease
manifestation (Table 1).

The pathogenicity of the anti-α1 autoAbs is well-
characterized. The α1 subunit is immunodominant and it can
induce experimental autoimmune MG in rats (51). Accordingly,
in the anti-α1 autoAbs positive P8 patient, we observed that the
increase of the anti-nAChR autoAbs titer correlates with disease
deterioration (Table 1). The pathogenicity of the anti-β1 autoAbs
is less studied and these are thought to be less pathogenic than
the anti-α1 autoAbs (26). In fact, in P19 the MGFA score
decreased when the autoAbs specificity switched from anti-α1
to anti-β1 autoAbs. Interestingly, in the P20 patient, despite
the great increase of the anti-nAChR autoAbs titer, there was
no change in the patient’s clinical profile upon decrease of the
anti-α1 autoAbs and increase of the anti-β1 autoAbs (Table 1).
Although, the pathogenicity of the anti-γ autoAbs is proved in
newborns, in adults they are less pathogenic and may recognize
the fetal subtype of the nAChR presented on the extraocular
muscle (29, 30, 54). Indeed, P13 who is positive for anti-γ
autoAbs has a low MGFA score, which indicates ocular MG
(Table 1). Moreover, the disease symptoms improve when the
anti-γ autoAbs in P17 increase over the anti-α1 autoAbs. Also,
there was no difference in the patient’s clinical profile when
the anti-nAChR autoAbs titer increased, probably due to the
presence of only anti-γ autoAbs (Table 1). By these observations,
we had previously reported a double positive MG patient (anti-
nAChR and anti-MuSK autoAbs positive) who was presented
with MuSK phenotype (25). This patient’s clinical manifestation
of the disease was not affected by the increase of the anti-nAChR
autoAbs titer. After immunoadsorption, we showed that in all
sera from different time points, the patient had relatively small
amounts of anti-α1 autoAbs and the vast majority of autoAbs
were directed against the β1 and γ subunits. We concluded that
the patient did not show any clinical deterioration, because the
pathogenic anti-α1 autoAbs were always in low concentration,
while the increase of the anti-nAChR autoAbs titer was attributed
to the increase of only the less pathogenic anti-β1 and anti-γ
autoAbs (25).

Although we do not have a complete clinical profile of all
patients, our results support the idea that additional analysis
of the autoAbs of patients with MG can provide additional
information to the clinicians about the patients’ status. This
study presents the importance of the CBA technique in the MG
diagnosis. It seems that some anti-nAChR positive patients with
MG do not harbor pathogenic autoAbs against the extracellular
parts of the nAChR or their concentration is under the detection
limit of CBA, something that may affect the decision of
treatment’s strategy. Moreover, we conclude that anti-nAChR
positive MG patients can be divided into distinct groups, based
on their autoAbs specificity. Consequently, we propose the
combination of RIPA and CBA for the follow-up of the MG
patients. The former is to be used for the quantification of the
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autoAbs and the latter for the identification of the fluctuation of
the pathogenic ones.

In future studies, we aim to enlarge our sample group
and continue the study of the anti-nAChR autoAbs
specificity in MG patients. Moreover, we plan to collect
more clinical data from patients with MG and investigate
in-depth the correlation of the clinical presentation with
autoAbs specificity.
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Technology Affiliated Hospital, Qinhuangdao, China

Background and Purpose: Previous studies have found tacrolimus to be a favorable

drug for treating different types of myasthenia gravis (MG), but few have focused on

very-late-onset MG (VLOMG). This study evaluated the efficacy and safety of tacrolimus

for VLOMG therapy.

Methods: This was a retrospective single-center cohort study of 70 patients with

VLOMG (onset ≥65 years) who visited Peking University First Hospital in 2019.

Participants were divided into the tacrolimus (Tac) group and the control group based

on tacrolimus usage. We further divided the Tac group into patients treated without

corticosteroids and with corticosteroids. Sociodemographic features, clinical profiles,

and outcomes were compared between different therapies and further analyzed by

multivariate regression. Details of tacrolimus treatment, comorbidities, and adverse drug

reactions (ADRs) were described.

Results: Among 70 patients, the median (interquartile range) age at onset was 71

(68–77) years, and the follow-up duration was 27 (27-29) months. Most patients were

types I (28%) and III (40%) according to the MG Foundation of America (MGFA)

classification. In the Tac group, tacrolimus treatment was maintained for 36 (27-38)

months. The dosage at the final evaluation was 1.0 (1.0–1.75) mg/day, and the last

blood concentration test was 4.25 (2.85–5.7) ng/ml. A total of 43% reached remission,

and 37% improved based on MGFA postintervention status (MGFA-PIS). For the 9

patients, newly diagnosed at enrollment within this group, MG activities of daily living

(MG-ADL) decreased significantly from 3 (2-5) to 2 (1-2) (p = 0.041). Regarding the 13

patients, coadministering Wuzhi capsules the tacrolimus concentration increased from

2.75 (1.4–3.8) ng/ml to 5.95 (5.1–7.0) ng/ml (p = 0.012). No significant differences in

outcomes were observed between tacrolimus treatment without and with corticosteroids

or between the Tac group and the control group. A total of 93% had at least one

comorbidity. ADRs related to tacrolimus emerged in 25% (9/36) of patients, most of

which were not serious and reversible.
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Conclusions: Tacrolimus is effective and safe in treating VLOMG. Tacrolimus

monotherapy without corticosteroids can be used as an initial and maintenance

treatment for VLOMG. Wuzhi capsules work well in elevating tacrolimus concentrations

in this population.

Keywords: myasthenia gravis, tacrolimus, late-onset, elderly, Wuzhi capsules, clinical efficacy

INTRODUCTION

Myasthenia gravis (MG) is a neuromuscular junction disorder
caused by autoantibodies against acetylcholine receptors (AChR)
on the postsynaptic membrane or their adjacent proteins.
Patients typically suffer from fluctuating fatigability of skeletal
muscles, usually starting with ptosis or diplopia, and in severe
cases progressing to respiratory muscle paralysis (1, 2). The
recent studies suggested dividing the MG population into three
groups based on the onset age using cutoffs of 50 and 65 years.
Very-late-onset MG (VLOMG) refers to individuals developing
symptoms at ≥ 65 years (3–5), which accounts for the largest
proportion of all the MG age groups at present and exhibits
an increasing incidence over recent years (3, 6, 7). VLOMG
features vs. younger patients of more severe onset, higher risk
of exacerbation, fewer medication requirements, better long-
term outcomes, and more comorbidities have been reported,
indicating potential divergence in treatment selections (3, 5, 8).
In addition, age-related dysregulation of the immune system
and comorbidities entangle considerations for management. The
current treatments for VLOMG mainly work on enhancing
hindered transmission (cholinesterase inhibitors) and
suppressing overactivated humoral immunity (corticosteroids,
immunosuppressors, or monoclonal antibodies). Rapid-acting
treatments used in crisis include plasmapheresis and intravenous
immunoglobulin (2, 9). Surgical removal of the thymus is less
considered for the elderly regarding their comparatively fragile
physical conditions and intolerance to surgery (1).

Tacrolimus could be a promising immunosuppressor in
managing VLOMGowing to its rapid and long-term efficacy with
relatively safe profiles, especially slight nephrotoxicity, which
prominently benefits elderly patients (9–12). This agent inhibits
T-cell activation by suppressing calcineurin and additionally
strengthens muscle contractility by improving ryanodine
receptor function (13). Several studies have confirmed the
steroid-sparing and symptom-improving effects of tacrolimus
in different types of MG (13–16). It is also necessary to clarify
medication details for VLOMG, but such research is still
lacking. Currently, the auxiliary roles of Chinese medicines in
treating autoimmune diseases and preventing complications

Abbreviations: MG, myasthenia gravis; VLOMG, very-late-onset MG; Tac,

tacrolimus; ADRs, adverse drug reactions; MGFA, Myasthenia Gravis Foundation

of America; MGFA-PIS, MGFA post-intervention status; MG-ADL, MG activities

of daily living; AChR, acetylcholine receptor; WZC, Wuzhi capsules; IVIg,

intravenous immunoglobulin; MG-QOL-15R, revised 15-item Myasthenia Gravis

Quality of Life scale; SSQ, simple single question; EQ-5D-5L, five-level EuroQol

five-dimensional questionnaire; IQR, interquartile range; RR, rate ratio; 95%CI,

95% confidence intervals.

after transplantation are rising. Notably, Wuzhi capsules
(WZC), one preparation of the ethanol extract of Wuweizi
or Schisandra sphenanthera, have been reported to strongly
improve the tacrolimus concentration (17–19). However, no
study has focused on WZC usage in the older MG patients.
Therefore, we investigated the efficacy and safety of tacrolimus
in treating VLOMG and coadministration of WZC in this
population and tried to perceive patients’ feelings during
treatment using patient-reported outcomes and scales of life
quality in real-world settings.

MATERIALS AND METHODS

Design and Patients
This study was approved by the Institutional Review Board
and Ethics Committee at Peking University First Hospital
and was conducted following the ethical standards of the
Helsinki Declaration. Informed consent was obtained from each
patient included.

The retrospective single-center cohort study was performed
under real-world settings in patients with very-late-onset MG
(age at onset≥ 65 years old). Participants included all individuals
who visited our institution between January 15, 2019 and
December 26, 2019, had a confirmed diagnosis of MG, and
first developed symptoms at or after 65 years of age. Diagnoses
of MG were made following the guidelines of the Association
of British Neurologists based on the typical manifestations
of fluctuating muscle weakness and diagnostic test results of
antibody positivity or neurophysiological examination positivity
(20). Those without contact information or those who refused
to participate were excluded. Patients were divided into two
groups as follows: the Tac group, participants who had been
treated with tacrolimus longer than 3 months [tacrolimus took
effect after 3 months of continuous medication in most patients
according to previous studies (12, 21)]. Control group, those who
had never used tacrolimus or those treated with this drug for
less than 3 months. The Tac group was further divided into the
non-corticosteroids (those who had never taken corticosteroids)
and the corticosteroids group (those who had been treated by
corticosteroids). Lost contact was defined as patients who did
not answer the phone at least 3 times in different periods of the
day or those who left the wrong numbers or empty numbers
in records. The flowchart of patient selection in the study is
presented in Figure 1.

Covariates
Sociodemographic features (sex, age at MG onset, age at
the last follow-up, resident area, nationality, marital status,
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FIGURE 1 | Flowchart of the participants included in this study. VLOMG, very-late-onset myasthenia gravis.

occupation, and educational attainment) were obtained from
retrospective analyses of the hospital records. Details of
treatments from the patients’ medical records and their
report at the last follow-up included tacrolimus, cholinesterase
inhibitors, corticosteroids, WZC, other immunosuppressors
(including azathioprine, cyclosporin A, mycophenolate mofetil,
methotrexate, cyclophosphamide, and rituximab), other Chinese
medicines (except for the natural product and extracts of
Wuweizi or Schisandra sphenanthera), concomitant drugs
(drugs taken to treat concomitant diseases), intravenous
immunoglobulin (IVIg), and plasmapheresis. Additional data
on tacrolimus and WZC were collected: age of starting
tacrolimus, the dose of tacrolimus at the final evaluation (for
those with discontinuation, we collected the dosage before
withdrawal documented in the medical records), last tacrolimus
concentration, duration of continuous medication (from starting
tacrolimus to the last follow-up or discontinuation), WZC usage,
and tacrolimus concentration before and after taking WZC.

Information on comorbidities was obtained from medical
records, digital questionnaires, and the follow-up telephone
interviews as a supplement. This part of the interviews

included several closed questions and one open question
allowing respondents to add information. Comorbidities
being queried included hypertension, coronary diseases,
arrhythmia, valvular diseases, peripheral vascular diseases,
cerebrovascular diseases, other neurological diseases,
diabetes, thyroid diseases, dyslipidemia, hyperuricemia,
chronic lung disease, digestive diseases, hepatobiliary disease,
kidney diseases, eye diseases, skin diseases, osteoporosis
or fracture, depression, infections, hematopoietic diseases,
benign prostatic hyperplasia, gynecological diseases, and
malignant solid tumor. Here, we used the number of
comorbidities to quantify the burden of concomitant diseases.
Other collected clinical characteristics included the first
visit or revisit at enrollment, inpatient or outpatient visit,
length of follow-up, anti-AChR antibody positivity, thymic
pathology, MG subtype according to MG Foundation of
America (MGFA) classification, and baseline MG activities
of daily living (MG-ADL). Anti-AChR antibodies were
measured by radioimmunoassay in the neuroimmunology
laboratory of Peking University First Hospital. Thymic
hyperplasia or thymoma was diagnosed based on the CT
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TABLE 1 | Demographical and clinical characteristics of VLOMG patients in the whole cohort and first visit subgroup.

Variables Whole (n = 70) First visit (n = 19)

Control

group

(n = 34)

Tac group (n

= 36)

Total

(n = 70)

P valuea Control

group

(n = 10)

Tac group

(n = 9)

Total

(n = 19)

P value

Demographic characteristics

Sex 0.084 0.876

Male 23 (68%) 17 (47%) 40 (57%) 7 (70%) 6 (67%) 13 (68%)

Female 11 (32%) 19 (53%) 30 (43%) 3 (30%) 3 (33%) 6 (32%)

Age at onset, median (IQR), y 70.5 (67–77) 72 (68.5–78) 71 (68–77) 0.491 70 (68–79) 73 (70–76) 70 (68–78) 0.742

Inpatient at enrollment 10 (30%) 5 (14%) 15 (21%) 0.114 5 (50%) 2 (22%) 7 (37%) 0.210

Follow-up time, median (IQR), m 27 (26–29) 28 (27–29) 27 (27–29) 0.256 26.5 (23–29) 28 (25–29) 27 (25–29) 0.711

Clinical profiles

Anti-AChR antibody positive 22/31 (71%)b 26/31 (84%) 48/62 (79%) 0.224 7 (70%) 7/8 (88%) 14/18 (78%) 0.375

Thymoma or thymic hyperplasia 6 (18%) 10 (28%) 16 (23%) 0.313 1 (10%) 3 (33%) 4 (21%) 0.213

MGFA type 0.020* 0.073

I 15 (44%) 5 (14%) 20 (28%) 6 (60%) 2 (22%) 8 (42%)

IIa/IIb 5 (15%) 9 (25%) 14 (20%) 0 (0%) 4 (44%) 4 (21%)

IIIa/IIIb 9 (26%) 19 (53%) 28 (40%) 3 (30%) 3 (33%) 6 (32%)

IVa/IVb 3 (9%) 3 (8%) 6 (9%) 0 (0%) 0 (0%) 0 (0%)

V 2 (6%) 0 (0%) 2 (3%) 1 (10%) 0 (0%) 1 (5%)

MG-ADL at enrollment, median (IQR) 2.5 (0–4) 2 (0–5) 2 (0–4) 0.809 3 (1–3) 3 (2–5) 3 (2–3) 0.365

Details of treatments

Corticosteroids 0.015* 0.364

Never use 16 (47%) 24 (67%) 40 (57%) 7 (70%) 8 (89%) 15 (79%)

Using 14 (41%) 4 (11%) 18 (26%) 2 (20%) 0 (0%) 2 (11%)

Discontinuation 4 (12%) 8 (22%) 12 (17%) 1 (10%) 1 (11%) 2 (11%)

Other immunosuppressorsc 0.038* 0.073

Never use 23 (68%) 33 (92%) 56 (80%) 7 (70%) 9 (100%) 16 (84%)

Using 9 (26%) 2 (6%) 11 (16%) 3 (30%) 0 (0%) 3 (16%)

Discontinuation 2 (6%) 1 (3%) 3 (4%) 0 (0%) 0 (0%) 0 (0%)

Cholinesterase inhibitors 0.488 0.161

Never use 9 (26%) 8 (22%) 17 (24%) 2 (20%) 0 (0%) 2 (11%)

Using 18 (53%) 16 (44%) 34 (49%) 5 (50%) 8 (89%) 13 (68%)

Discontinuation 7 (21%) 12 (33%) 19 (27%) 3 (30%) 1 (11%) 4 (21%)

IVIg 8 (24%) 10 (28%) 18 (26%) 0.684 2 (20%) 2 (22%) 4 (21%) 0.906

Plasmapheresis 3 (9%) 0 (0%) 3 (4%) 0.069 0 (0%) 0 (0%) 0 (0%) ——

Other Chinese medicinesd 9 (26%) 9 (25%) 18 (26%) 0.888 1 (10%) 1 (11%) 2 (11%) 0.937

Concomitant drug(s)e 27 (80%) 27 (75%) 54 (77%) 0.660 8 (80%) 8 (89%) 16 (84%) 0.596

Comorbiditiesf (n = 32) (n = 35) (n = 67) (n = 9) (n = 9) (n = 18)

Without comorbidity 3 (9%) 2 (6%) 5 (7%) 0.569 0 (0%) 1 (11%) 1 (6%) 0.303

Number of comorbidities, median (IQR) 3 (2–5.5) 2 (2–4) 3 (2–4) 0.178 4 (2–5) 2 (1–3) 3 (2–5) 0.194

*Covariates with a p < 0.05 were included in multiple regression analysis.
aCompared the Tac group with the Control group.
b Incomplete data were described by n/total (%).
c Included 8 methotrexate, 3 mycophenolate mofetil, 3 rituximab, 2 azathioprine, 1 cyclophosphamide, and 1 cyclosporin A.
dExcept for the natural product and extracts of Wuweizi or Schisandra sphenanthera.
eDrugs are taken to treat concomitant diseases.
f Information on comorbidities was not available for the three deceased patients.

VLOMG, very-late-onset myasthenia gravis; Whole, 67 patients completing the last follow-up except 3 deceased; First visit, 19 patients who first visited our institution and were

newly diagnosed with MG at enrollment; IQR, interquartile range; AChR, acetylcholine receptor; MG, Myasthenia Gravis; MGFA, Myasthenia Gravis Foundation of America; IVIg,

intravenous immunoglobulin.
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scan results. MGFA type and MG-ADL were assessed by the
attending neurologists.

Therapeutic Regimens
Treatment was tailored to the individual patient following
guidelines, the experience of the clinicians, and patient wishes.
For mild patients with ocular MG, cholinesterase inhibitors
were prescribed; a single 60mg of cholinesterase inhibitors
(pyridostigmine bromide) was administered when symptoms
occurred (≦480 mg/day). Immunosuppression was added when
inadequate response occurred or in patients with generalized
MG. Prednisone or equivalent methylprednisolone was started
at 20 mg/day and increased by 10mg every 5 to 7 days to
the daily target of 0.5–1.0 mg/kg (≦100 mg/day); after 6–
8 weeks of maintenance, the dose of steroids was gradually
reduced to the lowest effective dose. For those who did not
require rapid improvement (such as myasthenic crisis or life
being severely affected) or who could not tolerate the side
effects of steroids, tacrolimus, and other immunosuppressors
were considered. In the Tac group, tacrolimus was administered
twice a day at an initial dose of 1.0 mg/day, following
the physicians’ advice. Dosage was adjusted based on the
individual’s disease condition, tacrolimus concentration, tests
of hematology, and biochemistry. For those who could
not achieve adequate concentration (4.8–9.0 ng/ml) (22, 23)
by adjusting doses, two tablets of WZC were taken with
tacrolimus every time. In the control group, stable doses of
other immunosuppressors were as follows: azathioprine 2–
3 mg/kg/day, cyclosporin A 2–4 mg/kg/day, mycophenolate
mofetil 1.0–1.5 g/day, methotrexate 20 mg/week (with folic
acid 1 mg/day), and cyclophosphamide 100 mg/day. Rituximab
was administered 375–750 mg/m² once every 2 weeks. IVIg
(400 mg/kg/day for 5 days) or plasmapheresis (each exchange of
1.0–1.5 plasma volumes and 3–6 times within 10–14 days) were
performed in life-threatening cases. Other Chinese medicines
and concomitant drugs were applied following doctors of
other specialties.

Outcome Measurements and Follow-Up
To evaluate the efficacy of tacrolimus and its impacts on
quality-of-life, MGFA postintervention status (MGFA-
PIS), MG-ADL scale, relapse (s) or aggravation (s),
revised 15-item MG Quality-of-Life scale (MG-QOL-15R),
simple single question (SSQ), and five-level EuroQol five-
dimensional questionnaire (EQ-5D-5L) were assessed based
on semistructured telephone interviews at the last follow-up
in September 2021. If patients were not able to answer the
questions, close family members were interviewed instead.
The primary outcome was MGFA-PIS, the secondary outcome
consisting of the other measurements mentioned above.
Details of adverse drug reactions (ADRs) were extracted from
the interviews.

The MGFA-PIS served as a four-categorical variable in
this study: remission (chronic stable remission or minimal
manifestations or pharmacological remission), improved,
unchanged, and worse or exacerbation (24). In the Tac
group, patients were additionally divided into the effective

and ineffective groups according to whether MGFA-PIS
remission/improvement was achieved. A higher MG-ADL
score (range: 0–24) indicates greater MG-related disability
(24). The change of MG-ADL was calculated by subtracting
the baseline score from the follow-up score. Relapse(s) or
aggravation(s) was evaluated by the patients’ description after
being asked “Have you ever relapsed or aggravated since (the
date at enrollment)”. Relapse was defined as the reappearance
of any symptoms that lasted more than 24 h, and aggravation
was defined according to MGFA-PIS criteria of worse or
exacerbation. A higher MG-QOL-15R score (range: 0–30)
reflects worse physical and psychological functionality (25).
The eighth question focusing on work skills might not fit in
our patients since the majority were retired. We jumped over it
and used 0 as the unified score for this question. The SSQ is a
simple and validated question of “What percentage of normal
do you feel regarding your MG” (26). Most patients could only
name a range, so substitutions (1–10% = 1, 11–20% = 2, and
so on) were adopted. EQ-5D-5L health utility values (hereafter
referred to as health value) were calculated according to an
8-parameter multiplicative model that performed well in the
Chinese individuals (27).

Statistical Analyses
Analyses were performed using Stata version 12.0 (StataCorp
LLC). P < 0.05 (2-sided) was considered statistically significant.
Continuous variables were expressed as medians and
interquartile ranges (IQRs) according to a skewed distribution,
while categorical variables were described by percentages.
Information on patients who lost contact [20% (17/87)] was
not collected. Comorbidities, outcome measurements, and
ADRs of the deceased [4% (3/70)] were not available. Items
with incomplete data (sociodemographic characteristics and
anti-AChR antibody positivity) are presented as n/total (%). All
these missing data were not involved in the statistical analyses.

Confounding factor adjustment was conducted on covariates
with p < 0.05 in univariable comparisons using multiple linear
regression (continuous outcomes) andmultiplemodified Poisson
regression (categorical outcomes). Modified Poisson regression
(Poisson regression with robust estimation of variance) instead
of logistic regression was applied in this study to allow a more
accurate estimation of rate ratio (RR) when the rare event
assumption was violated (28).

To evaluate the efficacy of tacrolimus, univariable
comparisons of covariates and outcomes were conducted
between the Tac group and the control group using the Mann–
Whitney U test for continuous variables and the chi-squared
test for categorical variables. Covariates with p < 0.05 were
then included in multivariate regression models. The presence
of multicollinearity was evaluated by variance inflation factor
estimates. Similar analyses were performed in two subgroups:
“First visit,” 19 patients who first visited our clinic and were
newly diagnosed with MG at enrollment (Tac: 9, control: 10).
“MGFA>1,” 50 patients whose MGFA type was higher than
I (Tac: 31, control: 19). To evaluate the efficacy of tacrolimus
monotherapy, univariable comparisons using the Fisher exact
test for categorical variables and Mann-Whitney U test for
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FIGURE 2 | MGFA type (A), MGFA-PIS at follow-up (B), and MG-ADL (C) in different groups of VLOMG patients and changes in tacrolimus concentrations with WZC

coadministration (D). MGFA type and baseline MG-ADL shared the same sample size of each group [as displayed in (A,C)]; MGFA-PIS and MG-ADL at follow-up

were not available for the three deceased patients and they also shared the sample size presented in (B,C). A total of 13 patients coadministrated WZC (D). VLOMG,

(Continued)
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FIGURE 2 | very-late-onset myasthenia gravis; Tac, the tacrolimus (Tac) group; control, the control group; First visit Tac, 9 newly diagnosed patients in the Tac group;

MGFA, Myasthenia Gravis Foundation of America; MGFA-PIS, MGFA Post-intervention Status; MG-ADL, MG Activities of Daily Living; WZC, Wuzhi capsules. The

chi-square tests were performed to compare the MGFA type or the MGFA-PIS. The Mann–Whitney U tests were utilized to compare the MG-ADL scores of different

groups. For comparisons of the MG-ADL scores at baseline and follow-up or tacrolimus concentrations before and after coadministrating WZC, paired t-tests were

conducted. Box-and-whisker plots in (C,D) show the medians, interquartile ranges, and min to max ranges. Significant p values are presented.

continuous variables were conducted between the corticosteroids
and non-corticosteroids groups. And, we applied similar
comparisons between ocular and generalized MG patients in
the Tac group to assess the efficacy of tacrolimus in different
MG types. To explore potential factors relevant to outcomes,
univariable comparisons of covariates were performed between
the effective and ineffective groups. Paired t-test was utilized to
compare twice-repeated measurements.

RESULTS

Patient Characteristics
A total of 70 patients with VLOMG (30 females, 40 males)
were eligible for this study, comprising 36 patients in the
Tac group and 34 in the control group. Demographical and
clinical characteristics are summarized in Table 1. The median
(interquartile range) age was 71 (68–77) years at disease onset
and 77 (72–81) years at the last evaluation. The median duration
of follow-up was 27 (27–29) months. At the time of enrollment,
the median MG–ADL score was 2 (0–4); 19 patients (27%)
were newly diagnosed with MG, and 15 (21%) patients were
hospitalized for MG. Distributions of MGFA classification in
different groups are presented in Figure 2A. A total of 16 patients
(23%) had thymoma or thymic hyperplasia. Antibodies were
tested in 62 patients (89%), and 48 (79%) were anti-AChR
antibody positive. Themain treatments except for tacrolimus and
WZC (these two are summarized in Table 2) are listed in Table 1.

Three subjects died during follow-up: a female (Tac
group, 84 years) died from cerebral infarction together
with abundant comorbidities (lung infections, coronary artery
disease, Hashimoto”s thyroiditis, peripheral neuropathy,
gastroesophageal reflux, atherosclerosis, and hyperuricemia).
Another female patient (control group, 71 years) died from
an attack of myasthenic crisis at home, and a male patient
(control group, 76 years) died from tracheotomy-related death
with myasthenic crisis, unresponsive wakefulness syndrome,
and aspiration pneumonia. Of the 67 patients completing the
final evaluation, 62 (93%) had at least one comorbidity, and
54 (77%) were taking concomitant drugs other than treating
MG. The median number of comorbidities was 3 (2–4), and
the three most common comorbidities were hypertension
[74% (50/67)], diabetes [34% (23/67)], and dyslipidemia [24%
(16/67)]. Others with incidences higher than 10% included
digestive system diseases [18% (12/67)], coronary heart diseases
[16% (11/67)], osteoporosis or fracture [16% (11/67)], eye
diseases [16% (11/67)], other neurological diseases except
for MG and cerebrovascular diseases [15% (10/67)], benign
prostatic hyperplasia [13% (5/39)], liver diseases [12% (8/67)]
and gynecological diseases [11% (3/28)].

Clinical Response to Tacrolimus Treatment
in VLOMG
A total of 36 VLOMG patients had been treated with tacrolimus
for more than 3 months, 9 of whom were newly diagnosed at
enrollment. Clinical profiles and outcome measurements of the
Tac group are summarized in Table 2, while outcomes of the
first visit patients treated with tacrolimus (first visit Tac) are
presented in Table 3. Of the 36 subjects, the median duration
of MG at tacrolimus initiation was 8 (2–22) months. Age
at initiation was 74 (69–79) years. A total of 23 (65%) had
started before enrollment for 22 (15–32) months (minimum 5
months). By the last follow-up or discontinuation, tacrolimus
treatment had lasted for 36 (27–52) months. The dosage
at the final evaluation was 1.0 (1.0–1.75) mg/day, and the
last blood concentration test was 4.25 (2.85–5.7) ng/ml. Nine
(25%) discontinued tacrolimus since their symptoms only
needed to be controlled with pyridostigmine according to the
physicians’ orders.

Concerning MGFA-PIS (Figure 2B), 43% of the Tac group
achieved remission (first visit Tac: 22%), and 37% had improved
(first visit Tac: 33%). The MG-ADL score of the entire Tac group
remained stable during follow–up. However, among the 9 newly
diagnosed patients, the MG–ADL score decreased significantly
from 3 (2–5) to 2 (1–2) (p = 0.041, paired t-test) (Figure 2C).
A total of 15 patients (43%) recalled relapse(s) or aggravation(s)
[first visit Tac: 3 (33%)] after initiation of tacrolimus. Out of the
4 newly diagnosed patients with “unchanged” status, two were
MGFA type I, one was MGFA type II, and the other was MGFA
type III with five comorbidities (hypertension, cranial trauma,
rectal polyps, hypothyroidism, and atherosclerosis). We did not
discover evident differences in comparing the outcomes between
generalized MG (n = 30) and ocular MG patients (n = 5). In
the exploration of factors relevant to outcomes (Table 4), no
significant differences were found in the clinical characteristics
and medication details between the effective (n = 28) and
ineffective groups (n= 7).

For the 13 patients (36%) who could not achieve adequate
tacrolimus concentration by adjustment of dosage, WZC was
prescribed. Among them, two tablets of WZC were administered
together with tacrolimus every time, and the final dosage
of tacrolimus was 1.5 (1–2) mg/day. The median tacrolimus
concentration rose significantly (p = 0.012, paired t-test)
from 2.75 (1.4–3.8) ng/ml (detected within 1 month before
coadministration of WZC) to 5.95 (5.1–7.0) ng/ml (detected
between the first and second months after coadministration of
WZC), with an increase of 3.0 (2.4–4.5) ng/ml (Figure 2D). There
were no patient-reported ADRs related to WZC.

The incidence of ADRs caused by tacrolimus was 23%
(8/35) in the Tac group and 25% (9/36) in all the participants.
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Patient-reported ADRs included elevated blood sugar, higher
blood pressure, itchy skin, lung infection, headache, palpitations,
involuntary hand tremor, fluctuation of prostate-specific antigen,
and gaining weight, all of which were not serious and eased by
dosage adjustment and/or symptomatic treatment. One patient
in the control group developed severe respiratory distress after
taking tacrolimus for 1 week during hospitalization. Alleviation
took place after withdrawal, and tacrolimus was not used again.

Tacrolimus Without Corticosteroids vs.
Tacrolimus With Corticosteroids in Treating
VLOMG
Of the Tac group, 24 patients received tacrolimus without
corticosteroids, and 12 coadministered corticosteroids (Table 2).
The MGFA-PIS did not differ significantly between the
two subgroups (Figure 2B). Remission was recorded in
46% of the non-corticosteroids group and in 36% of the
corticosteroids group. The distributions of other statuses
were as follows: improved [30% (non-corticosteroids) vs. 55%
(corticosteroids)], unchanged [21% (non-corticosteroids) vs.
10% (corticosteroids)], and worsened [4% (non-corticosteroids)
vs. 0% (corticosteroids)]. More relapse(s) or aggravation(s)
during treatment occurred in patients receiving tacrolimus
with corticosteroids. Notably, MGFA type III dominated the
corticosteroids group (75%), while similar proportions of
type II (33%) and type III (42%) were observed in the non-
corticosteroids group (Figure 2A). There were no significant
differences in other covariates, other measurements, ADRs, or
tacrolimus discontinuation.

Tacrolimus vs. Other Therapies in Treating
VLOMG
Comparisons of covariates between the Tac group and the
control group are summarized in Table 1. Concerning the 70
patients, the percentages of MGFA type differed significantly
(p = 0.020). Type III dominated the Tac group (19/36, 53%),
while type I appeared the most in the control group (15/34,
44%) and 53% (8/15) of these ocular MG patients required only
single-agent therapy with cholinesterase inhibitors (Figure 2A).
The Tac group used fewer corticosteroids [using: 11 (Tac) vs.
41% (control), discontinuation: 22 (Tac) vs. 12% (control),
never use: 67 (Tac) vs. 47% (control), p = 0.015] and fewer
other immunosuppressors [using: 6 (Tac) vs. 26% (control),
discontinuation: 3 (Tac) vs. 6% (control), never use: 92 (Tac)
vs. 68% (control), p = 0.038]. Fewer patients [6% (Tac) vs. 31%
(control), p = 0.006] in the Tac group had digestive system
diseases (including peptic ulcer, intestinal microflora disorders,
gastric stromal tumor, severe indigestion, stomach polyps, and
rectal polyps). No differences appeared in other clinical features
or sociodemographic characteristics. Neither did covariates of the
first visit subgroup.

Outcome measurements of the whole cohort and subgroups
are listed in Table 3without any significant differences. MG crisis
developed in 4 patients (11%) of the Tac group and 3 (9%) of the
control during follow-up. At the final evaluation, the MG-QOL-
15R and SSQ scores of all the patients were 1 (0–6) and 8 (6–9),

respectively; the EQ-5D-5L health value was 0.88 (0.77–1.00).
The Supplementary Table 1 displays the results of multivariate
analyses. No significant associations were found between
tacrolimus administration and outcomes. In the whole cohort
and the MGFA > I subgroup, corticosteroids administration
was associated with more relapse(s) or aggravation(s) [whole:
RR = 1.382 (95% CI, 1.052 to 1.815), p = 0.020. MGFA >

I: RR = 1.566 (95% CI, 1.182–2.076), p = 0.002]. A higher
MGFA type was highly correlated with a lower EQ-5D-5L health
value in the whole cohort [β = −0.064 (95% CI, −0.124 to
−0.004), p = 0.038]. Patients treated with plasmapheresis were
more likely to obtain lower SSQ scores [β = −7.160 (95% CI,
−11.209 to −3.112), p = 0.001] than those who never received
plasmapheresis in theMGFA> I subgroup. A history of digestive
system diseases was associated with lower SSQ scores and worse
MGFA-PIS in all the patients [SSQ score: β = −2.328 (95% CI,
−4.450 to −0.206), p = 0.032; MGFA–PIS: RR = 1.292 (95% CI,
1.073–1.556), p = 0.007]. Analyses of patients with MGFA > I
revealed similar results [SSQ score: β = −2.917 (95% CI, −5.161
to −0.673), p = 0.012. MGFA-PIS: RR = 1.320 (95% CI, 1.089–
1.600), p = 0.005]. In addition, those with digestive diseases in
this subgroup reported more relapse(s) or aggravation(s) than
those without such diseases [RR= 1.785 (95%CI, 1.015 to 3.139),
p= 0.044].

According to patients’ description at follow-up, 45 (67%) had
no ADRs, and a total of 28 ADRs were reported, consisting
of 9 [25% (9/36)] caused by tacrolimus, 7 [26% (7/27)] by
corticosteroids, 6 [11% (6/52)] by cholinesterase inhibitors, 3
by other drugs (anticoagulant, antiplatelet, and statins), and
3 by unclear drugs (1 skin lesion, 1 muscle pain, and 1
gastrointestinal dysfunction). The incidence of ADRs related
to different drugs showed no differences between the Tac
group and the control group. ADRs caused by corticosteroids
included Cushing syndrome, palpitations, cataracts, elevated
blood sugar, femoral head diseases, impaired kidney function,
and skin lesions. Cholinesterase inhibitors caused depression,
excessive saliva production, palpitations, unexplained fever,
gastrointestinal dysfunction, tremor, and paresthesia.

DISCUSSION

Tacrolimus was effective for VLOMG in this study. Eighty
percent of the Tac group achieved remission (43%) or improved
(37%) according to the MGFA-PIS. Outcome measurements
indicated tacrolimus non-inferior to other medications,
consistent with one study on MG of Osserman grades III and
IV (16). Although the positive effects here seemed weaker
than several earlier studies that reported remission rates ≥

64% (11, 12, 15, 16, 21), the differences could be explained
by the already achieved improvement before baseline and
relatively stable MG status at enrollment. Almost all the previous
studies started with tacrolimus initiation, while the majority
of our patients began with a notable duration of treatment;
conceivably, there was less space for a positive effect to be
displayed. One randomized controlled trial failing to reveal
positive results faced a similar situation where the average
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TABLE 2 | Clinical profiles and outcome measurements of VLOMG patients in the Tac group.

Variables Non-corticosteroids

group (n = 24)

Corticosteroids

group (n = 12)

Total (n = 36) P value

Sex 0.302

Male 13 (54%) 4 (33%) 17 (47%)

Female 11 (46%) 8 (67%) 19 (53%)

Clinical profiles

Anti-AChR antibody positive 17/21 (81%) 9/10 (90%) 26/31 (84%) 1.000

Thymoma or thymic hyperplasia 6 (25%) 4 (33%) 10 (28%) 0.700

MGFA type 0.224

I 4 (17%) 1 (8%) 5 (14%)

IIa/IIb 8 (33%) 1 (8%) 9 (25%)

IIIa/IIIb 10 (42%) 9 (75%) 19 (53%)

IVa/IVb 2 (8%) 1 (8%) 3 (8%)

V 0 (0%) 0 (0%) 0 (0%)

MG-ADL at enrollment, median (IQR) 2 (0–3.5) 2 (1–5) 2 (0–5) 0.745

Details of treatments

Age of starting tacrolimus, median (IQR), y 76 (69–80) 74 (70–77) 74 (69–79) 0.638

Duration of MG at tacrolimus initiation, median

(IQR), m

4.5 (1–17.5) 16.5 (8–23.5) 8 (2–22) 0.060

Duration from starting tacrolimus to the last

follow-up or withdrawal, median (IQR), m

37 (27.5–55) 36 (21–50) 36 (27–52) 0.467

Dose of tacrolimus at the final evaluation,

median (IQR), mg/day

1.0 (1.0–1.75) 1.25 (1.0–1.75) 1.0 (1.0–1.75) 0.817

The last tacrolimus concentration, median

(IQR), ng/ml

4.4 (2.7–6.7) 3.9 (3.1–5.0) 4.25 (2.85–5.7) 0.630

Wuzhi capsules 9 (38%) 4 (33%) 13 (36%) 1.000

Tacrolimus concentration before taking Wuzhi

capsules, median (IQR), ng/ml

2.7 (1.1–3.8) 2.8 (1.4–6.1) 2.75 (1.4–3.8) 0.569

Tacrolimus concentration after taking Wuzhi

capsules, median (IQR), ng/ml

6.4 (5.1–7.0) 4.45 (2.55–6.6) 5.95 (5.1–7.0) 0.285

Change in tacrolimus concentration, median

(IQR), ng/ml

4.1 (2.9–5.6) 1.3 (0.6–3.0) 3.0 (2.4–4.5) 0.071

Tacrolimus discontinuation due to the already

undercontrolled symptomsa
5 (21%) 4 (33%) 9 (25%) 0.443

Patient-reported ADRs caused by tacrolimus 5/24 (21%) 3/11 (27%) 8/35 (23%) 1.000

Other immunosuppressorsb 1 (4%) 2 (17%) 3 (8%) 0.253

Cholinesterase inhibitors 0.736

Never use 6 (25%) 2 (17%) 8 (22%)

Using 11 (46%) 5 (42%) 16 (44%)

Discontinuation 7 (29%) 5 (42%) 12 (33%)

IVIg 4 (17%) 6 (50%) 10 (28%) 0.053

Other Chinese medicines 6 (25%) 3 (25%) 9 (25%) 1.000

Concomitant drug(s) 17 (71%) 10 (83%) 27 (75%) 0.685

Comorbiditiesc (n = 24) (n = 11) (n = 35)

Without comorbidity 1 (4%) 1 (9%) 2 (6%) 0.536

Number of comorbidities, median (IQR) 2 (1.5–4) 2 (1–4) 2 (1–4) 0.715

Outcome measurementsc (n = 24) (n = 11) (n = 35)

MGFA-PIS 0.578

Remission 11 (46%) 4 (36%) 15 (43%)

Improved 7 (30%) 6 (55%) 13 (37%)

Unchanged 5 (21%) 1 (10%) 6 (17%)

Worsened 1 (4%) 0 (0%) 1 (3%)

MG-ADL, median (IQR) 1 (0–3.5) 1 (0–3) 1 (0–3) 0.756

Change of MG-ADLd, median (IQR) 0 ([−1]−2.5) 1 (0–2) 0 ([−1]−2) 0.614

(Continued)
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TABLE 2 | Continued

Variables Non-corticosteroids

group (n = 24)

Corticosteroids

group (n = 12)

Total (n = 36) P value

Have relapsed or aggravatede 7 (29%) 8 (73%) 15 (43%) 0.027*

MG-QOL-15R, median (IQR) 1 (0–7) 2 (0–7) 1 (0–7) 0.900

SSQ, median (IQR) 8 (6.5–9) 8 (7–9) 8 (7–9) 0.454

EQ-5D-5L health value, median (IQR) 0.91 (0.71–1.00) 0.90 (0.77–1.00) 0.90 (0.74–1.00) 0.730

aSymptoms can be controlled with only cholinesterase inhibitors according to the physicians’ orders.
b Included 1 mycophenolate mofetil, 1 rituximab, and 1 cyclophosphamide.
cA female patient in the Tac group died during follow-up. Information on her comorbidities, ADRs, and outcome measurements were not available. Of the 35 patients completing the last

follow-up, 17 (49%) answered in person, 13 (54%) answered in the corticosteroids group, and 4 (36%) answered in the non-corticosteroids group (p = 0.328, no significant differences).
dSubtract MG-ADL score at enrollment from the score at the last follow-up.
eThis item was evaluated by the patients’ description after being asked “Have you ever relapsed or aggravated since (the date at enrollment)”.

AChR, acetylcholine receptor; MG, Myasthenia Gravis; MGFA, Myasthenia Gravis Foundation of America; IQR, interquartile range; IVIg, intravenous immunoglobulin; MG-ADL, MG

Activities of Daily Living; IQR, interquartile range; EQ-5D-5L, five-level EuroQol five-dimensional questionnaire; MG-QOL-15R, revised 15-item Myasthenia Gravis Quality of Life scale;

SSQ, simple single question; MGFA-PIS, MGFA Post-intervention Status.

*Statistically significant.

TABLE 3 | Outcome measurements of VLOMG patients in the whole cohort and subgroupsa.

Outcome Whole (n = 67) First visit (n = 18)

Control

group

(n = 32)

Tac group

(n = 35)

Total

(n = 67)

P value Control

group (n = 9)

Tac group

(n = 9)

Total

(n = 18)

P value

MGFA-PIS 0.995 0.214

Remission 14 (44%) 15 (43%) 29 (43%) 5 (56%) 2 (22%) 7 (39%)

Improved 11 (34%) 13 (37%) 24 (36%) 3 (33%) 3 (33%) 6 (33%)

Unchanged 6 (19%) 6 (17%) 12 (18%) 1 (11%) 4 (44%) 5 (28%)

Worsened 1 (3%) 1 (3%) 2 (3%) 0 (0%) 0 (0%) 0 (0%)

MG-ADL, median (IQR) 2 (0–3.5) 1 (0–3) 1 (0–3) 0.690 1 (0–2) 2 (1–2) 1.5 (0–2) 0.272

Change of MG-ADLb, median (IQR) −1 ([−2]−1) 0 ([−2]−1) −1 ([−2]−1) 0.944 1 (1–2) 1 (0–3) 1 (0–3) 0.755

Have relapsed or aggravatedc 17 (53%) 15 (43%) 32 (48%) 0.401 3 (33%) 3 (33%) 6 (33%) 1.000

MG crisis attack during follow-up 3/34 (9%) 4/36 (11%) 7/70 (10%) 0.750 1/10 (10%) 0/9 (0%) 1/19 (5%) 0.330

MG-QOL-15R, median (IQR) 2 (0–6) 1 (0–7) 1 (0–6) 0.737 3 (0–7) 1 (1–2) 1 (0–6) 0.752

SSQ, median (IQR) 7.5 (6–9) 8 (7–9) 8 (6–9) 0.400 8 (7–10) 9 (8–9) 8.5 (7–9) 0.964

EQ-5D-5L health value, median (IQR) 0.88

(0.80–0.96)

0.90

(0.74–1.00)

0.88

(0.77–1.00)

0.790 0.83

(0.83–0.91)

1.00

(0.88–1.00)

0.89

(0.83–1.00)

0.079

aOutcome measurements of the three deceased patients were not available. Of the 67 patients completing the last follow-up, 36 (54%) answered in person, 19 (60%) in the control

group, and 17 (49%) in the Tac group (p = 0.376). There were also no significant differences in respondents in the two subgroups.
bSubtract MG-ADL score at enrollment from the score at the last follow-up.
cThis item was evaluated by the patients’ description after being asked “Have you ever relapsed or aggravated since (the date at enrollment).” Whole, 67 patients completed the last

follow-up except 3 deceased; First visit, 19 patients who first visited our institution and were newly diagnosed with MG at enrollment; MGFA > 1, 50 patients whose MGFA type was

higher than I; MG-ADL, MG Activities of Daily Living; IQR, interquartile range; EQ-5D-5L, five-level EuroQol five-dimensional questionnaire; MG-QOL-15R, revised 15-item Myasthenia

Gravis Quality of Life scale; SSQ, simple single question; MGFA-PIS, MGFA Post-intervention Status.

MG-ADL at entry was only 1.8 (29). We analyzed the first
visit Tac subgroup to remove the intervention of treatments
before baseline, where MG-ADL decreased significantly during
follow-up. Advantages of tacrolimus in generalized MG could
be further suggested regarding the higher MGFA type in the
Tac group and the marked proportion of ocular MG patients
treated with cholinesterase inhibitors alone in the control group.
It also agreed with the clinical consensus that tacrolimus works
well as an add-on therapy for those who were intolerant or
did not respond well enough to corticosteroids. Moreover,
high quality of life in VLOMG patients treated with tacrolimus

was observed in this study, with MG-QOL-15R close to the
remission patients and EQ-5D-5L health utility value matching
MGFA type I (30, 31). Covariates and outcomes did not display
statistical differences between tacrolimus with and without
corticosteroids in this study. Nonetheless, the results should be
interpreted carefully and conservatively according to the small
sample size, since the effects of some non-statistically significant
differences (such as MGFA type) could exist. Though it was
insufficient to conclude that the two therapies held comparable
efficacy, at least part of the VLOMG population in China could
benefit from tacrolimus monotherapy, achieving relatively
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TABLE 4 | Characteristics of VLOMG patients in the Tac group according to clinical outcome.

Variables Ineffective group (n = 7) Effective group (n = 7) Total (n = 35) P value

Sex 0.612

Male 4 (57%) 13 (46%) 17 (49%)

Female 3 (43%) 15 (54%) 18 (51%)

Clinical profiles

Anti-AChR antibody positive 7/7 (100%) 19/23 (83%) 26/30 (87%) 0.236

Thymoma or thymic hyperplasia 1 (14%) 9 (32%) 10 (29%) 0.350

MGFA type 0.841

I 1 (14%) 4 (14%) 5 (14%)

IIa/IIb 1 (14%) 8 (29%) 9 (26%)

IIIa/IIIb 4 (57%) 14 (50%) 18 (51%)

IVa/IVb 1 (14%) 2 (7%) 3 (9%)

MG-ADL at enrollment, median (IQR) 2 (2–5) 2 (0–4.5) 2 (0–5) 0.501

Details of tacrolimus medication

Age of starting tacrolimus, median (IQR), y 70 (69–77) 74 (70–80) 74 (69–79) 0.405

Duration of MG at tacrolimus initiation, median

(IQR), m

2 (1–11) 11 (2.5–23) 9 (2–22) 0.200

Duration from starting tacrolimus to the last

follow-up or withdrawal, median (IQR), m

28 (25–44) 40.5 (27–54) 36 (27–52) 0.454

Dose of tacrolimus at the final evaluation,

median (IQR), mg/day

1.75 (1.0–2.5) 1.0 (1.0–1.5) 1.0 (1.0–2.0) 0.233

The last tacrolimus concentration, median

(IQR), ng/ml

4.65 (3.1–7.2) 4.25 (2.7–5.0) 4.25 (2.85–5.7) 0.579

Comorbidities

Without comorbidity 1 (14%) 1 (4%) 2 (6%) 0.275

Number of comorbidities, median (IQR) 2 (1.5–4) 2 (1–4) 2 (1–4) 0.220

AChR, acetylcholine receptor; MG, Myasthenia Gravis; MGFA, Myasthenia Gravis Foundation of America; IQR, interquartile range; MG-ADL, MG Activities of Daily Living; IQR, interquartile

range; EQ-5D-5L, five-level EuroQol five-dimensional questionnaire; MG-QOL-15R, revised 15-item Myasthenia Gravis Quality of Life scale; SSQ, simple single question.

satisfying improvement or maintenance while avoiding the
ADRs of steroids. Similar comparisons were rare except for one
retrospective study of generalized MG showing coadministration
with corticosteroids better (32). And it was not clear whether to
use tacrolimus directly as a single drug, or to take corticosteroids
first to stabilize and then tacrolimus alone for maintenance.
Studies with larger samples and longer follow-up are required
to evaluate the effectiveness of tacrolimus monotherapy. The
only measurement showing differences was more relapse(s) or
aggravation(s) in the corticosteroids group, which is reasonable
since steroids are usually the first-line treatment for more severe
MG (2). It was worth noting that the recurrence rate of the
whole Tac group was relatively high. However, this could be
explained from the following four aspects. First, the incidence of
relapse(s) or aggravation(s) in the control group was similarly
high, indicating reasons other than tacrolimus to account for
this abnormity. Second, older age of onset was discovered to
be a remarkable predictor for OMG generalization (33). Third,
the definition of relapse(s) or aggravation(s) was not consistent
across studies. Lower rates were reported in studies where relapse
was defined as the reappearance of extraocular symptoms (33)
and aggravation as increases of quantitative scores (13, 32), while
we counted the recurrence of ocular symptoms and used more
subjective assessment. Fourth, our patients’ compliance was

probably lower owing to COVID-19 pandemic where visiting
doctors and getting prescription drugs were restricted. We
found some patients discontinued their medications without
physicians’ orders. For the future researches and clinical practice,
we suggest including ocular disorders in the criteria of relapse
due to the deterioration of life quality; VLOMG patients should
be followed up more closely and online mode is recommended.
Although we identified no obvious difference in univariable
comparisons of outcomes between patients with generalized and
ocular MG, the two subgroups were unbalanced (30 patients
vs. 5 patients) so the statistical power might be unconvincing
to draw conclusions. Clinical characteristics and medication
details did not appear to affect the effectiveness of tacrolimus,
possibly because of the small sample size. Further investigations
are needed to disclose the features of VLOMG patients who
are more suitable to receive tacrolimus treatment. In short,
considering the favorable results observed in our study and
the devastating ADRs of corticosteroids in the elderly (23),
tacrolimus without corticosteroids could be one of the treatment
options for VLOMG.

For the VLOMG patients with unsatisfactory tacrolimus
concentrations, coadministering WZC helped them reach the
recommendation of 2 to 9 ng/ml with no obvious side effects
(23). Other products of Wuweizi (Schisandra sphenanthera)
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were not used in this study, thus excluding the effect of non-
WZC drugs on plasma levels. Active components of WZC
compete with tacrolimus to bind metabolic enzymes (CYP3A5
and CYP3A4) and inhibit the P-glycoprotein-mediated efflux
of tacrolimus, thereby, reducing the intestinal first-pass effect
and remarkably increasing the concentration (17). Compared
with increasing the dosage of tacrolimus, prescribing WZC
did not merely achieve similar efficacy but provided extra
profits of preventing hepatotoxicity and reducing the financial
burden (19). Neither tacrolimus nor WZC is covered by
basic medical insurance in China. Assuming 30 days a month
and considering the prices of drugs used by our patients,
taking tacrolimus at 3 mg/day costs 2,700 RMB (423.63
USD) per month, while tacrolimus 1.5 mg/day plus WZC 4
capsules/day costs only 1,470 RMB (230.64 USD). Notably,
the average pension for retirees was estimated to be 3,500.60
RMB (549.24 USD) per month in 2021 according to the
Ministry of Human Resources and Social Security of China,
which means that elevating tacrolimus dosage could bring a
heavy burden to VLOMG patients. Instead, usage of WZC
economically benefits elderly patients whometabolize tacrolimus
more quickly. Although the small sample size of WZC takers in
this study limited the validity, our observations complemented
the previous study in younger MG patients aged 36 (27–50)
years (18).

In multivariable analyses, a history of digestive diseases was
identified to be associated with worse MGFA-PIS and lower
SSQ scores. Although earlier studies on MG rarely reported
gastrointestinal diseases, these studies did not examine patients
with VLOMG. While polyps, gastric stromal tumors, and
indigestion showed no direct relevance toMG, a higher incidence
of peptic ulcer in the control group indicated certain hazard
factors. Corticosteroids were suggested given their contribution
to ulcer development. In addition, dysregulated gut microbiota
seemed to affect MG manifestations by promoting an imbalance
in T cell populations (34). A higher MGFA type was found
to be correlated with a lower EQ-5D-5L health value, in
accordance with the foregoing findings (30). Plasmapheresis
seemed to be correlated with a worse prognosis, reflecting
more serious disease conditions (two with MGFA III, one
with MGFA IV), which led to worse outcomes. The small
sample size and lack of plasmapheresis in the Tac group limited
further inference.

Most ADRs caused by tacrolimus in our study were
mild and easily relieved, which has also been reported by
the previous studies, while the incidence varied (10–13, 29).
Weight gaining, an unreported ADR, could be explained
by the diabetogenicity of calcineurin inhibitors (35). This
also suggests blood glucose be more closely monitored and
carefully balanced in VLOMG patients after taking tacrolimus,
considering the higher prevalence of diabetes or prediabetes
in the elderly and the well-recognized ADR of hyperglycemia.
Fluctuation of prostate-specific antigen has not been reported,
but sirolimus, which has a similar structure to that of tacrolimus,
was found to be associated with a decrease of prostate-
specific antigen in the kidney recipients (36). As expected,
almost all the participants were affected by comorbidities, and

higher incidences of chronic diseases were displayed (5, 7,
32). A total of 77% were taking concomitant drugs such as
beta-blockers and statins, both of which were reported to
worsen MG, although these reactions were not observed in
our patients (37). As earlier studies showed that more than
two comorbidities were related to poorer outcomes (8), the
number of comorbidities in our patients was noteworthily
3 (2–4). One in the Tac group died of cerebral infarction,
confirming the destructive impact of comorbidities burden.
The occurrence of MG crisis during follow-up in our study
was higher than the reported Chinese data which covered
all the age groups (7). For the two dying of MG crisis in
the control group, there seemed no direct associations with
medications regarding the normal therapies they received.
Failure to quickly identify the impending respiratory paralysis
and complex comorbid conditions could explain the death
of an outbreak at home; the other patient died from
tracheotomy-related death together withMG crisis, unresponsive
wakefulness syndrome, and pneumonia, all being hazard factors
for tracheotomy complications (38). We need to focus more
on the prevention of myasthenia crisis, which is typically
precipitated by poor control of generalized MG. In summary,
VLOMG patients demand conscientious and individualized
management, and more specific treatment guidelines and
consensus are needed.

This study has several limitations. First, this is a single-
center retrospective observational study with relatively small
sample size. More controlled studies and high-quality RCTs
are necessary to confirm our findings. Second, follow-up was
conducted through telephone interviews, and only patient-
reported outcomes were adopted, which introduced more recall
bias and reduced the objectivity of our study. However, the lack
of face-to-face follow-up seemed acceptable under the COVID-
19 pandemic, and patient-reported outcomes provided more
comprehensive depictions of the treatment impact. For a more
comprehensive evaluation, combining physician examination
scales with patient-reported scales is a superior option. Third,
the rate of contact loss was relatively high, which could cause
the measured outcomes to be worse than the actual outcomes
since patients with less severe symptoms tended not to keep
in touch with their doctors. Conversely, lacking measurements
of the deceased may lead to a better estimation of outcomes,
as patients who died during follow-up were probably under
poor conditions.

In conclusion, tacrolimus is effective and safe in the
treatment of VLOMG. Our results also show that tacrolimus
monotherapy without corticosteroids could be one choice
for VLOMG initial and maintenance treatment, especially
for those who cannot tolerate or do not want to use
corticosteroids and other immunosuppressors. More
studies are needed to confirm the efficacy of tacrolimus
monotherapy and to select patients with VLOMG who
are suitable for such treatment. Coadministering Wuzhi
capsules can effectively and safely improve tacrolimus
concentrations when needed. Patients with higher MGFA
types or comorbidities need more frequent monitoring and
cautious management.
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Background: Neurological immune-related adverse events (nirAEs) are rare toxicities of

immune-checkpoint inhibitors (ICI). With the increase use of ICIs, incidence of nirAEs is

growing, among which ICI related MG (irMG) is causing high fatality rate. Given the limited

evidence, data from a large cohort of patients with irMG is needed to aid in recognition

and management of this fatal complication.

Objective: This study aimed to summarize clinical characteristics of irMG and explore

predictors of irMG clinical outcome.

Methods: We summarized our institution’s patients who were diagnosed as irMG

between Sep 2019 and Oct 2021. We systematically reviewed the literature through

Oct 2021 to identify all similar reported patients who met inclusion criteria. As the control

group, patients with idiopathic MG were used. We collected data on clinical features,

management, and outcomes of both irMG and idioMG cases. Further statistical analysis

was conducted.

Results: Sixty three irMG patients and 380 idioMG patients were included in the final

analysis. For irMG patients, six were from our institution while the rest 57 were from

reported cases. The average age of irMG patients is 70.16 years old. Forty three were

male. Average time from first ICI injection to symptom onset was 5.500 weeks. Eleven

patients had a past history of MG. Higher MGFA classification and higher QMGS rates

were observed in irMG patients compared to idioMG patients. For complication, more

irMG patients had myositis or myocarditis overlapping compared to idioMG patients.

The most commonly used treatment was corticosteroids for both idioMG and irMG.

Twenty one patients (35%) with irMG had unfavorable disease outcome. Single variate

and multivariate binary logistic regression proved that association with myocarditis, high

MGFA classification or QMGS rates at first visit were negatively related to disease

outcome in irMG patients.
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Conclusion: irMG is a life-threatening adverse event. irMG has unique clinical

manifestations and clinical outcome compared to idioMG. When suspicious, early

evaluation of MGFA classification, QMGS rates and myositis/myocarditis evaluation

are recommended.

Keywords: myasthenia gravis, MGFA, QMG, immune-related adverse effects, immune checkpoint inhibitors

INTRODUCTION

Immune checkpoint inhibitors (ICIs) are regarded as effective
treatments for different types of advanced cancers (1). Despite
impressive benefits observed from using ICIs, these treatments
may be associated with serious immune-related adverse events
(irAEs) caused by the induction of off-target inflammatory and
autoimmune responses (1, 2).

ICI-related neurological adverse events are relatively
infrequent; however, pooled analyses have shown that they
are associated with increased morbidity and mortality (3–5).
Myasthenia gravis (MG) is an autoimmune disorder mediated
by autoantibodies, including anti-acetylcholine receptor (AChR)
or anti-muscle associated receptor tyrosine kinase (MUSK)
antibodies that target the neuromuscular junction (6). MG
induced by ICI treatment or ICI-induced relapse of pre-existing
MG is known as immune-related MG (irMG) (7). The incidence
rate of irMG is 0.1%−0.2% according to the current literature
(2, 8). Because of the low incidence rate and limited number
of described cases, characterization of clinical features and
prediction of disease outcome for irMG is difficult based on a
patient’s clinical manifestations. In this study, we described the
clinical features of 63 patients with irMG and aimed to identify
possible factors that may be useful for predicting irMG prognosis.

MATERIALS AND METHODS

Patients
Patients who were diagnosed with irMG at PUMCH between
September 2019 and October 2021 were included in the
study cohort. We also searched the PubMed and EMBASE
databases through October 2021 for case reports, case series,
and observational studies that described patients with cancer
and MG who received ICI treatment. The database searches
did not include language or study design restrictions. Titles
and abstracts were screened by two independent investigators
to identify potentially relevant articles. Then, the full text of
each selected article was retrieved and reviewed. A detailed
clinical description of each patient was generated. The keywords
included in the search were (“immune checkpoint inhibitors”
OR “nivolumab” OR “ipilimumab” OR “pebrolizumab” OR
“avelumab” OR “durvalumab” OR “atezolizumab” OR ‘anti-
PD-1” OR “anti-PD-L1” OR “anti-CTLA-4”) AND (“immune
related MG” OR “irMG” OR “MG” OR “Myasthenia Gravis” OR
“ocular Myasthenia Gravis”). An inclusion diagram of patients
is shown in Figure 1. The quality appraisal of the reported
cases from the literature is shown in Supplementary Table 3.
The inclusion criteria for both the PUMCH patients and cases

FIGURE 1 | Flow gram describing the systematic search and study selection

process.

identified in the literature included: (1) diagnosed with cancer;
(2) any type of ICI used before MG onset or relapse; (3) definite
or probable diagnosis of new-onset MG or deterioration of
symptoms of well-controlled MG; and (4) a detailed description
of the patient’s clinical course was available. A definite diagnosis
of MG was based on the presentation of ocular and/or systemic
muscle weakness and at least one of the following criteria:
(1) elevated titers of anti-AChR or anti-MUSK antibodies, (2)
findings suggestive of MG in electrodiagnostic tests, (3) positive
edrophonium test, or (4) positive ice pack test. A probable
diagnosis of MG was made based on high clinical suspicion
by the neurologist’s report that confirmed the diagnosis of
MG. We excluded patients with thymoma as an indicator for
ICI treatment.

Controls
We also studied patients with idiopathicMG (idioMG), whowere
diagnosed at the PUMCH Neurology Department and registered
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at PUMCH MG registry as the control group. We have excluded
idioMG patients with thymoma.

Methods
For both the PUMCH and literature identified patients, we
extracted variables for patient demographics and baseline
characteristics, including age, sex, type of ICI, indication of
ICI, cancer staging, time between disease onset and first
and last ICI injection, and severity of irAEs. We assessed
the clinical severity of irMG using the Myasthenia Gravis
Foundation of America (MGFA) classification system. For
PUMCH patients, the quantitative myasthenia gravis score
(QMGS) was determined by a trained neurologist at each patient’s
first visit. The QMGS was also collected for literature-identified
patients if available. Data on clinical manifestations of MG
(ptosis, diplopia, dyspnea, limb weakness and dysphagia); titer
results for anti-AchR, anti-MUSK, and anti-titin antibodies;
and overlap with myositis, myocarditis, or other system irAEs
were also collected if available. Myositis was defined as elevated
creatine kinase (CK) levels after disease onset. Myocarditis was
defined as elevated cardiac troponin I levels, dynamic changes
in electrocardiogram data, or symptoms of acute coronary
artery syndrome. An unfavorable outcome was defined as
tracheotomy, endotracheal intubation, or death directly caused
by ICI-related MG.

Statistical Analysis
Baseline characteristics of irMG group were evaluated using
frequencies and percentages for categorical data, while median
and range were used to describe continuous data. Comparisons
of categorical variables between control group and patient
group were tested for significance using the x2 test. Continuous
variables were compared using the Mann-Whitney U test.
We performed single variate binary logistic regression analyses
to determine the odds ratios (ORs) for associations between
certain clinical or demographic factors and risk of unfavorable
outcomes for irMG. Factors that were significantly associated
with an unfavorable outcome were analyzed together in a
multivariate binary logistic regression model. This analysis was
performed with the maximal level of adjustment. All tests
were 2-sided, and Bonferroni correction was applied to the α

level to adjust for multiple comparisons. Bonferroni-adjusted
p values are reported in the tables. Statistical analyses were
carried out using the SPSS 24.0 statistical package (SPSS;
Chicago, IL, USA). The study was approved by the local
ethics committee.

RESULTS

For irMG group, six patients from PUMCH were diagnosed with
irMG. Of 623 unique articles from the literature, 40 publications
describing 57 patients met the inclusion criteria (3, 6, 9–48).
Therefore, a total of 63 patients were included in our final
analysis. For idioMG group, we included 380 patients from
PUMCHMG registry during the same period.

irMG Patient Demographic and Baseline
Characteristics
irMG patients’ characteristics are shown in detail in
Supplementary Table 1. A summary of demographic and
baseline characteristics is shown in Table 1. The most common
indication for ICIs was melanoma followed by urethral and
lung carcinoma. The majority of patients had progressive tumor
staging, and inhibitors of programmed cell death 1 (PD-1) were
the most commonly applied therapeutics in the total cohort.
The median time from ICI injection to symptom onset was
5 weeks, while the median time from the last ICI injection to
symptom onset was 10 days. The severity of irAEs in the majority
of patients in our cohort were classified at level IV. More than
60% of the patients had irAEs involving other systems. The most
commonly involved system was cardiovascular system, followed
by digestive system. Skin and hematological system irAEs were
also observed.

irMG Characteristics and Comparison With
idioMG Group
The patients’ irMG characteristics, treatments, and outcomes
are shown in detail in Supplementary Table 2. A comparison
of irMG and idioMG characteristics are shown in Table 2.
Among the 63 patients identified with irMG, 11 had a past
history of well-managed MG and presented with a flare-up of
MG after ICI initiation. The MGFA classification and QMGS
rates clearly demonstrated that the disease was more severe in
patients with irMG than in patients with idioMG. For clinical
manifestations, bulbar symptoms and dyspnea were seen more
frequently in patients with irMG. Serologic tests revealed that the
frequency rates of anti-AchR antibody and anti-Musk antibody
were significantly higher in idioMG group. Besides, the titer of
anti-AChR antibodies was relatively low in patients with irMG
compared to patients with idioMG. In irMG group, three patients
were positive for anti-titin antibodies among nine patients tested
(33.3%), which was not commonly seen in idioMG group. In
irMG group, markedly elevated CK levels were observed with
an average level of 5206.7 IU/L, which was scarcely found in
idioMG group. In irMG group, 21 patients were diagnosed with
myocarditis, while no patient had cardiac muscle involvement
in idioMG group. Sixty one patients (96.8%) from irMG group
required hospitalization after disease onset. Corticosteroids were
used in more than 90% of patients for management for both
irMG and idioMG. IVIg and PLEX were most commonly
added to reduce the rapid progression of symptoms in irMG
patients while infliximab and rituximab were used in 2 and 1
patients, respectively (33). For idioMG, PLEX was not commonly
conducted in our center and we have no experience of using
infliximab or rituximab. Unfavorable outcomes including death,
intubation or tracheotomy was observed in 21 patients (35%) in
irMG group, among which 14 patients (66.7%) died. Reasons
of unfavorable outcomes include onset of a myasthenic crisis
(13, 62%), infection or other complication (3, 14%) and cardiac
incidence (5, 24%). Compared to irMG group, the incidence
rate of unfavorable outcomes in idioMG group is relatively low.
Discontinuation or withholding of ICI was recommended for
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TABLE 1 | Demographic and baseline characteristics of patients.

Total cohort,

(n = 63), N (%)

PUMCH,

(n = 6), N (%)

Indication for ICI

Lung Carcinoma 10 (16.1)

Melanoma 31 (50) 0 (0)

Urethral Carcinoma 13 (21.0) 0 (0)

Gynecological Carcinoma 1 (1.6) 1 (16.7)

Digestive system neoplasm 2 (3.2) 1 (16.7)

Others 3 (8.1) 1 (16.7)

Tumor Staging, N (%)

1

0 0

2 2 (4.7) 1 (16.7)

3 7 (16.3) 0 (0)

4 34 (79.1) 5 (83.3)

Type of ICI applied, N (%)

PD-1

45 (73.8) 6 (100)

CTLA-4 8 (13.1) 0 (0)

PD-1+CTLA-4 6 (9.8) 0 (0)

Others 2 (3.3) 0 (0)

Time from first ICI injection to symptom

onset, median weeks (range)

5 (1–28) 5.5 (2–9)

Time from last ICI injection to symptom

onset, median days (range)

10 (1–35) 13.5 (12–28)

Level of irAEs

I 12 (19.4) 0 (0)

II 10 (16.1) 1 (16.7)

III 12 (19.4) 2 (33.3)

IV 28 (45.2) 3 (50.0)

Complicated with irAEs of other systems,

N (%)

Myocarditis

21 (33.3) 2 (33.3)

Elevated liver enzymes 7 (11.1) 2 (33.3)

Skin 4 (6.35) 1 (16.7)

Colitis or diarrhea 3 (4.76) 0 (0)

Hematological 2 (3.17) 1 (16.7)

Renal failure 1 (1.59) 0 (0)

61 patients (97%) in our cohort, while 2 patients continued ICI
treatments with well-controlled MG symptoms (41).

Associations Between Demographic and
Clinical Factors and irMG Outcome
Results of single variate binary logistic regression are shown
in Figure 2. Application of cytotoxic T-lymphocyte associated
protein 4 (CTLA-4) and PD-1 inhibitors together was negatively
related to an unfavorable outcome for ICI-related MG (OR =

12.142, p= 0.050). Evaluation parameters for MG severity, which
included QMGS and MGFA classification at the first clinical
visit, were indicative of disease outcome. A QMGS > 18.167
(OR = 6.667, p = 0.035) and MGFA classification IV (OR
= 1.036, p = 0.000) were both related to unfavorable disease
outcome. An overlap of myocarditis with irAEs in other systems
was significantly associated with unfavorable irMG outcome.

TABLE 2 | irMG characteristics and treatment.

irMG,

(n = 63),

N (%)

idioMG,

(n = 380),

N (%)

p

Median age, years (Range) 72 (44–86) 52 (2–84) 0.000

Male, N (%) 43 (69.4) 174 (45.8) 0.000

Past history of MG, N (%) 11 (19.0) - -

MGFA classification at first visit, N (%)

I 16 (25.8) 122 (32.1) 0.001

II 10 (16.1) 133 (35.0)

III 15 (24.2) 84 (22.1)

IV 21 (34.9) 30 (7.9)

V 0 (0.0) 11 (2.9)

Clinical presentation, N (%)

Ptosis 49 (89.1) 334 (88.2) 0.821

Diplopia 43 (78.2) 270 (71.3) 0.457

Dyspnea 30 (55.6) 41 (10.8) 0.001

Limb weakness 34 (63.0) 226 (59.6) 0.824

Dysphagia 32 (59.3) 69 (18.2) 0.002

QMGS rates at disease onset, (SD) 18.17 (11.4) 12.32 (8.2) 0.012

Antibody

Positive anti-AchR Ab, N (%) 27 (56.3) 277 (73.0) 0.050

Average anti-AchR Ab, nmol/L, (SD) 4.5 (4.1) 7.8 (13.3) 0.081

Positive anti-Musk Ab, N (%) 1 (1.6) 27 (7.0) 0.020

Positive anti-Titin Ab, N (%) 3 (33.3) NA -

Complicated with myositis, N (%) 31 (63.3) 32 (8.4) 0.000

Complicated with myocarditis, N (%) 21 (41.2) 0 (0) 0.000

CK level, µmol (SD) 5206.7

(5048.3)

137.2 (125.1) 0.000

Treatment, N (%)

IVIg 1 (1.9) 5 (1.3) 0.716

IVIg + corticosteroids 11 (20.4) 116 (30.5) 0.213

IVIg + corticosteroids + PLEX 18 (33.3) 10 (2.7) 0.002

Corticosteroids + PLEX 8 (14.8) 7 (1.8) 0.001

Corticosteroids 16 (29.6) 201 (52.9) 0.137

Infliximab 2 (3.2) 0 (0) 0.145

Rituximab 1 (1.6) 0 (0) 0.219

Outcome

Tracheotomy, Intubation, or Death 21 (35.0) 23 (6.1) 0.001

Improvement 40 (65.0) -

Although associated with myositis was not relevant to disease
outcome, creatine kinase levels > 5,000 U/L were negatively
related to disease outcome (OR = 6.667, p = 0.023). For
treatment, we found that, compared to using steroids alone,
administering IVIg, steroids plus PLEX, or IVIg plus steroids
may be protective factors for irMG outcome. From the factors
that were analyzed in the single variate binary logistic model,
we included the type of ICI applied, MGFA classification,
QMGS, overlap of myocarditis with other system irAEs, and
treatments in the multivariate binary logistic regression model.
The multivariate analysis (Figure 3) showed that, associated with
myocarditis, QMGS ≥ 18.167 and MGFA classification IV were
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FIGURE 2 | Results of single variate binary logistic regression for demographic and clinical factors and irMG outcome.

negatively related to the outcome of irMG. Compared with
corticosteroids alone, utilization of IVIg and PLEX may be a
positive prognostic factor for irMG.

DISCUSSION

In this study, we report an extensive case series of ICI-relatedMG
with detailed clinical features, treatments, and disease outcome.
Our study innovatively identified several clinical factors that may
be useful for predicting irMG prognosis.

Our findings support that irMG has several different clinical
features compared with idioMG, which has also been proved by
previous studies (10, 11). Demographically, the age at diagnosis

of irMG was significantly greater than that of patients with
idioMG. For clinical severity, the majority of idioMG patients fall
within the MGFA classes I and II at the time of diagnosis and
present with a slow clinical deterioration course (47), while the
majority of irMG patients were categorized in MGFA classes III
and IV at the first visit with a high QMGS rates. Serologically,
the positive rate of anti-AchR antibody in idioMG patients
has been reported to be around 70–80% (49–51), which is
statistically higher than the positive rate of irMG group. For
anti-MUSK antibody, positive rate in idioMG patients is ∼5–
10% (51), while in irMG group, positive rate was only 1.6%.
This finding shows that the prevalence of seronegative patients
in irMG was higher than that in classical MG, which has been
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FIGURE 3 | Results of multi-variate binary logistic regression for demographic and clinical factors and irMG outcome.

previously proved by other studies (7, 41, 52). The demographic
and serological differences could be caused by the bias due to that
case reports and case series tend to report irMG patients with
more severe clinical manifestations, still the differences that we
observed indicated that irMG and idioMG are clinically distinct
disease entity.

We also observed that irMG were more likely to be associated
with myositis or myocarditis, which has been described in only
0.9% of patients with idioMG (6, 7, 53). Some researchers
believe that the elevation of serum CK in patients with irMG
reflects inflammatory involvement of skeletal muscles rather than
rhabdomyolysis (7). Other investigators have hypothesized that
myositis is the main clinical manifestation of irMG patients,
whereas a positive antibody result is a marker of activated
autoimmunity (23, 54). High association rate of myocarditis
in irMG group is noticeable. Although the mechanism of this
phenomenon is now still not well-established, molecular mimicry
and the critical role of PD-1 signaling pathways in regulating
autoimmune responses myocardium might be responsible (19).

It is important for physicians to identify factors that might
be indicative of disease outcome. We found that higher MGFA
classification and a higher QMGS at the first visit were predictive
for an unfavorable disease outcome. Both MGFA classification
and QMGS are parameters for prognosis prediction and severity
evaluation in idioMG patients, and our study supported that
the utilization of these measures is valid in irMG patients.
It has been demonstrated that associated with myositis may

increase muscle weakness in patients with irMG (7, 51, 53),
suggesting that a substantial proportion of an irMG patient’s
clinical symptoms is associated with the accompanying myositis.
Although associating with myositis was not related to disease
outcome in our analysis, still in single variate analysis, we have
found that CK>5,000 U/L was a negative prognosis factor. Thus,
awareness of early recognition of muscle involvement in possible
irMG patients is important. In this regard, serum CK tests before
and after treatment with irMG is required. Association with
myocarditis has been reported to be negatively related to irAEs
outcome (22, 47, 54). Because it is not uncommon for irMG
patients to have myocarditis [39.7% in our cohort, 20%−40%
in published series cases (4, 55, 56)], we believe that particular
attention including ECG, echocardiography and serum troponin
tests should be conducted for myocarditis identification to allow
timely multidisciplinary management.

Our data suggest that patients who received IVIg or PLEX
experienced improved irMG outcomes compared with those
who received steroids alone. Although corticosteroids are
recommended as a first-line treatment for irMG (2, 57), the
use of steroids as a sole first-line therapy may not be ideal
because steroid use itself can cause an acute exacerbation of MG
symptoms (58). Although the worsening in symptoms has been
described as transient (59), the use of steroids alone in irMG
may be associated with a poorer prognosis because these patients
may not be able to survive a transient worsening of symptoms
considering their older age and advanced stage of malignancy
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(41). Apart from this, the role of steroids in controlling immune
dysregulation in irMG patients might be limited by the constant
presence of the circulating ICIs as the original trigger of irAEs.
Since IVIg and PLEX could accelerate the process of ICIs
mAbs elimination, they could mediate a faster improvement
of symptoms (41). From our clinical experience and analysis,
the use of IVIg and PLEX together with corticosteroids has
led to favorable outcomes in irMG patients, which has been
demonstrated in other studies as well (3, 19, 41, 60). However,
for irMG initial treatment, no consistent conclusion could be
drawn from the big variety of published reports. Given the small
number of patients and the retrospective nature of our study, we
think further researches for irMG treatment is highly required.
Besides, physicians should be aware of early treatments of vital
organ dysfunction. Timely intubation for respiratory failure,
pacemaker implantation for fatal arrhythmia, and vasopressor
and even extracorporeal membrane oxygenation for cardiogenic
shock should be considered if clinically needed and available.

Our study has some limitations. Although it is the first study
that identifies possible factors responsible for irMG outcome,
the relatively small sample size and retrospective nature of the
study design limit the reliability of our study results. Because
of the variability in the data available from case reports or
case series, there were missing data regarding clinical features,
hospital course, and outcomes of some patients, which subjected
our results to reporting bias. Besides, the information obtained
from the collected case reports represents only a small fraction
of the actual number of cases worldwide. Nevertheless, our study
enhances the understanding of irMG clinical manifestations and
factors involved in irMG prognosis.

With the boost of ICIs utilization and awareness of the disease,
we believe that the number of patients with irMG is poised to
rapid increase. Additional therapeutic studies concerning irMG
in the future are needed to decrease the irAE-related mortality
and increase the safety of immune therapy.
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Yufan Zhou 1,2,3†, Jialin Chen 4†, Zunbo Li 5, Song Tan 6,7, Chong Yan 1,2,3, Sushan Luo 1,2,3,

Lei Zhou 1,2,3, Jie Song 1,2,3, Xiao Huan 1,2,3, Ying Wang 8, Chongbo Zhao 1,2,3,

Wenshuang Zeng 9* and Jianying Xi 1,2,3*

1Department of Neurology, Huashan Hospital, Fudan University, Shanghai, China, 2Huashan Rare Disease Center, Huashan

Hospital, Fudan University, Shanghai, China, 3National Center for Neurological Diseases, Shanghai, China, 4Department of

Neurology, Fujian Medical University Union Hospital, Fuzhou, China, 5Department of Neurology, Xi’an Gaoxin Hospital, Xi’an,

China, 6Department of Neurology, Sichuan Provincial People’s Hospital, University of Electronic Science and Technology of

China, Chengdu, China, 7Chinese Academy of Sciences Sichuan Translational Medicine Research Hospital, Chengdu,

China, 8Department of Pharmacy, Huashan Hospital, Fudan University, Shanghai, China, 9Department of Neurology, The

University of Hong Kong-Shenzhen Hospital, Shenzhen, China

Introduction: Antibodies to MuSK identify a rare subtype of myasthenia gravis

(MuSK-MG). In western countries, the onset age of MuSK-MG peaks in the late 30’s

while it is unknown in Chinese population.

Methods: In this retrospective multicenter study, we screened 69 MuSK-MG patients

from 2042MG patients in five tertiary referral centers in China from October 2016 to

October 2021 and summarized the clinical features and treatment outcomes. Then we

subgrouped the patients into early-onset (<50 years old), late-onset (50–64 years old),

and very-late-onset (≥65 years old) MG and compared the differences in weakness

distribution, disease progression and treatment outcomes among three subgroups.

Results: The patients with MuSK-MGwere female-dominant (55/69) and their mean age

at onset was 44.70± 15.84 years old, with a broad range of 17–81 years old. At disease

onset, 29/69 patients were classified as MGFA Type IIb and the frequency of bulbar and

extraocular involvement was 53.6 and 69.6%, respectively. There was no difference in

weakness distribution. Compared with early-onset MuSK-MG, very-late-onset patients

had a higher proportion of limb muscle involvement (12/15 vs.16/40, p = 0.022) 3

months after onset. Six months after onset, more patients with bulbar (14/15 vs.

26/39, p = 0.044) and respiratory involvement (6/15 vs. 0/13, p = 0.013) were

seen in very-late-onset than in late-onset subgroup. The very-late-onset subgroup had

the highest frequency of limb weakness (86.7%, p < 0.001). One year after onset,

very-late-onset patients demonstrated a higher frequency of respiratory involvement than

early-onset patients (4/12 vs. 2/35, p = 0.036). 39/64 patients reached MSE. Among 46

patients who received rituximab, very-late-onset patients started earlier than late-onset

patients [6 (5.5–7.5) vs. 18 (12–65) months, p = 0.039], but no difference in the time and

rate to achieving MSE was identified.

99

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2022.879261
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2022.879261&domain=pdf&date_stamp=2022-04-08
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:xijianying@fudan.edu.cn
mailto:zengws@hku-szh.org
https://doi.org/10.3389/fneur.2022.879261
https://www.frontiersin.org/articles/10.3389/fneur.2022.879261/full


Zhou et al. Clinical Features of MuSK-MG

Conclusion: MuSK-MG patients usually manifested as acute onset and predominant

bulbar and respiratory involvement with female dominance. Very-late-onset patients

displayed an early involvement of limb, bulbar and respiratory muscles in the disease

course, which might prompt their earlier use of rituximab. The majority MuSK-MG

patients can benefit from rituximab treatment regardless of age at onset.

Keywords: myasthenia gravis, muscle-specific tyrosine kinase, clinical features, weakness distribution, age at

onset

INTRODUCTION

Myasthenia gravis (MG) is an autoimmune neuromuscular
disorder characterized by circulating autoantibodies against
functionally important components of the postsynaptic
membrane, including acetylcholine receptor (AChR) and
muscle-specific tyrosine kinase (MuSK). MuSK is essentially
a neuromuscular junction protein, which is closely related to
the assembly of AChR. MG with antibodies against MuSK
(MuSK-MG) is a rare subtype and it is found that only 0–
6% in patients with MG (1–4). MuSK-MG is phenotypically
different from anti-AChR antibody-positive MG (AChR-
MG) by prominent involvement of bulbar muscles and rapid
progression to myasthenia crisis. Furthermore, they show a poor
response to acetylcholinesterase inhibitors (ACEI), intravenous
immunoglobulin (IVIg), standard immunosuppressant
therapies, and thymectomy (5–8).

AChR-MG has been divided into distinct groups according to
age at onset and the pathology of the thymus (9). Several studies
have suggested the clinical differences among age subgroups,
including distribution of muscle weakness, disease severity and
response to immunotherapy (10–14). In MuSK-MG, it was
reported that the majority were women aged between 30 and
40 years old (7, 15). However, recent data from our MG
cohort indicated that the incidence of MuSK-MG in old patient
has been increasing mainly due to the aging of the general
population. MuSK-MG is still considered as a rare disease entity
and no studies compared the clinical features among different
age subgroups. We thus summarized the clinical features,
longitudinal courses, and treatment outcome in a cohort of 69
MuSK-MG patients gathered from five tertiary referral centers
in China and compared the difference among early, late and
very-late-onset (16) subgroups.

METHODS

Study Design and Patient Recruitment
In this observational retrospective multicenter study, we
selected MuSK-MG patients in five tertiary referral centers

Abbreviations: Ab, Autoantibody; ACEI, Acetylcholinesterase inhibitors; AChR,

Acetylcholine receptor; ANA, Antinuclear-antibody; IQR, Interquartile range;

IVIg, Intravenous immunoglobulin; MC, Myasthenic crisis; MG, Myasthenia

Gravis; MG-ADL,MG-Related Activities of Daily Living score;MGFA,Myasthenia

Gravis Foundation of America; MGFA-PIS, MGFA postintervention status; MSE,

Minimal symptom expression; MuSK, Muscle specific tyrosine kinase; PE, Plasma

exchange; RNS, Repetitive nerve stimulation.

from October 2016 to October 2021. These tertiary referral
centers included Huashan Hospital, Fudan University in
Shanghai, Fujian Medical University Union Hospital in Fujian
Province, Xi’an Gaoxin Hospital in Shanxi Province, Sichuan
Provincial People’s Hospital in Sichuan Province, and the
University of Hong Kong-Shenzhen Hospital in Guangdong
Province (Figure 1). The onset age of all patients was older
than 16 years. We classified the patients into the following
subgroups: early-onset (patients with age at onset younger
than 50 years old), late-onset (patients with age at onset
50–64 years old), and very-late-onset (patients with age at
onset no ≥65 years old) subgroups. Written informed consent
was granted by each patient and the study was approved
by the Institutional Review Board of Huashan Hospital,
Fudan University.

Evaluation and Collection
We evaluated the following variables: demographic
characteristics (gender, age at onset); diagnostic delay, defined
as the time from the date of onset to diagnosis; Myasthenia
Gravis Foundation of America (MGFA) classification (17) at
disease onset and at maximal worsening; the time from onset
to maximal worsening; distribution of muscle weakness
at onset, 3 months, 6 months, and 1 year after onset,
respectively; disease progression, defined as a new muscle
group involvement 1 month after onset, including progression
from ocular to bulbar muscles, from ocular to bulbar and limb
muscles, from limb to bulbar muscles, from bulbar to limb
muscles, and from any to respiratory muscles; myasthenic
crisis (MC), defined as an event that requires mechanical
ventilation because of severe involvement of respiratory
muscles (18); the time from onset to MC; immunotherapy,
including steroids, IVIg, plasma exchange (PE), conventional
non-steroid immunosuppressant (azathioprine, tacrolimus,
mycophenolate mofetil, cyclophosphamide, cyclosporine)
and rituximab; refractory MuSK-MG, defined as MGFA
postintervention status (MGFA-PIS) (19) unchanged or
worse after steroids and at least one other non-steroid
immunosuppressant; comorbid disease, including thyroid
abnormalities, urticaria, eczema, hypertension, diabetes
mellitus, etc.; minimal symptom expression (MSE), defined
as the MG-Related Activities of Daily Living score (MG-
ADL) is 0 or 1 score (20); follow-up period, defined as the
time from disease onset to the last visit; the positive rate
of repetitive nerve stimulation (RNS) at 3Hz at the time of
initial diagnosis.
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FIGURE 1 | Flowchart for the process of patient inclusion.

Statistical Analysis
Continuous variables that followed a normal distribution are
presented as the mean ± standard deviation. Non-normally
distributed data are presented as the median (interquartile
range, IQR). Categorical variables are expressed as frequencies
(percentages). Missing data were dropped as they were <20%
of the sample for the relevant variables. Differences between
subgroups were evaluated using the chi-square test and Fisher
exact test for categorical variables, and the Kruskal Wallis H
test to compare quantitative variables. P-values were adjusted by
the Berforroni method. Kaplan–Meier curves and log-rank tests
were used to compare the time and rate to achieve MSE status
after rituximab treatment among three subgroups. A significant
difference was defined as p < 0.05. Statistically significant
variables were analyzed within each age group. Data analysis was
carried out using IBM SPSS version 25.0 (SPSS Inc., Chicago, IL,
USA). Diagram generation were all conducted in R version 3.63
(R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Clinical Features of MuSK-MG Cohort
In our MG cohort of 2,042 patients from five tertiary referral
centers, about 3.5% (72) patients are MuSK-MG, comprising
24.9% (72/289) AChR-negative patients. We finally included 69
MuSK-MG in this study. Demographics and clinical features
were summarized in Table 1. The patients showed a female
predominance (55/69), and the mean age at onset was 44.70
± 15.84 years old, with a broad range of 17–81 years old
(Figure 2). The median diagnostic delay was 5 [(IQR) 1–8.5]
months and the median disease course was 34 [(IQR) 16.5–56]
months. At disease onset, most patients (29/69) were classified
as MGFA IIb (Figure 2) and the frequencies of bulbar, limb,

and extraocular muscle involvement were 53.6, 29.0, and 69.6%,
respectively. Fluctuating weakness was reported in 69.6% (48/69)
patients and 80.4% (41/51) showed a positive neostigmine
test. Regarding electrophysiological examination, 63 patients
underwent repetitive nerve stimulation (RNS) test and 71.4%
showed an abnormal decrease at low-frequency stimulation
(3Hz) and the muscle with the highest sensitivity was orbicularis
oculi (53.6%). Abd Pollicis Brevis, frontalis, deltoid and trapezius
showed a relatively low positive rate of 12.5, 16.1, 20, and
21.8%, respectively (Supplementary Table 1). Nineteen patients
combined with other chronic diseases, including eight with
hypertension, six with diabetesmellitus, five with hyperlipidemia,
five with hepatitis B, two with latent tuberculosis, and one with
breast cancer but no checkpoint inhibitor usage. Coexisted other
autoimmune diseases were reported in 18 patients, including
eight with thyroid abnormalities, three with urticaria, one with
eczema, and eleven with positive antinuclear-antibody (ANA).

Forty-six out of 69 patients displayed disease progression,
most of which (31/466) occurred in the first 6 months (Figure 2).
Myasthenic crisis (MC) occurred in 31.9% (22/69) patients, and
50% (11/22) showed MC within 6 months after onset. The
median duration from onset to disease progression was 4.5
[(IQR) 2–9.25] months and from onset to MC was 7 [(IQR)
2.75–13]months. Longitudinal disease progression and weakness
distribution were shown in Figure 3 and Table 2. Eighteen out
of 69 patients showed a pure extraocular and 11/69 showed
a pure bulbar phenotype at the onset. Two (2/18) patients
remained pure extraocular involvement 1 year after onset and the
two patients progressed to generalized MG 15 months (bulbar
and limb involvement) and 48 months (bulbar involvement)
after onset, respectively. Four patients remained pure bulbar
involvement 1 year after onset and no further progression was
observed. The proportion of respiratory involvement (11/67) was
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TABLE 1 | Clinical features of early-onset, late-onset, and very-late-onset MuSK-myasthenia gravis (MuSK-MG).

Variables Total

N = 69

Early-onset

N = 40

Late-onset

N = 13

Very-late-onset

N = 16

P-value

Female: male 55:14 34:6 9:4 12:4 0.384

Age at onset (years old)

(mean ± SD)

44.70 ± 15.84 33.43 ± 9.49 53.85 ± 2.34 65.44 ± 5.37 0.000

Disease course (m)

[median (IQR)]

34 (16.5–56) 34.5 (17.25–63.25) 48 (27–90.5) 18 (14.25–31.5) 0.029c

Diagnostic delay (m)

[median (IQR)]

5 (1–8.5) 5 (1.25–8.75) 5 (2–13.5) 4 (1–6) 0.526

Positive fatigue test, n (%) 57/64 (89.1%) 31/35 (88.6%) 12/13 (92.3%) 14/16 (87.5%) 1*

Positive neostigmine test, n (%) 41/51 (80.4%) 19/27 (70.4%) 10/11 (90.9%) 12/13 (92.3%) 0.230*

Fluctuating weakness, n (%) 48 (69.6%) 27 (67.5%) 11 (84.6%) 10 (62.5%) 0.427*

RNS test positive, n

(%)

45/63 (71.4%) 26/34 (76.5%) 11/13 (84.6%) 8/16 (50.0%) 0.090*

MGFA classification at onset 0.644*

I, n (%) 18 (26.1%) 11 (27.5%) 4 (30.8%) 3 (18.8%)

II, n (%) 42 (60.9%) 23 (57.5%) 9 (69.2%) 10 (62.5%)

III, n (%) 6 (8.7%) 5 (12.5%) 0 1 (6.3%)

IV, n (%) 1 (1.4%) 0 0 1 (6.3%)

V, n (%) 2 (2.9%) 1 (2.5%) 0 1 (6.3%)

MGFA classification at maximal worsening 0.321*

II, n (%) 17 (24.6%) 10 (25.0%) 4 (30.8%) 3 (18.8%)

III, n (%) 25 (36.2%) 15 (37.5%) 4 (30.8%) 6 (37.5%)

IV, n (%) 5 (7.2%) 2 (5.0%) 3 (23.1%) 0

V, n (%) 22 (31.9%) 13 (32.5%) 2 (15.4%) 7 (43.8%)

Comorbid disease

Hypertension, n (%) 8 (11.6%) 1 (2.5%) 2 (15.4%) 5 (31.3%) 0.006b,*

Diabetes mellitus, n (%) 6 (8.7%) 0 1 (7.7%) 5 (31.3%) 0.001b,*

Hyperlipidemia, n (%) 5 (7.2%) 0 2 (15.4%) 3 (18.8%) 0.013a,b,*

Hepatitis B, n (%) 5 (7.2%) 4 (10.0%) 1 (7.7%) 0 0.579*

Latent tuberculosis, n (%) 2 (2.9%) 1 (2.5%) 0 1 (6.3%) 0.668*

Tumor, n (%) 1 (1.4%) 0 0 1 (6.3%) 0.420*

Other autoimmune disease

Thyroid abnormalities, n (%) 8 (11.6%) 2 (5.0%) 0 6 (37.5%) 0.003b,*

Urticaria, n (%) 3 (4.3%) 2 (5%) 1 (7.7%) 0 0.762*

Eczema, n (%) 1 (1.4%) 1 (7.7%) 0 0 0.188*

Positive ANA, n (%) 11/41 (26.8%) 4/24 (16.7%) 2/6 (33.3%) 5/11 (45.5%) 0.175*

aEarly-onset vs. late-onset.
bEarly-onset vs. very-late-onset.
cLate-onset vs. very-late-onset.

*Using Fisher exact test. The bold and italic values mean significant differences.

RNS, repetitive nerve stimulation; MGFA, Myasthenia Gravis Foundation of America; ANA, antinuclear-antibody.

the highest 6 months after onset and was decreased to 9/59 6
months later, perhaps due to the immunotherapy.

Table 3 showed details of the treatment and prognosis of
the patients. All patients were followed up with the median
follow-up period of 32 [(IQR) 13.5–56)] months. Sixty-four
(94.1%) patients received steroids, 25 (39.1%) received at
least one non-steroid immunosuppressant, 46 (66.7%) received
rituximab and 39 (60.9%) reached MSE status. Among the
patients who received rituximab, 44 patients were administered
600mg rituximab every 6 months and two patients from Xi’an
Gaoxin Hospital used a regimen of 4 weekly infusions of
100mg followed by maintenance therapy depending on the

emergence of CD20+B-cells. Sixteen patients (23.5%) were
refractory MuSK-MG and 13/16 patients received rituximab
and 8/13 reached MSE. Thirteen patients (19.1%) attained
MSE status using conventional treatments. Twenty-six patients
(38.2%) did not reach MSE status until the use of rituximab.
Among 41 patients who did not reach the status of MSE
before administrating RTX with 600mg regimen, although no
significant difference (log-rank test: p= 0.075), a trend that more
patients in early course of disease (≤1 year) reached the status
of MSE was observed (Supplementary Figure 1). One patient
underwent thymectomy and the histopathologic diagnosis was
thymic hyperplasia.
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FIGURE 2 | Age at onset, MGFA classification at the onset and maximal worsening and disease progression in MuSK-MG. (A) Age at onset of 69 MuSK-MG patients

in our cohort; (B) MGFA classification at the onset and at maximal worsening during the period from disease onset to the last follow-up; (C) Muscle involvement and

disease progression of all the patients.

Difference Among Age Subgroups in
MuSK-MG
According to age at onset, 40 patients (58%) were subclassified
into early-onset, 13 (18.8%) into late-onset and 16 (23.2%) into
very-late-onset subgroup. Clinical features of each subgroup
were summarized in Tables 1–3. All subgroups were female-
dominant and no difference of diagnostic delay was found.
Among three subgroups, the positive rate of fatigue test
and neostigmine test, the complaint of weakness fluctuating
showed no difference, either. As for combined diseases,
hypertension (5/16 vs. 1/40, p = 0.006), diabetes mellitus

(5/16 vs. 0/40, p = 0.001) and hyperlipidemia (3/16 vs.
0/40, p = 0.013) occurred more frequently in very-late-onset
subgroup than in early-onset subgroup. More patients in
very-late-onset subgroup showed thyroid abnormalities (6/16 vs.
2/40, p= 0.003).

At disease onset, no differences were observed regarding

MGFA classification and weakness distribution among three

subgroups. Compared patients with early-onset, patients with

very-late-onset onset showed a higher frequency of limb
involvement (12/15 vs.16/40, respectively, p = 0.022) 3
months after onset. Six months after onset, more patients in
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FIGURE 3 | Point-in-time weakness distribution and shifts over time. The point-in-time weakness distribution at disease onset and 3, 6, 12months after onset. O,

extraocular muscles; B, bulbar muscles; L, limb or neck muscles; R, respiratory muscles; and their multiple combinations. A, asymptomatic; U, unknown, patients

who were lost to follow-up at this time point. The black dotted line outlined the patients with ocular involvement and the red dotted line outlined the patients with

respiratory involvement.

very-late-onset subgroup had bulbar and respiratory involvement
than that in late-onset subgroup (bulbar: 14/15 vs. 26/39, p =

0.044; respiratory: 6/15 vs. 0/13, p = 0.013). In addition, more
patients in very-late-onset subgroup showed weakness of limbs
(86.7%, p < 0.001) than that in the other two subgroups. One
year after onset, a higher frequency of respiratory involvement
was reported in very-late-onset than in early-onset subgroups
(4/12 vs. 2/35, p = 0.036) (Table 2). The time from onset to
progression, the time from onset to maximal worsening, or from
onset to MC among subgroups were not statistically different
(p > 0.05).

Among age subgroups, the number of patients treated
with ACEI, glucocorticoid, rituximab, PE, and IVIg was not
significantly different. The proportion of refractory MuSK-MG
did not differ from each other, either. The rate of patients who
had reachedMSE status (25/38, 9/13, 5/13, respectively, p> 0.05)
and the time from onset to MSE status showed no significant
difference (Table 3). For patients treated with rituximab, a
shorter time from onset to receiving rituximab was found in
very-late-onset subgroup compared to late-onset subgroup {6
[(IQR) 5.5–7.5] months vs. 18 [(IQR) 12–65] months, p= 0.039}.
No significant difference in the rate to achieve MSE and the
time from rituximab treatment to achieving MSE was identified
among three subgroups (p > 0.05) (Figure 4).

DISCUSSION

As reported in previous studies, patients with MuSK-MG in our

cohort also showed predominant involvement of extraocular,

bulbar and respiratory muscles (7). However, the age at onset

showed a bimodal age pattern of incidence, with one peak in
individuals younger than 40 years, one peak in individuals aged
40–70 years old, which was different from the conclusion that
the age at onset was rarely after 60 (7, 21, 22). The increase in
the incidence of very-late-onset MuSK-MG might be a result of
the aging of general population and expansion of life expectancy.
The acknowledgment of clinical features of MuSK-MG and
the increase in sensitivity and specificity of diagnostic methods
also lead to an increase of diagnostic yield and a decline of
misdiagnosis (19, 23, 24). It can also be attributable to the
changes in the immune system during aging, including the
increase in inflammatory reactions and the higher production of
autoantibodies (25).

Growing evidence from clinical researches suggested the
differences in clinical profile, natural history and treatment
outcome among age subgroups in AChR-MG. Female cases
outnumber male cases by three to one in early-onset patients (9).
They were more likely to present with an initially generalized
disease and a high level of anti-AChR antibodies associated
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TABLE 2 | Weakness distribution and disease progression in early-onset, late-onset, and very-late-onset MuSK-myasthenia gravis.

Variables Total

N = 69

Early-onset

N = 40

Late-onset

N = 13

Very-late-onset

N = 16

P-value

Weakness distribution at onset

Extraocular, n (%) 48 (69.6%) 27 (67.5%) 10 (76.9%) 11 (68.8%) 0.877*

Bulbar, n (%) 37 (53.6%) 22 (55%) 7 (53.8%) 8 (50%) 0.945*

Limbs, n (%) 20 (29.0%) 9 (22.5%) 3 (23.1%) 8 (50%) 0.125*

Neck, n (%) 20 (29%) 11 (27.5%) 4 (30.8%) 5 (31.3%) 0.937*

Respiratory, n (%) 3 (4.3%) 1 (2.5%) 0 2 (12.5%) 0.221*

Weakness distribution 3 months after onset

Extraocular, n (%) 51/68 (75%) 29 (72.5%) 10 (76.9%) 12/15 (80%) 0.926*

Bulbar, n (%) 47/68 (69.1%) 27 (67.5%) 8 (61.5%) 12/15 (80%) 0.543*

Limbs, n (%) 33/68 (48.5%) 16 (40%) 5 (38.5%) 12/15 (80%) 0.022b,*

Neck, n (%) 29/68 (42.6%) 18 (45%) 5 (38.5%) 6/15 (40%) 0.891*

Respiratory, n (%) 10/68 (14.7%) 5 (12.5%) 0 5/15 (33.3%) 0.038*

Weakness distribution 6 months after onset

Extraocular, n (%) 47/67 (70.1%) 27/39 (69.2%) 8 (61.5%) 12/15 (80%) 0.579*

Bulbar, n (%) 47/67 (70.1%) 26/39 (66.7%) 7 (53.8%) 14/15 (93.3%) 0.044c,*

Limbs, n (%) 28/67 (41.8%) 12/39 (30.8%) 3 (23.1%) 13/15 (86.7%) 0.000b,c,*

Neck, n (%) 22/67 (32.8%) 11/39 (28.2%) 3 (23.1%) 8/15 (53.3%) 0.178*

Respiratory, n (%) 11/67 (16.4%) 5/39 (12.8%) 0 6/15 (40%) 0.013c,*

Weakness distribution 1 year after onset

Extraocular, n (%) 29/59 (49.2%) 18/35 (51.4%) 6/12 (50%) 5/12 (41.7%) 0.934*

Bulbar, n (%) 35/59 (59.3%) 21/35 (60%) 8/12 (66.7%) 6/12 (50%) 0.715*

Limbs, n (%) 19/59 (32.2%) 10/35 (28.6%) 3/12 (25%) 6/12 (50%) 0.375*

Neck, n (%) 17/59 (28.8%) 9/35 (25.7%) 3/12 (25%) 5/12 (41.7%) 0.623*

Respiratory, n (%) 9/59 (15.3%) 2/35 (5.7%) 3/12 (25%) 4/12 (33.3%) 0.036b,*

Time from onset to maximal worsening (m),

[median (IQR)]

4 (1–11.5) 4 (1–14) 7 (3.5–13) 2.5 (0.475–6) 0.288

Progress, n (%) 46 (66.7%) 26 (65%) 8 (61.5%) 12 (75%) 0.778*

Progression ≤ 6 months from onset, n (%) 31 (44.9%) 18 (45%) 3 (23.1%) 10 (62.5%) 0.105*

Time from onset to progression (m),

median (IQR)

4.5

(2–9.25)

4

(2.75–7.5)

9.5

(3.25–39.5)

3.5

(2–6)

0.097

Myasthenic crisis, n (%) 22 (31.9%) 13 (32.5%) 2 (15.4%) 7 (43.8%) 0.271*

Myasthenic crisis ≤ 6 months from onset, n (%) 11 (15.9%) 6 (15%) 0 5 (31.3%) 0.088*

Time from onset to crisis (m)

[median (IQR)]

7 (2.75–13) 8 (3.5–16.5) 10.5 (9-) 3 (1–11) 0.417

bEarly-onset vs. very-late-onset.
cLate-onset vs. very-late-onset.

*Using Fisher exact test. The bold and italic values mean significant differences.

with thymic follicular hyperplasia (10, 26). Late and very-
late-onset AChR-MG was more common in males and more
frequently had seropositive acetylcholine receptor antibodies and
ocular MG (10, 11, 14, 27). The therapeutic management of
these two groups is more complex because of comorbidities
(28). But Cortés-Vicente et al. found although very-late-onset
patients had a higher frequency of life-threatening events,
their long-term outcomes were good, with less requirement for
immunosuppressivemedications and a lower probability of being
refractory (10).

However, the difference of clinical features, longitudinal
disease progression and treatment outcomes among age
subgroups in MuSK-MG is not clear. In our cohort, patients

in very-late-onset subgroups showed a higher proportion of
combined chronic diseases, including hypertriton, diabetes,
thyroid abnormalities, etc. There was no difference of MGFA
classification and weakness distribution at disease onset, but
patients in the very-late-onset subgroup showed an early
involvement of limb, bulbar and respiratory muscles in the
disease course, especially in the first 6 months. As a result,
very-late-onset patients started rituximab treatment earlier.
Concerning the treatment outcome, three subgroups attained
similar outcomes with no significant difference in the rate and
time of remission.

We found that the distinction among age subgroups inMuSK-
MG was not as great as that in AChR MG, which might be
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TABLE 3 | Treatment and prognosis in early-onset, late-onset, and very-late-onset MuSK-myasthenia gravis (MuSK-MG).

Variables Total

N = 69

Early-onset

N = 40

Late-onset

N = 13

Very-late-onset

N = 16

P-value

Treatment

PE, n/N (%) 27/68 (39.7%) 16/39 (41%) 3/13 (23.1%) 8/16 (50%) 0.325*

IVIg, n/N (%) 30/68 (44.1%) 19/39 (48.7%) 5/13 (38.5%) 6/16 (37.5%) 0.709*

ACEI, n/N (%) 64/67 (95.5%) 37/38 (97.4%) 12/13 (92.3%) 15/16 (93.8%) 0.398*

Steroid, n/N (%) 64/68 (94.1%) 37/39 (94.9%) 12/13 (92.3%) 15/16 (93.8%) 1*

Rituximab, n/N (%) 46/68 (66.7%) 20/39 (75.0%) 7/13 (53.8%) 9/16 (56.3%) 0.202*

MMF, n/N (%) 5/68 (7.4%) 1/39 (2.6%) 2/13 (15.4%) 2/16 (12.5%) 0.121*

Tacrolimus, n/N (%) 12/68 (17.6%) 7/39 (17.9%) 3/13 (23.1%) 2/16 (12.5%) 0.829*

AZA, n/N (%) 12/68 (17.6%) 8/39 (20.5%) 2/13 (15.4%) 2/16 (12.5%) 0.908*

CTX, n/N (%) 1/68 (1.5%) 0 1/13 (7.7%) 0 0.191*

Cyclosporine, n/N (%) 2/68 (2.9%) 0 1/13 (7.7%) 1/16 (6.3%) 0.178*

Thymectomy, n/N (%) 1/68 (1.5%) 1/39 (2.6%) 0 0 1*

Refractory, n/N (%) 16/68 (23.5%) 10/39 (25.6%) 3/13 (23.1%) 3/16 (18.8%) 0.925*

Rituximab, n/N (%) 13/16 (81.3%) 9/10 (90%) 3/3 (100%) 1/3 (33.3%) 0.143*

Median follow-up period (m),

median (IQR)

32

(13.5–56)

33.5

(15.5–63.25)

48

(27–90.5)

15

(9.75–20.75)

0.007a,b

MSE, n/N (%) 39/64 (60.9%) 25/38 (65.8%) 9/13 (69.2%) 5/13 (38.5%) 0.218*

Time from onset to MSE (m), median (IQR) 11

(7.0–28.0)

10

(7.0–27.5)

15

(12.0–49.5)

10

(8.5–23.5)

0.254

Time from onset to receiving rituximab (m), median

(IQR)

9 (6.0–24.75) 10 (5.75–49.5) 18 (12–65) 6 (5.5–7.5) 0.039b

aEarly-onset vs. very-late-onset.
bLate-onset vs. very-late-onset.

*Using Fisher exact test. The bold and italic values mean significant differences.

PE, plasma exchange; IVIg, intravenous immunoglobulin; ACEI, acetylcholinesterase inhibitors; MMF, mycophenolate mofetil; AZA, azathioprine; CTX, cyclophosphamide; MSE, minimal

symptom expression.

due to distinct pathogenesis between AChR-MG andMuSK-MG:
(1) There are functional and morphological abnormalities of the
thymus in the pathogenesis of AChR-MG. B-cell infiltrations
are associated with thymic hyperplasia of lymphoproliferative,
which could be identified in more than 80% early-onset patients
(26, 29). The thymus of late-onset patients usually shows
normal-for-age atrophy. Although the mechanisms are not
understood, the presence of anti-striational and anti-cytokine
autoantibodies in late-onset patients strongly suggests similar
role with thymoma (30, 31). In contrast, thymic hyperplasia and
thymoma are rarely observed inMuSK-MG. (2) AChR antibodies
are mainly of IgG1 and IgG3 subtypes, which can bind to C1q
to activate the complement cascade. The number of anti-AChR
antibody producer, including plasma cells and memory B cells,
decreased in the elderly (32, 33). By comparison, MuSK-MG
autoantibodies are mainly of the IgG4 subclass, which undergo
Fab-arm exchange as a prerequisite for pathogenic capacity
(34). They are produced by plasmablasts, which are found in
similar proportions in all age subgroups (35). (3) Anti-AChR
antibodies modulate myogenic markers and lead to impaired
muscle regeneration, while the effect of anti-MuSK antibodies on
regeneration remains unclear (36). It is noteworthy that satellite
cells are quantitatively and functionally age-dependent, with a

marked decline with age (37, 38), this might explain the rapid
progression in patients with very-late-onset MuSK-MG.

This study has several limitations. First, this was a
retrospective study, and therefore, potential selection bias,
missing data bias and recall misclassification could not be
avoided. Second, only MSE was used to evaluate the prognosis
of MG, other prognostic outcomes such as the reduction in daily
dosage of prednisone and the maintenance of asymptomatic
were not analyzed. Third, the sample size of the cohort, especially
in late-onset and very-late-onset subgroups, is still small. To
better understand the distinction of clinical features, longitudinal
disease progression and treatment outcome in MuSK-MG
among age subgroups, further prospective studies with larger
sample size are required.

In conclusion, our results are consistent with previous studies,
which showed MuSK-MG patients usually manifested as acute
onset and predominant bulbar and respiratory involvement with
female dominance. Compared with late-onset patients, very-late-
onset patients displayed an early involvement of limb, bulbar
and respiratory muscles in the disease course, which might
prompt their earlier usage of rituximab. The majority MuSK-MG
patients can benefit from rituximab treatment regardless of age
at onset.
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FIGURE 4 | Time from rituximab treatment to achieving MSE among subgroups. The Kaplan-Meier plot showed the time from rituximab treatment to reaching MSE.

Three patients who had achieved MSE before rituximab and two patients from Xian Gaoxin Hospital with distinct regimen were not included. No significant difference

was identified among subgroups.
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Kai Zhang 3*, Zhuyi Li 1 and Jun Guo 1*

1Department of Neurology, Tangdu Hospital, Air Force Medical University, Xi’an, China, 2Department of Neurology, Suide

County Hospital, Yulin, China, 3Department of Intensive Care Unit, Xi’an, Hospital, Xi’an, China

During the past two decades, an increasing number of patients with very-late-onset

myasthenia gravis (v-LOMG) with an onset age of 65 years or older have been identified.

However, few studies explore the predictors of secondary generalization in patients

with v-LOMG with pure ocular onset. In this retrospective cohort study, 69 patients

with v-LOMG were divided into ocular MG (OMG) and generalized MG (GMG), and

the clinical characteristics and outcomes were compared. Cox regression analysis was

performed to explore the predictors of generalization. The average onset age of the study

population was 73.1 ± 4.2 years and the median disease duration was 48.0 months

(interquartile range, 32.5–64.5 months). Serum acetylcholine receptor (AChR) antibody

was detected in up to 86% of patients and concomitant diseases in approximately half

of the patients. Male predominance was seen in OMG group while female predominance

in GMG group (p = 0.043). Patients with OMG showed a lower positive rate of repetitive

nerve stimulation (RNS) than those with GMG (p = 0.014), and favorable outcomes

were obtained in more patients with OMG than those with GMG (p < 0.001). Of the 51

patients with pure ocular onset, 25 (49.0%) underwent secondary generalization. A higher

probability of generalization was found in patients with positive RNS results and without

immunotherapy (p= 0.018 and <0.001). Upon Cox regression analysis, immunotherapy

was negatively associated with secondary generalization [HR (hazard ratio) 0.077, 95%CI

[0.024–0.247], p < 0.001]. Altogether, compared to the patients with very-late-onset

GMG, the counterparts with OMG exhibit a significantly higher female predominance

and a lower positive rate of RNS tests, especially on facial and accessory nerves. Lack

of immunotherapy is the only predictor of secondary generalization in those with pure

ocular onset.
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INTRODUCTION

Myasthenia gravis (MG) is an organ-specific autoimmune
disease characterized by the presence of pathogenic antibodies
mainly targeting acetylcholine receptors (AChRs) located at the
neuromuscular junctions, leading to fluctuating and fatigable
weakness of skeletal muscles. With the onset age of 50 years as
the boundary, MG is categorized into early-onset MG (EOMG)
and late-onset MG (LOMG) with different demographic and
clinical profiles, indicating the requirement for classification of
this disease (1–3). In recent decades, owing to the extensive
application of diagnostic testing and gradual improvement in
living conditions, an increasing number of patients with very-
late-onset MG (v-LOMG) with an onset age of 65 years or older
have been identified (4), and patients with elderly onset appear
to exhibit unique demographic and clinical characteristics from
EOMG and LOMG (3, 5–8). It is noted that older age is more
likely to be accompanied by comorbidities, more fragility to
medication side effects, and aging-related changes of immune
system (9, 10), which may influence the clinical phenotype.
Hence, it is of great significance to further outline the picture of
the subgroup with v-LOMG.

Based on the muscles involved, MG can be divided into
ocular MG (OMG) and generalized MG (GMG). To date,
secondary generalization in patients with pure ocular onset
has been identified as a well-known hallmark of MG. Once
generalized symptoms develop, the patient’s clinical status would
become worse and might be associated with a poorer prognosis.
Although studies have indicated the importance of considering
factors including onset age, AChR antibody status, thymoma,
and immunotherapy as predictors of secondary generalization
in patients with MG of different ages (11–15), risk factors for
generalization in the population with v-LOMG have not been
established as far. Herein, we conducted a retrospective cohort
study enrolling patients with v-LOMG from a tertiary hospital in
Northwest China to outline the clinical picture of v-LOMG in the
Han Chinese population and explore the predictors of secondary
generalization in this unique subgroup.

METHODS

Patient Enrollment and Data Collection
All patients with MG with an onset age of 65 years or older at
outpatient and inpatient units of the Department of Neurology,
Tangdu Hospital, between January 2017 and July 2020 were
recruited in this study. The patients with complete medical
and follow-up records were eventually enrolled after the written
informed consent was obtained. Figure 1 showed the flowchart
of patient enrollment and grouping. A definite MG diagnosis was
made based on the clinical symptoms of fluctuating, fatigable
skeletal muscles weakness, and the evidence of at least one of
the following items: (1) unequivocal response to cholinesterase
inhibitor; (2) positive response to repetitive nerve stimulation
(RNS) with amplitude decrement of >10% in compound
muscle action potential; or (3) seropositivity for AChR antibody
measured by radioimmunoprecipitation assay. The last follow-
up visit was performed in August 2021 to ensure the disease

duration of all the enrolled patients was 2 years or longer.
Patients with confined ocular involvement till the last follow-
up were defined as pure OMG, whereas those with pure ocular
onset but undergoing secondary generalization were defined as
transformed MG (TMG), and GMG consisted of TMG and those
with generalized onset. Demographic data including gender,
onset age, disease duration (from onset to the last follow-up),
initial symptoms, AChR antibody status, RNS test results, thymic
abnormalities on CT scan, and concomitant diseases at the initial
contact were collected and then compared between OMG and
GMG groups. Immunotherapy regimens in the course of disease
were collected and divided into 3 groups: steroids only, steroids
plus other immunosuppressants (IS), and IS only. In this study,
IS included azathioprine, tacrolimus, mycophenolate mofetil,
and intravenous immunoglobulin (IVIg). Clinical outcome was
evaluated at the last follow-up (August 2021) by Myasthenia
Gravis Foundation of America Post-Intervention Status (MGFA-
PIS) and the achievement of minimal manifestations (MM)
or better [including complete stable remission (CSR) and
pharmacologic remission (PR)] was defined as favorable
outcomes. A status of improved (I) was categorized as
an intermediate outcome. Unchanged (U), worse (W), and
exacerbation (E) were classified as unfavorable outcomes. Died
(D) of MG was defined as a poor outcome. This study was
approved by the Ethics Committees of Tangdu Hospital, Air
Force Medical University (approval number: TDLL-KY-202105-
04).Written informed consent was waived in accordance with the
institutional requirements because of the retrospective nature of
this study. As an alternative, oral informed consent to participate
in this study was obtained from all the patients.

Statistical Analysis
Categorical variables were presented as number with percentage
and numerical variables as mean with standard deviation (SD)
or median with interquartile range (IQR). Statistical analysis
was performed by the SPSS 23.0 software (SPSS Inc., Chicago,
IL, USA). Intergroup differences of categorical variables were
evaluated by χ

2 test and Fisher’s exact test when necessary,
and those of continuous variables were compared by Student’s
t-test or Mann–Whitney U test. The probability of secondary
generalization was presented using the Kaplan–Meier method
and analyzed with the log-rank test. Cox regression analysis
was performed on variables of interest to identify the predictors
of secondary generalization. Hazard ratio (HR) with 95%
confidence intervals (CI) was calculated. A value of p <0.05 was
considered statistically significant in all analyses.

RESULTS

General Information
As shown in Figure 1, 69 of the initially identified 86 patients
entered into the final analysis. In general, this population
with v-LOMG exhibited unique features such as high AChR
antibody seropositivity in up to 86% of patients and predominant
concomitant diseases in approximately 50% of patients (Table 1).
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FIGURE 1 | Flowchart of the enrollment of the patient with v-LOMG in this study.

Comparison of Demographic and Clinical
Characteristics Between Different v-LOMG
Subtypes
In total, 69 patients with v-LOMG (32 females, 37 males) had
an average onset age of 73.1 ± 4.2 years and a median disease
duration of 48.0 months (IQR, 32.5–64.5 months). Although
no obvious gender difference (female-to-male ratio, 1:1.2) was
present in the entire study population, a male predominance was
prominent in OMG group in contrast to that in GMG group
(p = 0.043). Upon RNS tests, the positive result of any nerve
was recorded in more patients with GMG than counterparts
with OMG (p = 0.014). Specifically, the positive rates of RNS
tests on facial and accessory nerves were significantly higher in
GMG group than those in OMG group (p = 0.013 and 0.008,
respectively) (Table 1). Considering the possibility of secondary
generalization in patients with v-LOMG with pure ocular onset,
we further compared the baseline demographic and clinical
characteristics between the remained patients with OMG and
those with TMG. As shown in Table 2, no significant intergroup
differences were observed except for significantly higher positive
rate of RNS tests in TMG group (p = 0.032, compared with
OMG group), in particular when repetitive stimulating facial and
accessory nerves (p= 0.033 and 0.020, respectively).

Comparison of Long-Term Outcomes
Between Different v-LOMG Phenotypes or
Therapies
First, we compared the long-term outcomes between OMG
and GMG groups irrespective of the therapies used. Favorable
outcomes were obtained in a significantly higher proportion
of patients in OMG group than in GMG group (92.3%
vs. 48.8%, p < 0.001; Table 1). Then the study population
was divided into two groups based on whether or not
receiving immunotherapy in the course of disease and the
duration of therapy (short-term, <6 months, vs. long-term, ≥6
months), respectively, and clinical outcomes were compared
between groups. Meanwhile, the outcomes associated with
different treatment strategies were analyzed. Although no
significant differences in the proportion of patients with
distinct outcomes were observed between different duration
of therapy (Supplementary Table 1) and amongst distinct
treatment strategies (Supplementary Table 2), immunotherapy
indeed led to a significantly higher proportion of favorable
outcome and a lower proportion of unfavorable outcome
compared with those not receiving immunotherapy (71.4% vs. 0,
p= 0.001 and 4.8% vs. 50%, p= 0.007; Supplementary Table 1).
Moreover, patients receiving immunotherapy showed a lower
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TABLE 1 | Demographic, clinical characteristics, and long-term outcomes of the patients with v-LOMG.

Variables MG OMG GMG P-value

Gender N = 69 N = 26 N = 43

Male, n (%) 37 (53.6) 18 (69.2) 19 (44.2) 0.043

Female, n (%) 32 (46.4) 8 (30.8) 24 (55.8)

Onset age (y), mean ± SD 73.1 ± 4.2 73.4 ± 3.9 72.9 ± 4.4 0.641

Disease duration (m), median (IQR) 48.0 (32.5–64.5) 49.5 (32.8–62.5) 45.0 (32.0–85.0) 0.985

Muscles initially involved N = 69 N = 26 N = 43

Ocular, n (%) 65 (94.2) 26 (100) 39 (90.7) 0.289*

Limbs, n (%) 7 (10.1) NA 7 (16.3) NA

Bulbar, n (%) 15 (21.7) NA 15 (21.7) NA

Axial muscles, n (%) 5 (7.2) NA 5 (11.6) NA

AChR antibody status N = 63 N = 22 N = 41

Positive, n (%) 54 (85.7) 20 (90.9) 34 (82.9) 0.476*

Negative, n (%) 9 (14.3) 2 (9.1) 7 (17.1)

RNS test positive N = 69 N = 26 N = 43

Facial nerve, n (%) 29 (42.0) 6 (23.1) 23 (53.4) 0.013

Ulnar nerve, n (%) 6 (9.2) 1 (3.8) 5 (11.6) 0.398*

Axillary nerve, n (%) 30 (43.5) 8 (30.8) 22 (51.2) 0.098

Accessory nerve, n (%) 21 (30.4) 3 (11.5) 18 (41.9) 0.008

Any nerve, n (%) 42 (60.9) 11 (42.3) 31 (72.1) 0.014

Thymic abnormalities N = 69 N = 26 N = 43

Thymoma, n (%) 4 (5.8) 0 (0) 4 (9.3) 0.289*

Thymic hyperplasia, n (%) 18 (26.1) 8 (30.8) 10 (23.3) 0.491

Thymectomy, n (%) 6 (8.7) 0 (0) 6 (8.7) 0.067*

Concomitant diseases N = 69 N = 26 N = 43

Hypertension, n (%) 35 (50.7) 12 (46.2) 23 (53.5) 0.555

Diabetes, n (%) 20 (29.0) 8 (30.8) 12 (27.9) 0.800

Coronary heart disease, n (%) 13 (18.8) 6 (23.1) 7 (16.3) 0.535*

Cerebral infarction, n (%) 12 (17.4) 3 (11.5) 9 (20.0) 0.514*

Tumor, n (%) 4 (5.8) 1 (3.8) 3 (7.0) 1.000*

Immunotherapy N = 63 N = 24 N = 39

Steroids, n (%) 9 (13.0) 3 (11.5) 6 (14.0) 1.000*

Steroids + IS, n (%) 46 (66.7) 20 (76.9) 26 (60.5) 0.148

IS, n (%) 8 (11.6) 1 (3.8) 7 (16.3) 0.141*

Outcomes N = 69 N = 26 N = 43

Favorable, n (%) 45 (65.2) 24 (92.3) 21 (48.8) < 0.001

Intermediate, n (%) 12 (17.4) 0 (0) 12 (27.9) 0.002*

Unfavorable, n (%) 6 (8.7) 2 (7.7) 4 (9.3) 1.000*

Poor, n (%) 6 (8.7) 0 (0) 6 (14.0) 0.076*

Myasthenic crisis, n (%) 5 (7.2) 0 (0) 5 (11.6) 0.149*

AChR, Acetylcholine receptor; GMG, generalized myasthenia gravis; IQR, interquartile range; MG, myasthenia gravis; m, month; NA, not applicable; OMG, ocular myasthenia gravis;

RNS, repetitive nerve stimulation; IS, immunosuppressant; SD, standard deviation; v-LOMG, very-late-onset myasthenia gravis; y, year. Outcomes were evaluated by the Myasthenia

Gravis Foundation of America Post-Intervention Status (MGFA-PIS). Favorable outcomes were defined as the achievement of minimal manifestations (MM) or better, including complete

stable remission (CSR), pharmacologic remission (PR), and MM. An intermediate outcome was considered as a status of improved (I); unfavorable outcomes as unchanged (U), worse

(W), and exacerbation (E); and a poor outcome as died (D) of MG. Intergroup difference of onset age was analyzed by Student’s t-test and that of disease duration by Mann–Whitney

U test. Otherwise, χ
2 test was used to compare the intergroup differences. *Fisher’s exact test was performed. The values of p were drawn from the statistical analysis between the

OMG and GMG groups.

proportion of developing myasthenic crisis than those not
receiving immunotherapy (1.4% vs. 5.8%, p < 0.001).

Secondary Generalization of v-LOMG With
Pure Ocular Onset
Of 69 patients, 51 (73.9%) initiated with pure ocular involvement,
and the demographic and clinical characteristics of these patients

are shown in Table 2. Of the 51 patients with pure ocular onset,
25 (49.0%) underwent secondary generalization. The cumulative
survival without generalization was assessed by the Kaplan–
Meier method (Figure 2A). Of note, secondary generalization
occurred in nearly half of all 25 patients (48.0%) during the first
6 months after onset, 18 (72.0%) patients within 2 years, and 23
(92.0%) within 4 years (Figure 2B).
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TABLE 2 | Baseline demographic and clinical data of patients with v-LOMG with pure ocular onset.

Variables Ocular-onset MG OMG TMG P-value

Gender N = 51 N = 26 N = 25

Male, n (%) 31 (53.6) 18 (69.2) 13 (52.0) 0.208

Female, n (%) 32 (46.4) 8 (30.8) 12 (48.0)

Onset age (y), mean ± SD 72.7 ± 4.3 73.4 ± 3.9 72.0 ± 4.5 0.223

Disease duration (m), median (IQR) 49.0 (33.0–66.0) 49.5 (32.8–62.5) 48.0 (44.5–94.5) 0.423

Initial clinical symptoms N = 51 N = 26 N = 25

Unilateral ptosis, n (%) 29 (56.9) 16 (61.5) 13 (52.0) 0.492

Bilateral ptosis, n (%) 2 (3.9) 0 (0) 2 (8.0) 0.235*

Unilateral ptosis with diplopia, n (%) 16 (31.4) 7 (26.9) 9 (36.0) 0.485

Bilateral ptosis with diplopia, n (%) 4 (7.8) 3 (11.5) 1 (4.0) 0.610*

AChR antibody status N = 45 N = 22 N = 23

Positive, n (%) 39 (86.7) 20 (90.9) 19 (82.6) 0.665*

Negative, n (%) 6 (13.3) 2 (9.1) 4 (17.4)

RNS test positive N = 51 N = 26 N = 25

Facial nerve, n (%) 19 (37.3) 6 (23.1) 13 (52.0) 0.033

Ulnar nerve, n (%) 3 (5.9) 1 (3.8) 2 (8.0) 0.610*

Axillary nerve, n (%) 21 (41.2) 8 (30.8) 13 (52.0) 0.124

Accessory nerve, n (%) 13 (25.5) 3 (11.5) 10 (40.0) 0.020

Any nerve, n (%) 29 (56.9) 11 (42.3) 18 (72.0) 0.032

Thymic abnormalities N = 51 N = 26 N = 25

Thymoma, n (%) 2 (3.9) 0 (0) 2 (8.0) 0.235*

Thymic hyperplasia, n (%) 12 (26.1) 8 (30.8) 4 (16.0) 0.214

Thymectomy, n (%) 3 (5.9) 0 (0) 3 (12.0) 0.110

Concomitant diseases N = 51 N = 26 N = 25

Hypertension, n (%) 29 (56.9) 12 (46.2) 17 (68.0) 0.115

Diabetes, n (%) 15 (29.4) 8 (30.8) 7 (28.0) 0.828

Coronary heart disease, n (%) 10 (19.6) 6 (23.1) 4 (16.0) 0.726*

Cerebral infarction, n (%) 10 (19.6) 3 (11.5) 7 (28.0) 0.173*

Tumor, n (%) 4 (7.8) 1 (3.8) 3 (12.0) 0.350*

Immunotherapy N = 47 N = 24 N = 23

Time from onset to immunotherapy initiation (m), median (IQR) 5.0 (1.0–24.0) 4.0 (1.0–17.3) 7.0 (2.5–24.0) 0.156

AChR, Acetylcholine receptor; IQR, interquartile range; m, month; OMG, ocular myasthenia gravis; RNS, repetitive nerve stimulation; SD, standard deviation; TMG, transformed

myasthenia gravis; v-LOMG, very-late-onset myasthenia gravis; y, year. Intergroup difference of onset age was analyzed by Student’s t-test and those of disease duration and time from

onset to immunotherapy initiation by Mann–Whitney U test. Otherwise, χ
2 test was used to compare the intergroup differences. *Fisher’s exact test was performed. The values of p

were drawn from statistical analysis between the OMG and TMG groups.

Probability of Secondary Generalization of
v-LOMG With Pure Ocular Onset
There were no significant differences in the cumulative
probabilities of generalization between male and female patients
(p = 0.131; Figure 3A), those with positive and negative AChR
antibody (p = 0.792; Figure 3B), those with and without thymic
abnormalities (p= 0.206; Figure 3C), and those with andwithout
concomitant diseases (p = 0.169; Figure 3E), respectively. In
contrast, significantly higher probabilities were found in patients
with positive RNS results than those with negative results (p
= 0.018) (Figure 3D). Fifty-one patients with ocular-onset were
divided into two groups based on whether or not receiving
immunotherapy before generalization and entered into statistical
analysis. As revealed in Figure 3F, patients not receiving
immunotherapy had a significantly higher probability of
generalization than those receiving immunotherapy (p < 0.001).

We further assessed the intervals from pure ocular onset
to generalization in the 25 patients undergoing secondary
generalization. Patients with positive AChR antibody, positive
RNS results, and not receiving immunotherapy had a shorter
time to generalization than those with negative AChR antibody,
negative RNS results, and receiving immunotherapy (p =

0.016, 0.007, and 0.010, respectively; Figures 4B,C,F), whereas
no significant differences were observed between male and
female patients (p = 0.766; Figure 4A), those with and without
concomitant diseases (p= 0.916; Figure 4D), and those with and
without thymic abnormalities (p= 0.113; Figure 4E).

Predictors of Secondary Generalization in
Patients With v-LOMG
Upon Cox regression analysis, acetylcholinesterase inhibitor
(AChEI) was excluded because it had been given to all patients. As
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FIGURE 2 | Distribution of secondary generalization in the patients with v-LOMG with pure ocular onset. (A) Kaplan–Meier curve depicting the cumulative survival

without generalization over time (months). (B) Time distribution of generalization in the 25 patients with v-LOMG. Y-axis indicates the number of patients undergoing

generalization with the percentage showing on the top of each column.

revealed in Table 3, a total of 10 variables of interest were selected
to explore the potential risk factors for secondary generalization.
Among these, immunotherapy was the only predictor negatively
associated with secondary generalization in patients with v-
LOMG with pure ocular onset (HR 0.077, 95%CI [0.024–0.247],
p < 0.001).

DISCUSSION

In recent years, an accumulating body of studies has
demonstrated a true biologic increase in the incidence of
elderly onset MG and primarily ascribes this increase to
dramatically increased longevity, the aging immune system,
and improved diagnostic measures (16–19). Till now, there is
a lack of consensus on the definition of this subgroup, and in
most studies, the cutoff onset age was defined at 65 or 70 years
(7, 19–21). In this study, we included patients with MG with an
onset age of 65 years or older and outlined the picture of this
subgroup with v-LOMG.

Male predominance is widely recognized in population with
elderly onset MG from the Western countries (4, 20–22),
whereas female predominance in a Japanese nationwide survey
(19), possibly owing to the differences in racial and genetic
backgrounds. In this study, a mild male predominance in a small
sample of Chinese patients, together with distinct male-to-female
ratios in OMG (2.3:1) and GMG (1:1.3) groups further indicate
potential gender predominance dependent on clinical subtypes
(23). Previous studies enrolling elderly onset MG showed a high
prevalence of AChR antibodies ranging from 80% to nearly
93% (4, 6, 19, 21). Similarly, our study showed a comparable
positive rate of 85.7%. However, inconsistent with the reported
positive rate of 30–77% in the entire OMG population (24), the
higher rate of 90.9% in our ocular v-LOMG cohort suggests
the role of aging-related changes in the strength of immune
response on the differences. Of note, the higher prevalence of
AChR antibody in patients with ocular v-LOMG might imply
a tendency of secondary generalization in the future. Besides,

a higher proportion of GMG than OMG was observed in our
cohort. Although this finding is consistent with those from other
patient cohorts (4, 19, 21), we cannot completely eliminate the
possibility of underdiagnosis of OMG as a result of the ignorance
of subtle ocular deficits at the early stage of disease by patients
themselves and by clinicians (25).

It is generally accepted that older onset age, positive
AChR antibody, the concurrence of thymoma, the use of
AChEI, immunotherapy, and smoking can predict secondary
generalization of patients with MG with pure ocular onset
(3, 8, 26). However, it remains unclear whether such elements
have the same effects in the v-LOMG subgroup, given the
existence of age-related changes in immune intolerance (27). In
this study, Cox regression analysis revealed that immunotherapy
was the only predictor negatively associated with secondary
generalization, reflecting the most crucial role of immunotherapy
in improving the prognosis of v-LOMG. Of particular concern
is that, as a specific parameter of elderly patients, concomitant
diseases were illustrated not to be associated with a higher
probability of secondary generalization. This reflects that no
difference in the rate of concomitant diseases was present
between patients with pure ocular onset undergoing and not
undergoing secondary generalization.

Conclusions drawn from our study and other retrospective
studies (9, 18, 21) supported the benefit of immunotherapy
in treating patients with v-LOMG; however, in the process of
achieving a good prognosis, clinicians often face decision-making
difficulties and potential risks. Although our study revealed
concomitant diseases were not associated with secondary
generalization in patients with v-LOMG, this remains a major
consideration in choosing the appropriate treatment strategy.
Clinicians tend to be reluctant to treat patients with v-
LOMG with an aggressive therapeutic protocol. For elderly
patients receiving various medications for comorbidities, added-
on immunotherapy might bring undesirable pharmacokinetic
and pharmacodynamic drug interactions (28). The fragile and
declining immunocompetence in the elderly potentially worsens
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FIGURE 3 | Cumulative survivals without generalization over time (months) as depicted by the Kaplan–Meier curve. (A) Comparison between male and female

patients. (B) Comparison between patients with positive and negative AChR antibody. (C) Comparison between patients with and without thymic abnormalities. (D)

Comparison between patients with positive and negative RNS test results. (E) Comparison between patients with and without concomitant diseases. (F) Comparison

between patients with and without immunotherapy before generalization.

the situation with the rise of drug-related complications and
even leads to increased mortality risk (24, 29, 30). Despite
these concerns, the satisfactory efficacy of immunotherapy in
v-LOMG subgroup has been reported by several studies (31–
33), and the treatment strategy of combining AChEI and rapid
immunosuppression followed by chronic immunosuppression
was recommended (9). This view was supported by our

study where 71.4% of patients treated with AChEI plus
immunotherapy achieved favorable outcomes. Furthermore, of
5 patients undergoing myasthenic crisis, only one had been
treated with ISs accounting for 1.6% of all patients receiving
immunotherapy, in contrast to other 4 patients not receiving
immunotherapy (66.7%, p < 0.001), indicating the essential role
of immunotherapy in preventing serious adverse consequences.
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FIGURE 4 | Generalization tempo from disease onset over time (months) as depicted by the Kaplan–Meier curve. (A) Comparison between male and female patients.

(B) Comparison between patients with positive and negative AChR antibody. (C) Comparison between patients with positive and negative RNS test results. (D)

Comparison between patients with and without concomitant diseases. (E) Comparison between patients with and without thymic abnormalities. (F) Comparison

between patients with and without immunotherapy before generalization.

Interestingly, there were no significant differences in the
percentage of favorable outcomes amongst the steroids alone,
immunosuppressant alone, and combined treatment groups.
The predictive value of time from onset to immunotherapy
initiation was not demonstrated on Cox regression analysis.
These findings might be attributed to the small size of
our patient cohort, the diversity of immunotherapy selection,
and the feasibility of individualized treatment based on the

benefit–risk assessment in a real-world setting. Even though the
limitations are present, our observation that 80% of myasthenic
crises had occurred before the initiation of immunotherapy
still highlights the importance of immunosuppression as
early as possible. Meanwhile, serious complications associated
with immunotherapy cannot be ignored in the elderly, and
prophylaxis against side effects of medications should be used to
minimize the potential risks.
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TABLE 3 | Cox regression analysis of risk factors for secondary generalization in

patients with v-LOMG with pure ocular onset.

Variables HR 95%CI P-value

Gender, male vs. female 0.691 0.243–1.962 0.487

Onset age 0.944 0.842–1.058 0.319

Ptosis at onset, unilateral vs. bilateral 1.086 0.235–5.016 0.916

Diplopia at onset, yes vs. no 1.045 0.362–3.017 0.935

AChR antibody, positive vs. negative 1.254 0.226–6.950 0.795

RNS test, positive vs. negative 2.188 0.756–6.332 0.149

Thymic abnormalities, with vs. without 0.778 0.223–2.723 0.695

Concomitant diseases, with vs. without 1.295 0.416–4.027 0.656

Immunotherapy before generalization, with vs.

without

0.077 0.024–0.247 <0.001

Time from onset to immunotherapy initiation 0.987 0.971–1.003 0.122

AChR, acetylcholine receptor; CI, confidential interval; v-LOMG, very-late-onset

myasthenia gravis; HR, hazard ratio; RNS, repetitive nerve stimulation.

There are several limitations in this study. First, there was a
lack of a unified schedule regarding the coverage of examinations
and the timing of follow-up visits, given the nature of this
retrospective cohort study. As a result, 8 patients were excluded
due to incomplete medical records, and other 9 patients were
lost to follow-up. The high exclusion rate of approximately
20% will inevitably affect the strength of our conclusion to
some extent. Second, this study included 69 patients with
v-LOMG from a single center and only 6 patients did not receive
immunotherapy over the course of disease. Meanwhile, there
was a lack of muscle-specific kinase antibody-associated MG
(MuSK-MG) subgroup that may present distinct clinical features
and responses to immunotherapy. The small number and single
origin of patients may limit the significance of our conclusion
and its scope of application. Third, Cox regression analysis
revealed that positive RNS results were close to the borderline
level of statistical significance. Considering the recognized
predictive value of this variable on secondary generalization in
prior studies (11, 26), our finding from v-LOMG subgroup
requires further confirmation. Therefore, multicenter,
prospective studies involving a larger sample of patients with
v-LOMG originated from a wider geographical area are needed
in future.

In conclusion, compared to patients with very-late-onset
GMG, the counterparts with OMG exhibit a significantly
higher female predominance and a lower positive rate of
RNS tests, especially on facial and accessory nerves. Notably,
lack of immunotherapy is the only predictor of secondary

generalization in those patients with v-LOMG with pure
ocular onset.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committees of Tangdu Hospital, Air Force
Medical University (Approval Number: TDLL-KY-202105-04).
Written informed consent for participation was not required for
this study in accordance with the national legislation and the
institutional requirements.

AUTHOR CONTRIBUTIONS

SZ, KZ, and JG: conceptualization. XY, JD, KR, JL, and CZ: data
curation. SS: formal analysis. JG: funding acquisition, project
administration, and writing—review and editing. SZ and XY:
investigation. SZ, XY, KZ, and JG: methodology. JD, KR, and
JL: resources. ZL: supervision. KZ: validation. SZ, XY, and CZ:
visualization. SZ: writing—original draft. All authors contributed
to the article and approved the submitted version.

FUNDING

This study was supported by the Science and Technology
Innovation and Development Foundation of Tangdu Hospital
(Grant Number 2019LCYJ010) and the Excellent Personnel
Foundation of Tangdu Hospital in 2021.

ACKNOWLEDGMENTS

The authors greatly appreciate Fenying Chen and Tingge Zhu
for their excellent contribution to RNS test implementation and
result interpretation. The authors would like to thank Kindstar
Global for professional assistance in detecting and verifying MG-
related antibodies.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2022.857402/full#supplementary-material

REFERENCES

1. Gilhus NE, Verschuuren JJ. Myasthenia gravis: subgroup

classification and therapeutic strategies. Lancet Neurol. (2015)

14:1023–36. doi: 10.1016/S1474-4422(15)00145-3

2. Petersson M, Feresiadou A, Jons D, Ilinca A, Lundin F, Johansson R, et al.

Patient-reported symptom severity in a nationwide myasthenia gravis cohort:

cross-sectional analysis of the Swedish GEMG Study. Neurology. (2021)

97:e1382–1391. doi: 10.1212/WNL.0000000000012604

3. Fan L, Ma S, Yang Y, Yan Z, Li J, Li Z. Clinical differences of early and

late-onset myasthenia gravis in 985 patients. Neurol Res. (2019) 41:45–

51. doi: 10.1080/01616412.2018.1525121
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Corticosteroid Treatment-Resistance
in Myasthenia Gravis
Henry J. Kaminski* and Jordan Denk

Department of Neurology and Rehabilitation Medicine, George Washington University, Washington, DC, United States

Chronic, high-dose, oral prednisone has been the mainstay of myasthenia gravis

treatment for decades and has proven to be highly beneficial in many, toxic in some way

to all, and not effective in a significant minority. No patient characteristics or biomarkers

are predictive of treatment response leading to many patients suffering adverse effects

with no benefit. Presently, measurements of treatment response, whether taken from

clinician or patient perspective, are appreciated to be limited by lack of good correlation,

which then complicates correlation to biological measures. Treatment response may

be limited because disease mechanisms are not influenced by corticosteroids, limits

on dosage because of adverse effects, or individual differences in corticosteroids. This

review evaluates potential mechanisms that underlie lack of response to glucocorticoids

in patients with myasthenia gravis.

Keywords: myasthenia gravis, corticosteroids, lymphocytes, biomarkers, clinical outcome measures

INTRODUCTION

Glucocorticoids (GC) are simultaneously the best and worst medications for patients with
myasthenia gravis (MG). Their efficacy cannot be denied based on decades of use in clinical practice
and an extensive evidence base of retrospective studies, expert opinion, and several consensus
guidelines as well as a limited number of randomized trials (1–8). In 1948 ACTH was first used
for MG treatment and many reports in the following two decades appreciated a therapeutic
benefit (9, 10). Chronic prednisone treatment over months to years became the standard of care
during the 1970’s (11). Short high-dose treatment with methylprednisolone has been used (12–14).
However, the usefulness of GCs is diminished by their significant adverse effects. The need to reduce
corticosteroid exposure has led to the use of immunosuppressives, plasma exchange, intravenous
immunoglobulin, and more recently a number of biologics for MG treatment (15, 16). The balance
of effectiveness and adverse effects has led to the reduction of overall prednisone dose as a measure
of efficacy in some clinical trials (17–21).

Regardless of the specific GC preparation and dosing regimen, there is a core of patients
with MG who have a poor clinical response. Two large cross sectional studies of patients
with MG indicated that there was a group of patients not achieving a minimal manifestation
status despite higher prednisone dosage (16). Thus far, there are no patient characteristics
that predict treatment-resistance (6). Shared with MG are most inflammatory or autoimmune
conditions with a core of 20–30% of patients who do not improve with GC treatment (22, 23).
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This review will broadly assess potential mechanisms that limit
treatment response to GC in MG.

THE CHALLENGE OF DEFINING
TREATMENT RESPONSE

A significant challenge for MG and many disorders is
the lack of reliable, objective markers of disease activity.
This is in marked contrast, for example, to autoimmune
thrombolytic anemia in which platelet counts track with
severity of disease manifestations, respiratory parameters
for asthma, or gadolinium enhancing lesions identified by
magnetic resonance imaging in multiple sclerosis. Often disease
severity is assessed by response to a treatment; however, this
approaches a circular argument. If a drug does not work,
it may simply not be targeting disease mechanisms, not
accessing the site of pathology, or achieving appropriate
levels to influence the disease. None of these suggest
that the underlying disease mechanisms themselves are
“more severe”.

Treatment resistance may stem from three broad, and
potentially overlapping, reasons: (1) GC may not impact
fundamental disease mechanisms, (2) excess susceptibility to
corticosteroid adverse effects, which compromise ability to
achieve therapeutic doses, and (3) phenotypic variations among
patients that limit biological response to the GC. All these may be
difficult to differentiate if severity of disease is defined as a lack of
response to GC. For MG, treatment response has been assessed
from various perspectives. Clinical outcome measures for MG
have evolved from simple physician-centric determination of
improvement to standardized strength assessment performed
by trained individuals to patient reported outcomes (24, 25).
Primary outcome measures for randomized trials in MG have
included the total dose of GC over time, the quantitative MG
Score, and the MG-Activities of Daily Living with the last of
which has become the primary measure recommended by the
FDA for drug approval. There has been an assumption that
improvement in standardized assessments of muscle strength,
as done in the QMG, would equate to improvement in patient
reported outcomes, but this is not the case as appreciated by
the relatively poor concordance of clinical outcome measures
(26, 27). The explanation for this discrepancy lies in the
complex interaction of the measurement used, disease pathology,
treatment used with its adverse effects, and the individual
response to disease, which includes social determinants of health
and a person’s personality traits. The expectation that circulating
autoantibodies would be a surrogate for treatment response
has not proven true. The acetylcholine receptor antibody level
does not correlate with improvement (28) and the rate of
change of antibody correlates only roughly (29). Small studies
support muscle specific kinase (MuSK) antibodies associate with
treatment response, but this has not been rigorously evaluated
(30, 31). The decremental response with repetitive stimulation
and abnormalities of the single fiber evaluation also do not
correlate well enough with clinical disease severity to be used as a
surrogate biomarker (17, 32).

GLUCOCORTICOID MECHANISMS OF
ACTION

Cortisol, the endogenous glucocorticoid, is synthesized and
released by the adrenal glands as regulated by the hypothalamic-
pituitary-adrenal (HPA) axis (Figure 1). Corticotrophin-
releasing hormone (CRH) from the hypothalamus activates
corticotrophic cells of the pituitary leading to release of adrenal
corticotropic hormone (ACTH), which then acts to enhance
synthesis and release of cortisol from the adrenal cortex. Blood
cortisol levels follow a circadian rhythm with an early morning
peak and a nighttime nadir (33), and increase in response to
stress including emotional reactions, physical challenges, and
tissue trauma (23, 34). These diurnal fluctuations also impact
the immune system and likely influence immune reactions
to outside stimuli [infections) and by extension autoimmune
reactions (33). The HPA axis employs a negative feedback
system that occurs at both the levels of the hypothalamus and
the anterior pituitary gland to moderate continued release
in states of GC excess. Additionally, the hypothalamus can
be stimulated by cytokine activation via interleukin-1 (IL-1),
tumor necrosis factor (TNF), and IL-6 (35) as would occur in
inflammatory and autoimmune diseases. Psychological stress
also increases GC production due to increased noradrenaline
levels, which further stimulate CRH and cause an increase in
pro-inflammatory cytokines, all of which stimulate the HPA
axis (33).

Cortisol binds the carrier protein, corticosteroid-binding
globulin (CBG), for its distribution via the circulation. Bound
cortisol is inactive, and only the small fraction of unbound
GC, which is lipophilic, diffuses readily across cell membranes.
Cytoplasmic cortisol binds to the GC receptor (GCR). The
bound GC and GCR impact biological processes through (1)
activity as a transcription factor binding to GC response elements
of numerous genes, (2) interactions with other transcription
factors including nuclear factor-κB (NF-κB) and activator protein
1 (AP-1), and (3) repression of gene transcription through
binding of inhibitory GC response elements and binding of
other transcription factors to prevent their action (35). GCs have
been estimated to impact expression of 20% of the genome (36).
GCs also act through non-genomic mechanisms. The lipophilic
properties of GCs lead to their ability, in the absence of the
glucocorticoid receptor (GR), to enter lipid membrane, which
alters membrane fluidity and interaction with membrane bound
proteins, including ion channels. The alteration of sodium and
calcium transfer appears to be a factor in mediating some
anti-inflammatory effects. To add to the complexity of GC
influences each cell differs in the nature of transcriptional
factors and other proteins for the GC to interact. Given their
numerous tissue targets, excess glucocorticoid states, whether
endogenous as in Cushing’s syndrome or exogenous provided
as prednisone, can lead to numerous adverse effects with
wide inter-individual variation for treatment response. Synthetic
GC, i.e., prednisone and dexamethasone, are not subject to
endogenous inhibitors of cortisol activity making them more
potent anti-inflammatory agents. Prednisone binds the GCR
with higher affinity and mineralocorticoid receptors with lower
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FIGURE 1 | Glucocorticoid Molecular Physiology. Once released from the adrenal cortex, glucocorticoids (GC) travel through blood with the carrier protein,

corticosteroid-binding globulin (CBG). Only 5% of extracellular GCs remain bioactive after binding to CBG. GC diffuse through the cell membrane to either (1) be

converted into inactive cortisone via 11β-hydroxysteroid dehydrogenase 2, (2) have non-genomic effects in the cytosol or mitochondria, or (3) bind to the

glucocorticoid receptor (GCR) as a chaperone complex to later exert genomic effects in the nucleus. When no cytoplasmic bioactive GCs are present, a multiprotein

complex begins GR maturation to prepare for GC binding. Once matured, GCR’s two nuclear localizations signals are exposed, which are then bound by nucleoporin

and importins that translocate cytoplasmic GC into the nuclear membrane. Inside the nucleus, the GCR complex can be released, and the GR can be transported

back to the cytoplasm, or the GR-GC complex can exert its function. Genomic effects include three categories: (1) direct binding to GC response elements (GREs) or

negative GREs (nGREs) which recruit transcriptional co-activators and co-repressors respectively, (2) protein-protein interaction with transcription factors (TF) that

modify transcription, and (3) composite interactions that involve DNA binding to GRE to alter transcription (see text for further details).

affinity than does cortisol, thereby limiting mineralocorticoid-
based complications.

The GCR is key in mediating many of the actions of GC.
The protein has three functional regions. (1) The constitutively
active ligand-independent activation domain (AF-1) is located
in the N-terminal region and is bound by the transcriptional
machinery and coregulators. (2) The DNA-binding domain
allows for binding of the GR to DNA and regulatory proteins.
(3) Ligand-binding domain of the C-terminus also serves to
interact with other transcriptional proteins, chaperone proteins,
and coregulators. The GR protein activity is subject to regulation
by phosphorylation, ubiquitination, and acetylation. The human
GR gene transcript undergoes alternative splicing to generate
GRα and GRβ isoforms, each with specific activity. The isoforms
are nearly identical through amino acid 727, but GRα contains

an additional 50 amino acids, and GRβ differs with an additional
15 non-homologous amino acids. GRβ is present in the nucleus
and is transcriptionally active with the capability to repress
or activate genes regulated by GRα. GRβ can inhibit GRα

activity. Proinflammatory cytokines and other signals increase
the expression of GRβ and mediate GC resistance (37). Other
GCR isoforms exist but are less well understood and have not
been associated with GC resistance. There are an increasing
number of proteins being identified, which bind the GCR and
its complex with GC and are likely to influence GC activity. A
detailed discussion of these is beyond the scope of this review and
reader should see the excellent summary of Petta et al. (35).

The GCR suppresses pro-inflammatory pathways supported
by NF-κB, AP-1, and MAPK (23). Each of these major pathways
influence cell survival, apoptosis, proliferation, differentiation
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and production of activate cytokines, chemokines, and other key
aspects of inflammation. Although all have predominant pro-
inflammatory, a chronic high level of NF-κB activity may lead
not only to chronic inflammation, but also to GC resistance
by blocking the GCR signaling pathway. Such chronic low
level inflammation has been implicated in the pathogenesis
of many diseases (38). GC also has pro-inflammatory effects
in certain situations including the dose of GC and timing
during the development of inflammation (39). For example, low
dose GC will enhance delayed-hypersensitivity in rat models,
but their chronic, high dose administration will enhance the
response (40).

GC have significant influences on cellular immunity. GC
inhibit dendritic cell maturation through reduction of expression
of MHC class II and costimulatory molecules. They also have
complicated effects on T cells, which include interference in TCR
signaling leading to reduced T cell activity, but GC appears to
have a suppressive effect on Th1 and Th17 cells, but promote
Th2 and Treg cells. GC treatment increases frequencies of
circulating Treg cells, which is likely GC mediated increase in
forkhead box P3 (FOXP3) through upregulation of GILZ87 (23).
Thymocytes are particularly sensitive to GC-mediated apoptosis.
The details of GC effects on B cells is being elucidated. GC
treatment reduces antibody concentrations in circulation and
immature B cells, which express GCR, are particularly sensitive
to induced apoptosis in contrast to more mature B cells and
plasm cells. However, emerging literature supports that GC can
have pro-inflammatory effects. GC enhances sensitivity of some
cytokine receptors, while reducing circulating levels of these
cytokines. Expression profiling indicates that gene expression of
innate immunity including complement components, receptors
of chemokines and cytokines, are upregulated, while T cell
pathway genes are increased. Cain and Cidlowski propose that
in the normal condition immune cells are sensitized to detected
infections and other harmful signals leading to tissue damage
and thereby the immune system can react rapidly (23). In
a pro-inflammatory state, stress-induced increases in cortisol
or exogenous GC will reduce the acute immune response.
This dual state of pro- and anti-inflammatory effects leads
to the complicated effects of exogenous GC treatments in
autoimmune diseases and the impact of GC dosage and duration
of treatment.

STEROID-RESISTANCE IN MYASTHENIA
GRAVIS

A detailed analysis of MG pathophysiology is beyond the
scope of this discussion but are reviewed in the context of
treatment resistance. The authors recommend readers see a
recent review by Huijbers et al. (41). As mentioned above,
there are three categories of explanation why patients with
MG would not respond to GC treatment. The disease-
causing mechanisms are not influenced by GC, the adverse
effects of GC are not tolerated leading to an inadequate
dose, or there are individual traits which limit the effect of
GC treatment.

Underlying Pathology Does Not Respond
to Corticosteroids
Among the best examples of apparently similar inflammatory
diseases with contrasting responses to GC treatment are
inflammatory pulmonary conditions, which account for about
60% of prescriptions for oral GC in the United Kingdom
(42). Asthma, chronic obstructive pulmonary disease, interstitial
pulmonary fibrosis, and cystic fibrosis demonstrate inflammatory
infiltrates (43) in the lung with an expectation that GC therapy
would moderate the severity of each disease, but a significant
benefit is only appreciated in patients with asthma.

As an autoimmune disease with a preponderance of patients
improving with GC treatment, there appears to be no a priori
reason for GC to be unable to target the immunopathology of
MG. However, the possibility that some mechanisms driving
pathology, which are not amenable to GC treatment should
not be discounted. MG is not a single disease, but rather has
subgroups defined by age, thymic pathology and autoantibody
status. Existing data supports MuSK MG being primarily a
disease of short-lived plasma cells, which are more sensitive to
GC treatment, compared to long-lived plasma cells of AChR
antibody positive MG (31, 44). The better response to anti-
CD20 treatment of MuSK MG than AChR MG supports that
short-lived CD20 expressing plasma cells are critical in disease
pathology compared to long-lived plasma cells, which do not
express CD20 (45, 46). GC-resistance may change over time with
the potential for long-lived plasma cells becoming the major
driver of pathology, compared to earlier in the disease may also
induce resistance itself. Other than plasma cell lineage factors
disease factors, which are not amenable to GC sensitivity are
not known.

Adverse Effect Susceptibility
One aspect of GC resistance, which should not be overlooked,
is the variation in susceptibility to adverse effects, which then
compromises ability to achieve therapeutic doses. Despite the
well-appreciated adverse effects of GC treatment, there is limited
data on the inter-individual susceptibility to adverse effects.
Upwards of one to two thirds of patients with MG hav e adverse
effects related to GC therapy (19, 47). The major risk factor
for GC morbidity is the cumulative dose of GC, but even with
lower dose regimens of 20–30mg of prednisone vs. the historical
standards 60–80mg per day dosing, intolerable adverse effects
occur (16, 48, 49). The most common adverse effects are weight
gain, Cushingoid appearance, and skin changes including acne,
while more medically severe effects, but rare complications,
include gastric and esophageal irritation, compression fractures,
and aseptic necrosis of the femoral head. Between these ends
of severity are worsening hypertension, diabetes, glaucoma and
cataract formation. Poorly-documented adverse effects, which
occur in essentially all patients, are insomnia and mood changes
from irritability and various degrees of depression. A study
of over a thousand rheumatoid arthritis patients found a
dose-dependent relation with Cushingoid features, peripheral
edema, skin bruising and threshold effect of 7.5mg per day
with glaucoma, depression and hypertension, while even five
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mg per day increased incidence of weight gain and even
a lower dose of cataract formation (50). McDowell et al.
evaluated adverse effects in a population of patients with severe
asthma and using a quantitative instrument specific for GC
treatment complications confirmed significant inter-individual
variability in adverse effects, which is consistent with the long-
standing clinical impression. The inter-individual susceptibility
to adverse effects and treatment resistance are intertwined from
the clinician and patient perspective but biological mechanisms
that drive improvement vs. complications are likely distinct.
GC differentially influence gene expression of pathways, which
moderate inflammatory and adverse effects (51) with adverse
effects primarily associated with the transactivation of genes
by the corticosteroid, which has led to attempts to engineer
compounds that support suppression of pro-inflammatory gene
transcription, but limit transactivation (52–54).

Sensitivity to Treatment Effect of
Glucocorticoids
As should be clear from the summary of GC action, there is the
potential for GC efficacy to be compromised at many steps from
administration to final effector mechanisms. Below we review the
presently known mechanisms of GC resistance that may impact
efficacy for MG.

GC Metabolism
Despite decades of use, there is relatively poor characterization
of the impact of GC metabolism on therapeutic benefit. Efficacy
properties of any drug begin with its pharmacokinetic profile.
Exogenous GC are not subject to endogenous moderators
of cortisol (55). Prednisone and prednisolone are the most
frequently used GC in treatment of MG with both drugs
rapidly absorbed after oral ingestion. Prednisone is converted
to prednisolone rapidly by the action of 11β-hydroxysteroid
dehydrogenase with a peak blood concentration within 3 h.
High inter-individual difference in bioavailability of prednisone
has been documented (56). Prednisone is cleared primarily
by hepatic metabolism by the P450 system and drugs, which
block or enhance P450 enzymes will modify the half-life of the
drug. Prednisone itself may modify xenobiotic pathways that
metabolize the drug, which further enhances the complexity of
inter-individual variation of efficacy (57). In addition, both the
GCR and xenobiotic receptor activation inhibit the activity of
NF-κB, a master regulator of the immune response (58). Also,
NF-κB activation reciprocally inhibits xenobiotic metabolism,
creating a complex feedback loop. The simple variation of
metabolism of prednisone could impact its efficacy in individual
patients with MG. Genetic differences in drug metabolism are
being appreciated but have not yet reached an understanding to
guide GC therapy.

Pharmacogenetics and Glucocorticoid Resistance
Genetic variations are well-appreciated to influence drug
responses or adverse effects to GC but have yet to be defined
well enough to guide practice. Polymorphisms in the GCR
gene are associated with response to GC in ulcerative colitis
and rheumatoid arthritis (59–61), and we also found this to

be the case in GC treatment response in patients with MG
(62) (Table 1). The only other gene with genetic polymorphisms
associated with treatment response in MG is osteopontin (63).
Circulating GRβ levels have been found to be associated with
GC resistance in rheumatoid arthritis, SLE, and asthma (64–
66). Hypomethylation of NLRP3 gene promoter discriminates
glucocorticoid-resistant from GC-sensitive idiopathic nephrotic
syndrome patients (67). P53 interacts with GR to promote anti-
inflammatory pathways and patients with rheumatoid arthritis
who did not respond to GC treatment showed reduced p53
expression levels in blood mononuclear cells (68). Genetic
variations, including ones that vary in significance based on sex,
are increasingly being appreciated in response to GC therapy
but have yet to guide treatment decisions. The response to GC
therapy may wane over time appreciated for some conditions is
produced by a downregulation of the GRα (69).

Lymphocyte Sensitivity
Investigations of cultured lymphocytes of patients with
rheumatoid arthritis, inflammatory bowel diseases and
systemic lupus demonstrate a sensitivity to in vitro lysis
when cultured with GC, which correlates with the clinical
benefit observed in these patients (42, 70, 71). Of note, the
in vitro sensitivity is observed in non-disease control subjects
and therefore is not a function of disease activity. Studies of
African Americans with asthma show less in vitro sensitivity
to GC, which again correlates with poorer clinical response to
GC therapy (72). Glycosphingolipid metabolism, urea cycle,
and pentose phosphate pathways are associated with in vitro
glucocorticoid resistance in pregnant African American women
(73). Differences in transcription of NF-κB and other genes
are associated with the degree of lymphocyte sensitivity to
glucocorticoids (70, 74).

Sex and Gender Differences in Autoimmunity and

Glucocorticoid Resistance
Sex refers to characteristics specific to biologically determined
properties of the sex chromosomes. Gender encompasses

TABLE 1 | Examples of genes with single nucleotide polymorphisms associated

with GC resistance.

Gene Protein Disease GC Resistance

NR3C1 Glucocorticoid Receptor MG, pediatric nephrotic

syndrome

FKBP5 FK506 binding protein 5 Inflammatory bowel disease

IL-4 Interleukin-4 Nephrotic syndrome

IL-6 Interleukin-6 Nephrotic syndrome

MIF macrophage migration

inhibitory factor

inflammatory bowel disease,

rheumatoid arthritis

GLCCI1 Glucocorticoid Induced 1 Asthma

MDR1 P-glycoprotein Nephrotic syndrome,

inflammatory bowel disease,

rheumatoid arthritis

NR1I2 Pregnane X receptor Nephrotic syndrome
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biological differences coupled with social and cultural factors,
which define women and men. Under the age of 40 years
about two thirds of patients with MG are women while with
advancing age the gender discrepancy begins to shift toward
men. Rheumatoid arthritis and multiple sclerosis share a similar
distribution, in contrast, women account for over 90% of
cases of SLE and Sjogren’s. These observations support that
there are fundamental gender differences in susceptibility to
initiation and maintenance of autoimmune disorders that are
dependent on the specific disease. There is an ever-increasing
appreciation of the differences in the immune responses of
females and males, which span species from Drosophila to
humans. Females develop more intense innate and adaptive
immune reactions than males allowing for better clearance of
infectious agents as well as greater responses to vaccinations;
however, this comes at the price of greater susceptibility to
autoimmune process (75, 76). Sex hormones and immune
system related genes on the X chromosome hosts are factors,
which drive these differences. The impact of sex hormones
on autoimmunity is illustrated by the general observation that
disease severity is reduced during pregnancy and exacerbate
post-partum. Pregnancy also leads to the transmission of fetal
cells to the mother and these foreign cells can persist for
decades. Maternal cells also persist in individuals at very low
levels throughout postnatal development. The maternal receipt
of fetal cells likely expands immune tolerance in the mother
during pregnancy, but they may also contribute to increased risk
of autoimmune disease in women of child bearing years (77).
Epigenetic factors impact gene expression on the X chromosome
and thereby provide mechanisms on how the environment may
shape gender differences in autoimmunity (78–80).

The severity of autoimmune diseases vary based on gender.
Men with psoriasis, multiple sclerosis and SLE have a worse
prognosis, in contrast to there not being a difference in
rheumatoid arthritis (79). Young women also have a poorer
response compared to men to GC therapy for inflammatory
bowel disease (81). Mortality rates generally are higher
among women with autoimmune diseases, but this data
is difficult to interpret as to whether biological, social,
comorbidies, or other factors drive these observations. A
patient reported registry study indicated that women with
MG have a poorer quality of life (82), but there is limited
data as to whether women respond less well to treatment.
Women report a poorer response to overall treatments for
MG and have greater adverse effects from prednisone (82,
83). Endogenous and exogenous GC influence gene expression,
including those of the immune system, in a sex specific
manner (84).

CLINICAL CONSEQUENCES

Identifying treatment-resistant patients prior to initiation of GC
is presently not possible and therefore, the clinician needs to be
proactive in discontinuation of prednisone treatment to prevent
greater adverse effects than can be balanced by benefit. Consensus
guidelines recommend moving to alternative therapies when

initial GC therapy at “adequate” dosing does not improve or
worsens the patient’s condition or if adverse effects are deemed
intolerable by patient or physician (8). The consensus guideline
provides options of slow, alternate dose escalation or a high-
dose rapid induction. No specific time-frame for improvement,
level of response, or severity of adverse effects is defined. A
responsive patient to prednisone usually does so in 4–6 weeks
after prednisone initiation. This may not be complete, but
physician and patient should expect a situation close to minimal
manifestations. Again, both patient and clinician should guard
against being content with significant improvement from a poor
baseline and accepting disability.

The MG community is blessed with therapeutic options
for GC treatment resistance, which are detailed in a number
of recent reviews (15, 21). For all AChR-Ab positive patients
under 65 years of age as was defined in the MGTX study this
would mean a thymectomy regardless of response to prednisone
(19). Relatively, rapidly acting approaches as intravenous
immunoglobulin, plasma exchange, complement inhibition or
FcRn blockers, should be used for patients presenting with
significant disability and an initial poor response to prednisone.
However, none of these treatments will lead to remission
and therefore, for long-term reduction of antibody producing
cells, immunosuppressives and B cell ablation therapy should
be considered. Tapering of prednisone should begin with
initiation of additional therapies and its speed dependent on
the nature of the additional treatment and the expected onset
of action.

CONCLUDING REMARKS

MG therapeutic development is making incredible advances
(21) with agents that specifically target effector mechanisms
as well as autoantibody producing cells and attempts to
reestablish tolerance. Despite the new drugs approved, and
ones on the horizon, GC treatment will continue to be the
primary therapy used for MG care for the foreseeable future (8).
Detailed investigation of patients who demonstrate differential
responses to GC offer a powerful set of experiments to
understand MG mechanisms and further define differences,
which will allow development of personalized medicine
for patients. The application of broad spectrum proteomic,
genomic, metabolomic, and microbiome approaches
linked to precise clinical characterization will be key to
elucidating subtle differences in disease mechanisms and
treatment response.
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Objective: This study aimed to summarize the clinical characteristics and prognosis of

patients with anti- acetylcholine receptor (AChR) positive myasthenia gravis (MG) with a

combination of anti-LRP4 or Titin antibodies.

Methods: A total of 188 patients with generalized MG before immunotherapy

were retrospectively collected and then divided into three groups: single anti-AChR

positive-MG (AChR-MG, 101 cases), anti-AChR combined with anti-low-density

lipoprotein receptor-related protein four-positive MG (AChR+LRP4-MG, 29 cases), and

anti-AChR combined with anti-Titin-positive MG (AChR+Titin-MG, 58 cases). Clinical

manifestations, therapeutic responses to immunotherapy, and follow-up information

were analyzed.

Results: Of the 188 seropositive MG patients, 29 (15.4%) were positive for both AChR

and LRP4 antibodies, and 58 (30.9%) were positive for both AChR and Titin antibodies.

The mean disease onset ages in the three groups were 47.41 ± 7.0, 49.81 ± 9.2,

and 48.11 ± 6.5 years, respectively. AChR+LRP4-MG showed female predominance

(27.6% were males and 72.4% were females), with mild overall clinical symptoms. The

AChR+Titin-MG group showed shorter times for conversion to generalized MG (5.14 ±

0.0 months) than the AChR-MG group (11.69 ± 0.0 months) and the AChR+LRP4-MG

group (13.08 ± 0.5 months; P <0.001 in both cases). Furthermore, AChR+Titin-MG

group had increased bulbar dysfunction, higher incidences of thymoma (32.8 vs. 19.8%

and 3.4%, P=0.035), more severe quantitative MG scores, as assessed by both QMG

scores [15.5 (11.75–22.5) vs. 13 (8–19), P = 0.005; and 9 (6–14) P < 0.001], and

MG-ADL scores [10 (8–13) vs. 8 (5–13), P = 0.018; and 6 (4–8), P < 0.001]. Treatment

for AChR+Titin-MG was largely dependent on corticosteroids and immunosuppressive

agents (56.7 vs. 19.2% and 16.7%, p = 0.028). The rates of achieving s(MMS) or better

within 2 years following immunotherapy in the three groups were 51.5, 62.1, and 51.7%,

respectively (P = 0.581).

Conclusion: Clinical symptoms of anti-AChR positive MG combined with Titin antibody

were more severe and progressed faster than those in the AChR + LRP4 and AChR
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groups. Regardless of antibody status, all patients responded well to immunotherapy

and had relatively good prognoses.

Keywords: acetylcholine receptor, Myasthenia Gravis, low-density lipoprotein receptor-related protein 4, Titin

antibody, minimal manifestations status (MMS)

INTRODUCTION

Myasthenia gravis (MG) is an autoimmune disease involving
antibody-mediated destruction of the neuromuscular junction,
which causes fatigable weakness (1). There are three confirmed
pathogenic antibodies in MG: acetylcholine receptor antibody
(AChR-Ab), muscle-specific tyrosine kinase antibody (MuSK-
Ab), and low-density lipoprotein receptor-related protein 4
antibody (LRP4-Ab) (1–3). These main concomitant antibodies
target different muscle proteins, including titin, myosin,
tropomyosin, and the ryanodine receptor (RyR) (3–6). It is
generally believed that pathogenic antibodies are closely related
to the occurrence, development, and prognosis of autoimmune
diseases (7–10). Although the pathogenicity of these concomitant
antibodies is unclear, diagnostic and prognostic values for Titin
and RyR antibodies have already been established based on
intracellular localization of their target antigens (4, 11, 12). Serum
antibody detection also plays an important role in the clinical
diagnosis of MG, and more than one autoantibody against
extracellular or intracellular targets has been noted in patients
with MG (13, 14). However, the clinical value of these antibodies
remains unclear. In this study, we retrospectively analyzed the
prevalence, clinical features, and prognosis of anti-AChR positive
MG combined with anti-LRP4 or anti-Titin antibodies.

METHODS

Patient Information
Medical records and follow up data from 1,109MG patients
who were treated in our hospital between January 2013 and
December 2019 were retrospectively reviewed and analyzed. The
inclusion criteria included: (1) Patients who had been diagnosed
with MG and were over 18 years of age. The MG diagnosis
was based on fluctuating weakness symptoms along with
supporting pharmacological, serologic, and electrophysiologic
tests; (2) Onset symptoms and signs were compatible with
generalized MG; (3) Patients were not treated with steroids,
immunosuppressive agents, IVIG, or plasma exchange for at
least 6 months before antibody detection; (4) Anti-AChR,
MuSK, LRP4, and Titin-Ab were measured; (5) Patients were
seropositive for anti-AChR antibody.

The following patients were excluded from the study: (1) A
total of 171 patients who were younger than 18 years old at the
time of admission; (2) Patients who had ocular MG or who only
had ocular muscle involvement but for <2 years (180 cases); (3)
Patients who had been treated with immunosuppressive agents
(tacrolimus in 62 cases, cyclosporine in 78 cases, azathioprine
in 20 cases, cyclophosphamide in 40 cases and steroids in
280 cases), had plasma exchanges (PLEX) or had intravenous
immunoglobulin (IVIG) treatment (30 cases) within 6 months

prior to antibody detection; (4) Patients who were negative for
anti-AChR (32 cases); (5) Patients who had incomplete data
regarding anti-AChR; or within whom Musk, LRP4, and Titin-
Ab were not detected (28 cases). Pregnant individuals were also
excluded in this study. We ultimately enrolled 188 patients in our
study (Figure 1).

Myasthenia gravis was diagnosed by senior neurologists based
on the guidelines of the International Consensus Guidance
for Management of Myasthenia Gravis (2, 5). Patients were
classified into three groups: AChR-MG, AChR+LRP4-MG,
and AChR+Titin-MG. Clinical, diagnostic, therapeutic, and
prognosis data, including gender, age of onset, initial symptoms,
disease progression, clinical classification, disease severity,
the incidence of myasthenia crisis, thymus histopathology,
therapeutic options, and prognosis were collected.

Antibody Testing
All patients were tested for MG-related antibodies in the serum
before immunotherapy. If AChR Ab was positive, MuSK, LRP4,
Titin, and RyR Ab were further tested in these patients.

A radioimmunoassay for the AChR antibody was performed
according to the manufacturer’s protocol (RSR Limited,
United Kingdom). Patients were defined as antibody positive
if antibody titers were ≥0.5 nmol/l (AChR Ab). Blood was
tested for MuSK, LRP4, and Titin using enzyme-linked
immunoassay (ELISA) as previously described (15). The
investigators who performed the ELISA experiments were
blinded to clinical diagnoses.

Therapy
Therapeutic strategies for generalized MG include
acetylcholinesterase inhibitors and immunotherapeutic
agents. Symptomatic treatment with oral pyridostigmine
bromide was used in patients who responded positively
to the neostigmine trial. Most patients with generalized
MG require induction therapy with glucocorticosteroids.
During therapeutic periods, the steroid dosage was gradually
increased or decreased according to patients’ conditions.
Immunosuppressive agents, including azathioprine, cyclosporine
A, tacrolimus, or cyclophosphamide, were used in combination
with corticosteroids if needed. If the disease was severe (i.e.,
involved respiratory muscle and bulbar muscle), patients
were treated with IVIG and plasma exchanges. These patients
were followed up for 2 years. Patients who received either
azathioprine, tacrolimus, cyclosporine, or cyclophosphamide
were considered to receive immunosuppressive therapy.

Prognosis
Clinical status and disease severity were evaluated based on
MGFA classifications, quantitative MG scores (QMGs), and the
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FIGURE 1 | Flowchart of participants included in this study. Abbreviations: MG, Myasthenia gravis; PLEX, plasma exchange; IVIG, intravenous immunoglobulin;

AChR, acetylcholine receptor; LRP4, low-density lipoprotein receptor-related protein 4; n, number of patients.

daily living scale (MG-ADL), respectively. In terms of MGFA
post-intervention status (PIS), the classification of “Minimal
Manifestation Status (MMS) or better” included minimal
manifestation Status (MM0-3), pharmacological remission (PR),
and complete stable remission (CSR).

All individuals were followed up and evaluated for 2 years after
different treatments. The study was stopped after 2 years. The
proportion of patients in the three groups who reached an "MMS
or better” state after treatment, and maintained it for more than
6 months were analyzed.

Statistical Analysis
SPSS 26.0 statistical software (IBM, Armonk, New York) was
used for statistical analysis. Categorical data were represented
as frequencies (%). Continuous data were represented as
mean±standard deviation (SD), and ANOVA tests were used

for quantitative data. The median (interquartile interval) was
used for non-normally distributed statistical descriptions, and
nonparametric tests were used for inter-group comparisons.
Qualitative statistics were evaluated using two-tailed Fisher’s
exact tests. A P <0.05 was considered statistically significant.

RESULTS

Demographic Information
Of the 188 seropositive generalizedMG patients, 29 patients were
positive for both AChR and LRP4 antibodies, while 58 cases
were positive for both AChR and Titin. The mean age of disease
onset was 47.41 ± 7.0, 49.81 ± 9.2, and 48.11 ± 6.5 years in the
AChR-MG, AChR+LRP4-MG, and AChR+Titin-MG groups,
respectively. AChR+LRP4-MG showed female predominance
(27.6 vs. 72.4%). The proportion of men and women in the
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TABLE 1 | Characteristics of patients with AChR-MG, AChR+LRP4-MG and AChR+Titin-MG.

AChR MG

(n = 101)

AChR+LRP4MG

(n = 29)

AChR+Titin MG

(n = 58)

P-value

(AchR+LRP4MG

vs. AchR MG)

P-value

(AchR+Titin MG

vs. AchR MG)

Sex

Men 49 (48.5%) 8 (27.6%) 34 (58.6) 0.045 0.219

Women 52 (51.5%) 21 (72.4%) 24 (41.4%)

Onset age (years) 47.41 ± 7.0 49.81 ± 9.2 48.11 ± 6.5 0.498 0.809

Onset distribution

Ocular 86 (85.1%) 20 (69.0%) 49 (84.5%) 0.000 0.481

Bulbar 8 (7.9%) 1 (3.4%) 7 (12.1%)

Limb 7 (6.9%) 8 (27.6%) 2 (3.4%)

Time from ocular onset to other muscle (months) 11.69 ± 0.0 13.08 ± 0.5 5.14 ± 0.0 0.472 0.000

Myasthenic crisis 18(17.8%) 2(6.9%) 15(25.9%)

Thymoma 20(19.8%) 1(3.4%) 19(32.8%) 0.068 0.035

MGFA

IIa 25 (24.8%) 14 (48.3%) 7 (12.1%) 0.02

IIIa 4 (4.0%) 1 (3.4%) 4 (6.9%)

IVa 2 (2.0%) 0 (0) 0 (0)

IIb 15 (14.9%) 5 (17.2%) 4 (6.9%)

IIIb 21 (20.8%) 2 (6.9%) 15 (25.9%)

IVb 16 (15.8%) 5 (17.2%) 14 (24.1%)

V 18 (17.8%) 2 (6.9%) 14 (24.1%)

QMG scores 13 (8–19) 9 (6–14) 15.5 (11.8–22.5) 0.008 0.005

MG ADL scores 8 (5–13) 6 (4–8) 10 (8–13) 0.009 0.018

Thymectomy 26 (25.7%) 3 (10.3%) 22 (37.9%) 0.127 0.151

Comparison of clinical data among the three groups was done by ANOVA test or Fisher exact test or nonparametric test. Abbreviations: MG, Myasthenia gravis; AChR, acetylcholine

receptor; LRP4, low-density lipoprotein receptor-related protein 4; MGAF, Myasthenia Gravis Foundation of America; QMG, quantitative MG score; MG-ADL, MG-specific activities of

daily living scale. The data are shown as mean±SD or ratio or median (interquartile interval).

AChR-MG and AChR+Titin-MG groups was relatively equal
(48.5 vs. 51.5, 58.6 vs. 41.4%; respectively), and there were no
significant gender differences between the two groups (Table 1).

Clinical Characteristics
Ocular muscle weakness was the most common onset symptom
in all three groups. More patients in the AChR+LRP4-MG
suffered from limb weakness onset than in the AChR-MG and
AChR+Titin-MG groups (27.6 vs. 6.9% and 11.5%; P < 0.001).
Compared to the AChR-MG and AChR+LRP4-MG groups,
patients in the AChR+Titin-MG group tended to have shorter
conversion times from ocular to generalized MG (5.14 ±

0.0 vs. 11.69 ± 0.0 and 13.08 ± 0.5 months; P < 0.001),
Furthermore, AChR+Titin-MG patients had greater bulbar
dysfunction, higher incidences of thymoma (32.8 vs. 19.8 and
3.4%; P = 0.006), and more severe QMG scores [15.5 (11.75–
22.5) vs. 13 (8–19) in AChR-the MG group (P=0.005), and 9
(6–14) in the AChR+LRP4-MG group (P < 0.001)]. MG-ADL
scores were also significantly increased in the AChR+Titin-MG
group [10 (8–13) vs. 8 (5–13) in the AChR-MG group, P= 0.018;
and 6 (4–8) in the AChR+LRP4-MG group, P < 0.001].

The most common MGFA classification in AChR+LRP4-MG
patients was MGFA IIa (48.3%), while 25.9% of AChR+Titin-
MG patients were classified as MGFA IIIb. Additionally, more

patients were classified as MGFA IVb-V in the AChR+Titin-
MG group than in either the AChR-MG and AChR+LRP4-MG
groups (48.2 vs. 33.2, and 24.1%, P = 0.02).

Affected muscles in the three groups were analyzed at
different time points (6 months, 12 months, and 24 months;
see Figure 2). Our results showed that clinical symptoms did
not differ significantly among the three groups during different
time points.

Treatment and Prognosis
Patients were treated with standard therapies for MG. The rates
of achieving MMS or better in the three groups within 2 years
after immunosuppressive treatment were 51.5, 62.1, and 51.7%,
respectively (Table 2). AChR+Titin-MG treatment was highly
dependent on steroids combined with immunosuppressive
agents (Table 3).

DISCUSSION

Our study found that clinical symptoms of anti-AChR MG
combined with anti-LRP4 or anti-Titin antibody were more
severe and progressed faster than anti-AChR positive MG.
Regardless of antibody status, all patients responded well to
immunotherapy and had relatively good prognoses.
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FIGURE 2 | Syptoms of AChR-MG, AChR+LRP4-MG, and AChR+Titan-MG patients during different time period. (A) 6 months before study, (B) 12 months before

study, and (C) 24 months before study.
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TABLE 2 | Comparison of the prognosis after immunosuppressive therapy among

AchR-MG, AchR+LRP4 and AchR+Titin MG.

AchR-MG AchR+LRP4 AchR+Titin P-value

MM 52/101 (51.5%) 18/29 (62.1) 30/58 (51.7%) 0.581

MM-0 or better 9/101 (8.9%) 2/29 (6.9%) 2/58 (3.4%) 0.454

MM-1 10/101 (9.9%) 5/29 (17.2%) 4/58 (6.9%) 0.358

MM-2 15/101 (14.9%) 6/29 (20.7%) 8/58 (13.8%) 0.799

MM-3 18/101 (17.8%) 5/29 (17.2%) 16/58 (27.6%) 0.31

Minimal Manifestations (MM), The patient has no symptoms of functional limitations from

MG but has some weakness on examination of some muscles. This class recognizes

that some patients who otherwise meet the definition of CSR or PR do have weakness

that is only detectable by careful examination; MM-0, The patient has received no

MG treatment for at least 1 year; MM-1, The patient continues to receive some form

of immunosuppression but no cholinesterase inhibitors or other symptomatic therapy;

MM-2, The patient has received only low-dose cholinesterase inhibitors (<120mg

pyridostigmine/day) for at least 1 year; MM-3, The patient has received cholinesterase

inhibitors or other symptomatic therapy and some form of immunosuppression during the

past year.

TABLE 3 | Therapeutic strategy for MMS or better among three groups.

AchR MG AchR+LRP4

MG

AchR+Titin

MG

P-value

steroid 14 (26.9%) 5 (27.8%) 6 (20.0%) 0.819

Immunosuppressant 28 (53.9%) 10 (55.6%) 7 (23.3%) 0.017

steroid+ Immunosuppressant 10 (19.2%) 3 (16.7%) 17 (56.7%) 0.001

Demographic Characteristics
About 85% of MG patients have autoantibodies against AChR,
whereas 5%-26% of MG have autoantibodies against MuSK (1–3,
15–17). We focused on AChR positive patients in this study. We
only found one patient who was both AChR andMuSK antibody-
positive, which was lower than the proportion of patients who
had seronegative MG (and who were not excluded in our study).

Most previous studies on LRP4 have largely focused on
the seronegative MG population. However, there have been
some reports of anti-AChR patients with double-positive LRP4
antibodies in clinical practice (20). Among 1,109 patients
diagnosed with MG at our center, we found 29 cases with
AChR combined with anti-LRP4 antibodies. The proportion of
patients with anti-LRP4-antibodies was 2.61%, which coincided
with the proportion in double-negative patients (14) and in
other studies (18–20). Titin auto-antibodies were found in 30.9%
of seropositive patients [compared with the 20–40% that has
previously been reported in the literature (11, 13, 21). We found
that the AChR+LRP4-MG phenotype showed a strong female
predominance (72.4%), which was consistent with previous
studies (22, 23). The mean age of onset in the three groups was
47.41 ± 7.0, 49.81 ± 9.2, and 48.11 ± 6.5 years, respectively. We
focused on adults with generalized MG and excluded relatively
young ocular patients.

Clinical Features
Most MG patients with ocular symptoms at onset may progress
to the generalized form of the disease within 2 years (1, 3). Our

results confirmed that most MG patients had an ocular-only
onset. However, the AChR+LRP4-MG group had significantly
higher numbers of patients with limb weakness during disease
onset than the AChR-MG or AChR+Titin-MG group. Therefore,
AChR+LRP4-MG patients were much more likely to have
generalized MG at the time of disease onset. Three of the
AChR+LRP4-MG patients presented with MGFA class V in our
study (20). It is unknown if other antibodies, such as agrin, were
positive because that testing was not done (14).

Compared to the AChR-MG and AChR+LRP4-MG groups,
AChR+Titin-MG patients showed shorter progression times
from ocular to generalized MG (within 5.1 months). Rapid
disease progression following symptom onset maybe because
of the involvement of titin antibodies. Additionally, our data
on MGFA classifications showed that 25.9% of AChR+Titin-
MG patients were classified as MGFA IIIb, while 48.3%
of AChR+LRP4-MG patients were classified as MGFA IIa.
Moreover, there were more patients with MGFA IVb -V. Our
results indicated that AChR+Titin-MGwas associated withmore
severe disease status. Titin antibodies are usually considered to
be accompanying antibodies and can only be found in patients
with MG and anti-AChR antibodies. It is highly likely that the
presence of thymoma in AChR+Titin-MG patients is related to
their disease pathology.

Muscles that were involved at different time points (i.e., 6,
12, and 24 months before our study) did not differ significantly
among the three groups. Thus, affected muscle groups appear
to be similar at different stages of the disease, although disease
severity differs.

Treatment and Prognosis
Current common treatments for MG include AChE
inhibitors, immunosuppressive drugs, thymectomy, IVIG,
and plasmapheresis (24, 25). In our study, the proportions of
patients who have achieved MM-3 or better for more than
6 months in the three groups were 51.5, 62.1, and 51.7%,
respectively. These percentages are higher than what was
reported in a study conducted by Utsugisawa K (26) but are
consistent with other previous studies (27, 28).

All patients were treated with pyridostigmine. Monotherapy
with an immunosuppressive agent was used in 53.9 and
55.6% of AChR-MG and AChR+LRP4-MG patients, and
immunosuppressive therapy was used in combination therapy
with azathioprine or tacrolimus corticosteroids in 56.7% of
patients with AChR+Titin-MG.

The proportion of steroids combined with
immunosuppressive agents in the AChR+Titin MG group
was much higher than in the other two groups, suggesting that
AChR+Titin MG needs stronger immunotherapy to achieve
the same outcomes and is thus also associated with severe
immune dysfunction.

In summary, anti-AChR positive MG can coexist with
anti-LRP4 or anti-Titin antibodies. AChR+LRP4-MG has a
female predominance and presents with milder symptoms.
Furthermore, AChR+Titin-MG shows a shorter conversion time
from ocular to generalized MG, a higher incidence of thymoma,
and has a more severe presentation than AChR+LRP4-MG.
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Regardless of antibody status, all patients responded well
to immunotherapy.
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Introduction:Minimal manifestation (MM) or better was recommended as the treatment

goal for myasthenia gravis (MG). The sustainability of this status has not been described

quantitatively in patients who had attained or are close to it.

Methods: Patients who were with no or slight impact on daily living were recruited

and followed at baseline and 3, 6, and 12 months. The included patients were classified

into 3 post-intervention status (PIS) categories: remission (R), MM, and slight impact

(SI). The proportion of patients belonging to real-time (not considering the intervals

between assessments) and sustained (considering the intervals between assessments)

PIS categories was compared at each follow-up. A sensitivity analysis (SA) cohort was

established by including patients with PIS categories in all four follow-ups. The QMGS,

MG-ADL, and MG-QOL15 scores in patients belonging to each PIS category at each

follow-up were compared. The sustainability of the R/MM status was examined and

correlated with real-time R/MM status at follow-ups.

Results: At baseline, 376 patients could be classified, including 55 as R (14.2%),

209 as MM (54.0%), and 112 as SI (28.9%). In the whole cohort, 68.8–89.7%,

71–76.7% and 19.8–77.1% of the patients classified into real-time R, MM, and

SI categories remained unchanged in each follow-up compared with the previous

follow-up. The proportion of patients belonging to each real-time or sustained R/MM

status at the three follow-ups was 89.7–92.1 or 60.8–67. In the SA cohort, at

least 86.4% of the baseline R/MM patients remained in R/MM status till 12 months.

There were no differences in keeping real-time R/MM status at 6 or 12 months

between patients with and without sustained R/MM status at 3 and 6 months.

There were differences in the QMGS, MG-ADL, and MG-QOL15 scores among

patients belonging to each real-time category at baseline and follow-ups, ranking as

R<MM<SI. The same trend was observed in patients belonging to each sustained

PIS category with smaller scores than the same items of real-time categories.
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Conclusion: The sustainability of the R/MM status was confirmed. The R/MM status

indicated a stable state of MG. The QMGS, MG-ADL, and MG-QOL15 scores may

provide a quantitative reference for these PIS.

Keywords: myasthenia gravis, minimal manifestation status, quantitative myasthenia gravis score, myasthenia

gravis activities of daily living, quality of life for myasthenia gravis

INTRODUCTION

In the international consensus guidance for managing
myasthenia gravis (MG), minimal manifestation (MM) status
or better was recommended as the main component of the
treatment goal (1). MM refers to no symptoms or functional
limitations from MG but some weakness on examination of
some muscles (2). Remission and MM are the mildest end in
the post-intervention status (PIS) classification. However, the
proportion of patients achieving complete stable remission was
only 7–20% and has not improved greatly compared with the
1940s (3). In 2011, Utsugisawa et al. proposed a practical goal of
achieving “MM or better” status as the treatment goal (4). The
sustainability of this status has not been described quantitatively
during the follow-up in patients who had attained or been close
to this status yet.

The current definition of MM status relies exclusively on
patients’ assessments of their symptoms and the impact on
their daily living. There are few studies to provide a qualitative
reference for the definition of the MM status. The quantitative
MG score (QMGS), the MG activities of daily living (MG-
ADL), and the 15-item MG quality of life scale (MG-QOL15)
are validated measures in the evaluation of MG. One study
reported the relevant QMGS and MG-QOL15 in remission or
MM status (5). Other similar definitions have been defined
recently. In “Patient-acceptable symptom states”, the ranges and
thresholds of QMGS, MG-ADL, and MG-QOL15 were reported
(6). “Minimal symptom expression” was defined as MG-ADL
total score of 0–1 or MG-QOL15 total score of 0–3 as the
thresholds (7).

In this study, we recruited MG patients who reported no or
slight impact on their daily living at baseline, and described the
changes and sustainability of the PIS from the baseline through
3, 6, and 12 months after inclusion, and explored the ranges and
thresholds of the QMGS, MG-ADL, and MG-QOL15 scores in
patients belonging to each PIS classification.

PATIENTS AND METHODS

Included Patients
Patients were recruited consecutively and followed up from
March 2017 to May 2019 at the Qilu Hospital of Shandong
University (Qingdao). The diagnosis of MG was based on:
(1) typical symptoms of fluctuating muscle weakness; (2)
positive result of fatigue test; (3) unequivocal positive result of
neostigmine test; (4) positive AChR antibody or positive MuSK
antibody or amplitude decrement >10% on low-frequency RNS.
The included patients should have 1, 2, and 3 as the essential
conditions for the diagnosis, and at least one item in 4 as

the supporting conditions. The patients were on symptomatic
treatment and/or immunosuppressive treatment or were not
on any treatments for MG in the setting of the outpatient
management. The patients were requested to report their
symptoms and the impact of symptoms on their daily living
and were included in this study when they were asymptomatic,
symptomatic with no impact or slight impact (SI) at the baseline.
The patients who reported baseline moderate/severe impact
(MSI) on daily living were excluded from this study. The patients
with severe anxiety, depression, cognitive impairment, and poor
understanding or cooperation in the assessment of QMG, ADL,
and QOL were also excluded.

Data on clinical features and treatments of the included
patients were collected, including gender, age of onset, current
age, disease duration and current clinical classification (ocular or
generalized), pyridostigmine bromide (PB) dose, corticosteroid
(CS) dose (as prednisone equivalent dose), type and dosage of
immunosuppressants (IS), and at each follow-up were recorded.
This study was approved by the ethics committee of the hospital,
and informed consent has been obtained from all MG patients.

Follow-Up and Data Acquisition
Patients were requested to be followed up at 90 ± 20-day
intervals, spontaneous follow-ups were encouraged as needed
when their condition changed. At each scheduled follow-up,
patients were required to report which impact category they
belong to (1) asymptomatic; (2) symptomatic with no impact
on daily living, (3) symptomatic with SI on daily living; (4)
symptomatic with MSI on daily living. Then, an assessment of
MG-ADL and MG-QOL15 was conducted with the assistance of
an experienced physician or nurse. Necessary explanations were
allowed only when the patients inquired about some confusion in
the understanding of the scales. In case of confusion on whether
some conditions were caused by MG, the assessment persons
helped them to analyze based on their reported symptoms,
medical history, and relevant physiological examinations (e.g.,
dyspnea due to asthma), but avoided replacing their judgment.
Meanwhile, the judgment of the accompanying family members
should be strictly prohibited to avoid affecting the judgment of
patients themselves. The self-report of impact categories, MG-
ADL and MG-QOL15 was based on the status of patients most
of the time for the last 10 days before each follow-up, with
regular PB taking as needed. As we found that almost 2/5 of
the patients reported different impact categories when taking PB
or not during the same period, the data at the follow-ups with
irregular PB taking were not included in the analysis of MG-
ADL and MG-QOL15. Subsequently, QMGS was assessed by the
principal investigator (Li HF) when the last dose of PB was taken
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FIGURE 1 | Flowchart for PIS classification. I, III: unable to maintain requested intervals (3, 6 or 12 months), therefore cannot be classified. II: no symptoms, normal

fatigue test, but still on oral PB, therefore does not meet the definition of R. IV: PB dose >120 mg/d, therefore does not meet the definition of MM-2. MG, myasthenia

gravis; PIS, post-intervention status; AChEI, acetylcholinesterase inhibitor; PB, pyridostigmine bromide; R, remission; CSR, complete stable remission; PR,

pharmacological remission; MM, minimal manifestation; SI, slight impact on daily living.

> 6 h before. The patients were asked whether they were too
tired or hungry, and were encouraged to cooperate as much as
possible during the QMGS assessment to avoid being judged as
more severe than their daily condition. The data on the follow-
ups with such conditions or poor cooperation due to medical
or physiological interference (heart or lung diseases, electrolyte
disturbance, cervical spondylosis or lumbar spine lesions, pain)
were not included in the analysis of QMGS.

Modified PIS Classification
We made a flowchart of the modified PIS classification
based on the principle of Mutually Exclusive Collectively
Exhaustive (MECE) by combining the impact categories and
relevant intervals between assessment, fatigue test, PB dosage,
and immunotherapies (Figure 1). The included patients were
classified according to this flowchart into 3 categories: (1)
remission (R): no symptoms, no impact on daily living, normal
fatigue test (slightly incomplete eye closure is allowed), with
or without immunotherapies, but without PB. (2) minimal
manifestation (MM): no or mild symptoms, no impact on
daily living for most of the time, abnormal fatigue test (some
patients reported mild symptoms but with normal fatigue test
at assessment were included in this category), with or without
immunotherapies, with or without PB. MM is further divided
intoMM-0,MM-1,MM-2, andMM-3 according to the definition
of PIS (2). (3) Slight impact (SI): same as MM except for
symptoms and slight impact on daily living for most of the time.
Since all included patients were mild at baseline by their self-
reported impact on daily living, and there was no consensus on
the quantitative definition of U and I, this category included
some patients who would be classified as U and I categories. The

original PIS definition of MGFA requires a minimum of 1 year
for the definition of the R and MM status. In this study, various
definitions of PIS were set without considering the intervals
between assessment and with considering intervals of 3, 6, and
12 months, to reflect the real-time and sustained PIS through the
scheduled follow-ups.

Statistical Analysis
Real-time and sustained R, MM, and SI status were recorded
in patients with qualified data at baseline and the three
follow-ups. Patient characteristics, treatment, and QMGS,
MG-ADL, and MG-QOL15 of the patients belonging to
the three categories on each follow-up were described.
For quantitative data, the Kruskal–Wallis test was used
for comparison among multiple groups, and the Mann–
Whitney U test was used for comparison between two
groups. For categorical data, the chi-square test or Fisher’s
exact test was used for comparison. A sensitivity cohort was
established by including patients with all eligible follow-ups
and relevant data of PIS categories. Optimal cutoffs between
R/MM and SI were generated with the receiver operating
characteristic (ROC) curve. A two-tailed p < 0.05 was
considered statistically significant. SPSS 23.0 software was
used for statistical analysis.

RESULTS

General Characteristics of Enrolled
Patients
According to inclusion and exclusion criteria based on impacts
on daily living, a total of 442 patients were included and
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TABLE 1 | Patients belonging to each PIS category at baseline and each follow-up in the whole cohort and the sensitivity analysis cohort (number, %).

Baseline 3 months 6 months 12 months

Real-time Sustained Real-time Sustained Real-time Sustained

W cohort n = 387 n = 288 n = 226 n = 166

R 55 (14.2%) 88 (30.6%) 36 (12.5%) 86 (38.1%) 30 (13.3%) 62 (37.3%) 20 (12.1%)

MM 209 (54.0%) 170 (59.1%) 110 (38.2%) 120 (53.1%) 70 (31.0%) 91 (54.8%) 44 (26.5%)

MM-0 37 (9.6%) 6 (2.1%) 5 (1.7%) 0 0 0 0

MM-1 112 (28.9%) 134 (46.6%) 67 (23.3%) 111 (49.1%) 50 (22.1%) 81 (48.8%) 32 (19.3%)

MM-2 1 (0.3%) 0 0 0 0 0 0

MM-3 59 (15.2%) 30 (10.4%) 38 (13.2%) 9 (4.0%) 20 (8.8%) 10 (6.0%) 12 (7.2%)

SI 112 (28.9%) 19 (6.6%) NA 16 (7.1%) NA 11 (6.6%) NA

MSI 0 5 (1.7%) NA 2 (0.9%) NA 2 (1.2%) NA

I NA NA 56 (19.4%) NA 57 (25.2%) NA 42 (25.3%)

II 6 (1.6%) 5 (1.7%) 1 (0.3%) 1 (0.4%) 0 0 0

III NA NA 60 (20.8%) NA 50 (22.1%) NA 47 (28.3%)

IV 5 (1.3%) 1 (0.3%) 1 (0.3%) 1 (0.4%) 1 (0.4%) 0 0

R/MM 264 (68.2%) 258 (89.7%) 193 (67.0%) 206 (91.2%) 147 (65.0%) 153 (92.1%) 101 (60.8%)

Interval* NA NA 69 (24.0%) NA 60 (26.5%) NA 52 (31.3%)

SA cohort n = 151 n = 151 n = 151 n = 151

R 28 (18.5%) 51 (33.8%) 25 (16.5%) 58 (38.4%) 23 (15.2%) 58 (38.4%) 20 (13.2%)

MM 75 (49.7%) 89 (58.9%) 55 (36.4%) 82 (54.3%) 44 (29.1%) 81 (53.7%) 38 (25.2%)

MM-0 4 (2.6%) 0 0 0 0 0 0

MM-1 49 (32.5%) 76 (50.3%) 36 (23.8%) 76 (50.3%) 31 (20.5%) 72 (47.7%) 27 (17.9%)

MM-2 0 0 0 0 0 0 0

MM-3 22 (14.6%) 13 (8.6%) 19 (12.6%) 6 (4.0%) 13 (8.6%) 9 (6.0%) 11 (7.3%)

SI 47 (31.1%) 9 (6.0%) NA 8 (5.3%) NA 10 (6.6%) NA

MSI 0 0 NA 2 (1.3%) NA 2 (1.3%) NA

I NA NA 27 (17.9%) NA 36 (23.8%) NA 38 (25.2%)

II 1 (0.7%) 2 (1.3%) 1 (0.7%) 1 (0.7%) 0 0 0

III NA NA 34 (22.5%) NA 38 (25.2%) NA 43 (28.5%)

IV 0 0 0 0 0 0 0

R+MM 103 (68.2%) 140 (92.7%) 102 (67.5%) 140 (92.7%) 96 (63.6%) 139 (92.1%) 89 (58.9%)

Interval* NA NA 39 (25.8%) NA 45 (29.8%) NA 50 (33.1%)

R, remission; MM, minimal manifestation; SI, slight impact on daily living; MSI, moderate/serious impact on daily living; NA, not applicable; W cohort, whole cohort; SA cohort, sensitivity

analysis cohort. * Interval: not the same as those of I and III, but as the intervals for sustained MM+R status.

followed. A total of fifty-five patients were excluded: 2 patients
due to conflicting scores of ADL and QOL because of poor
understanding of the scales, 1 patient due to pre-existing
severe depression, 28 patients due to incomplete information
(12 missing most of the key information, 3 with questionable
QMGS records, 13 missing the impact categories at ≥ half
of their scheduled follow-ups), 4 patients due to ambiguous
impact categories, 18 patients cases due to not meeting the target
impact categories at baseline when inspected retrospectively, and
2 patients whose MG diagnosis was excluded. A total of 387
patients were included in the final analysis. Among them, there
were 169 males and 218 females, the current age on inclusion
ranged from 15 to 87 years (48.7 ± 16.1 years), and the disease
duration ranged from 7 days to 41 years (median 28.5 months,
interquartile range 76 months). The onset age was 44.2 ± 18.4
years (41.8 ± 19.2 years for females and 48.8 ± 17.2 years
for males).

At baseline, 376 patients could be classified into three
categories, including 55 as R (14.2%), 209 as MM (54.0%),
and 112 as SI (28.9%) (Table 1). The unclassified patients and
the reasons are shown in Table 1. There was no difference in
age, gender, and disease duration among patients belonging
to the three categories. The proportion of patients with pure
ocular involvement was higher in MM patients than in SI
patients and was higher in MM-0–1 patients than in MM-
2–3 patients. The proportion of treatment-naive (never being
treated with immune therapies) patients was similar in R,
MM, and SI patients (Table 2). There were no differences in
baseline CS dosage between the MM patients and SI patients,
but significantly higher than in R patients, and significantly
higher in MM-2–3 patients than in MM-0–1 patients. There
was no difference in the proportion of patients with IS usage
among patients of the three categories, but significantly higher
in MM-2–3 patients than in MM-0–1 patients. The proportion
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TABLE 2 | Generalized characteristics of patients belonging to each PIS category as the baseline.

R (n = 55) MM (n = 209) SI (n = 112) MM 0-1 (n = 149) MM 2-3 (n = 60)

Current age 50.0 ± 19.9 48.8 ± 15.0 47.9 ± 15.6 48.0 ± 14.4 50.8 ± 16.6

Age at onset 45.7 ± 21.4 44.5 ± 17.6 43.0 ± 17.5 43.1 ± 17.3 47.0 ± 18.0

Female (%) 52.7% (29/55) 55.0% (115/209) 56.3% (63/112) 52.3% (78/149) 38.3% (23/60)

Duration (months) 26.0 (11.0–74.0) 24.0 (4.0–83.5) 37.5(14.0–109.8) 23.0 (4.5–97.0) 27.5 (3.0–60.8)

Current ocular type (%) 0 38.3% (80/209) 22.3% (25/112)*a 47.0% (70/149) 16.7% (10/60)**

Treatment naive (%) 3.6% (2/55) 12.0% (25/209) 14.3% (16/112) 16.8% (25/149) 0**

Duration of treatment naive (months) 22 &1 2.0 (1.0–9.0) 6.0 (0–26.0)*b 2.0 (1.0–9.0) NA

PIS, post-intervention status; R, remission; MM, minimal manifestation; SI, slight impact on daily living. NA, not applicable. *Comparison among R, MM and SI groups (between MM and

SI groups in the proportion of patients with ocular type) revealed significant difference, P < 0.05. aSignificant difference between MM and SI groups, P < 0.05. bSignificant difference

between MM and SI groups, P < 0.05. **Significant difference between MM-0–1 and MM-2–3 groups, P < 0.05.

TABLE 3 | The CS dosage and proportion of patients with IS or PB in patients belonging to each real-time PIS category at baseline and each follow-up.

R MM SI MM-0–1 MM-2–3

CS dose (mg)

Baseline 15.0 (10.0–30.0) 40.0 (21.3–60.0) 50.0 (28.8–60.0) 35.0 (15.0–55.0) 55.0 (40.0–60.0)

(n = 299) (n = 42) (n = 168) (n = 89) (n = 111) (n = 57)

3 months 25.0 (15.0–35.0)* 37.5 (25.0–46.3)* 38.2 ± 16.8 35.0 (25.0–45.0) 50.0 (37.5–60.0)

(n = 259) (n = 78) (n = 162) (n = 19) (n = 133) (n = 29)

6 months 15.0 (10.0–20.0)* 25.0 (15.0–30.0)* 30.0 (17.5–50.0) 22.5 (15.0–30.0)* 31.1 ± 12.4*

(n = 212) (n = 79) (n = 118) (n = 15) (n = 109) (n = 9)

12 months 10.0 (7.5–15.0)* 15.0 (10.0–30.0)* 20.0 (15.0–25.0) 15.0 (10.0–25.0)* 30.0 (20.0–47.5)

(n = 158) (n = 58) (n = 89) (n = 11) (n = 80) (n = 9)

IS %

Baseline 27.3% (15/55) 29.7% (62/209) 25.9% (29/112) 24.1% (36/149) 43.3% (26/60)

3 months 23.9% (21/88) 35.9% (61/170) 52.6% (10/19)* 31.4% (44/140) 56.7% (17/30)

6 months 23.3% (20/86) 48.3% (58/120)* 56.3% (9/16) 45.9% (51/111)* 77.8% (7/9)

12 months 25.8% (16/62) 52.7% (48/91) 36.4% (4/11) 48.1% (39/81) 90.0% (9/10)

PB %

Baseline 0.0% (n = 55) 28.7% (60/209) 44.6% (50/112) 0.0% (n = 149) 100% (n = 60)

3 months 0.0% (n = 88) 17.6% (30/170)* 52.6% (10/19) 0.0% (n = 140) 100% (n = 30)

6 months 0.0% (n = 86) 7.5% (9/120)* 43.8% (7/16) 0.0% (n = 111) 100% (n = 9)

12 months 0.0% (n = 62) 11.0% (10/91) 36.4% (4/11) 0.0% (n = 81) 100% (n = 10)

CS, corticosteroid; IS, immunosuppressant; PB, pyridostigmine bromide; PIS, post-intervention status. *Significant difference in CS dose, IS % and PB % compared with the former

follow-up in patients belonging to the same PIS category, P < 0.05.

of patients with PB usage was lower in MM patients than in SI
patients (Table 3).

PIS Categories at Different Follow-Ups
In the whole cohort, the proportion of patients belonging to each
real-time PIS category at baseline and 3, 6, and 12 months is
shown in Table 1. 14.2–38.1% of the patients were classified as
R, with a significant increase at 3 months compared with the
baseline, and little change thereafter; 53.1–59.0% were classified
as MM, with a slight increase at 3 months compared with the
baseline, and little change thereafter; 6.6–28.9% were classified
as SI, with a significant decrease at 3 months compared with
the baseline, and little change thereafter. Only a small number
of patients developed MSI (0.9–1.7%). 0.8–2.9% could not be

classified, because the PB dosage did not meet the requirement
for R (II) or MM-2 (IV) by the PIS definition, which was mainly
observed at baseline (n= 11) and 3 months (n= 6).

The proportion of patients belonging to each sustained PIS
category at 3, 6, and 12 months is shown in Table 1. 12.1–
13.3% were classified as R, and 26.5–38.2% as MM, with no
significant difference at the three follow-ups. 40.8–53.6% of the
patients could not be classified, which slightly increased at 3
months compared with the baseline, with little change thereafter.
The main reason is that the status cannot sustain to cover the
requested intervals (I and III) (Table 1).

Since the whole cohort included the patients whose follow-
up time was less than 12 months (loss of follow-up, or not yet
reached 12months due to the principal investigator moving from
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FIGURE 2 | The proportion of patients belonging to the “MM or better” category at each follow-up in the sensitivity analysis cohort (real-time and sustained). MM,

minimal manifestation.

Qilu Hospital to Xuanwu Hospital) and patients whose impact
category was missing at some follow-ups, we selected the patients
who had all impact category information at the baseline and 3
follow-ups to establish a sensitivity analysis (SA) cohort. The
proportion of patients belonging to each PIS category at baseline
and each follow-up in this cohort was similar to those of the
whole cohort. Only two patients were unable to be classified due
to the PB dosage. The patients who could not be classified due
to the requested intervals by PIS definition were similar in both
cohorts (Table 1).

The proportion of patients belonging to each real-time or
sustained R/MM (MMor better) status at 3, 6, and 12months was
89.7–92.1% and 60.8–67%, with no significant difference at the
three follow-ups. About 0.8–2.9% and 25−31.3% of the patients
could not be classified for each real-time or sustained R/MM
status, with little change after 3 months (Table 1 and Figure 2).

Changes of Treatment and Real-Time PIS
Categories at Different Follow-Ups
The CS dosage in real-time R patients increased at 3 months,
which is mainly related to the transfer of patients in the former
MM and SI categories to this category. It fell to the baseline
level at 6 months and further decreased at 12 months. There was
decreasing trend in the CS dosage in the MM category at 3, 6 and
12 months compared with the former follow-ups. The CS dosage
in the SI category showed an overall decreasing trend, although
there was no difference in each follow-up compared with the
previous one. The overall trend of CS dosage in the MM-0–1
sub-category was the same as that in the R category, although the

CS dosage was larger than that in R category. The CS dosage in
the MM-2–3 sub-category showing an overall decreasing trend,
with little change after 6 months. There was no difference in
the proportion of concurrent IS usage in the R category. The
IS usage in the MM category at 6 and 12 months was higher
than the baseline and 3 months. The IS usage in the SI category
at 3 months was higher than the baseline and decreased after
6 months. The overall trend of IS usage in the MM-0–1 sub-
category was the same as that of the MM category, and the
overall trend of that in the MM-2–3 sub-category showed an
increasing trend. The proportion of concurrent PB usage in the
MM category was lower at 3 and 6 months than that of the
previous follow-up, and there was no difference between 6 and
12 months. The overall trend of PB usage in the SI category
decreased. There was no difference in PB usage at different
follow-ups in the R, MM-0–1 and MM-2–3 categories (Table 3).

In the whole cohort, 68.8–89.7%, 71–76.7%, and 19.8–77.1%

of the patients classified in real-time R, MM, and SI categories

remained unchanged in each follow-up compared with the

previous follow-up, respectively. The proportions of patients in

MM category and SI category who remained unchanged at each
follow-up were similar, except for the SI category which had a
significant decrease at 3 months compared with the baseline.
The proportions of patients in the sensitivity analysis cohort who
remained unchanged at each follow-up were similar to those in
the whole cohort (Table 4).

Since the proportions of patients who could be classified as
R and MM and patients who remained unchanged in the R and
MM categories were similar in the two cohorts (Tables 1, 4), the
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subsequent analysis of the QMGS, MG-ADL, and MG-QOL15
scores used the data from the whole cohort.

Changes in Sustained PIS Categories at
Different Follow-Ups
Using the data of the sensitivity analysis cohort, the sustainability
of the PIS was explored (Table 5). About 87–92% of the patients
belonging to the baseline R category remained in R category,
with no difference through 3, 6, and 12 months; 73.3–86.4% of
the patients belonging to the baseline MM category remained in
the MM category, with the increasing trend through 3, 6, and
12 months; 92.7–99% of the patients belonging to the baseline
R/MM category remained in the R/MM category, with no
difference through 3, 6, and 12 months. Among the patients with
changes in PIS categories, there were continuous improvements,
improvement after initial worsening, or worsening after initial
remission (Table 5). At least 86.4% (89/103) of the baseline
R/MM patients remained in R/MM status at all follow-ups.
The proportion of patients belonging to real-time and sustained
R/MM status in the sensitivity analysis cohort is shown in
Figure 2.

The real-time (6 or 12 months) R/MM status in the sensitivity
analysis cohort of patients with sustained or non-sustained
R/MM status of different intervals (3 or 6 months) is shown
in Table 6. Whether there was sustained or non-sustained
R/MM status in these patients, there was no difference in
the proportion of attaining real-time R/MM status at 6 or
12 months.

QMGS, MG-ADL, and MG-QOL15 Scores in
Patients Belonging to Each Category at
Different Follow-Ups
The patients with all data of QMGS, MG-ADL, and MG-
QOL15 scores were used for quantification of each PIS category
in the whole cohort. There were significant differences in the
QMGS, MG-ADL, and MG-QOL15 scores (by mean ± SD or
interquartile range) among patients belonging to each real-time
category (R, MM, and SI), which were consistent at baseline
and 3, 6, and 12 months of follow-ups. The three scores ranked
from small to large as in the following categories R < MM <SI.
The QMGS and MG-QOL15 scores were significantly lower in
patients belonging to the MM-0–1 sub-category than those in
the patients belonging to the MM-2–3 sub-category, whereas
no differences were found in the MG-ADL scores between
patients belonging to the two sub-categories. Although there was
a significant decrease in some scores at 3 months compared with
baseline, the overall trend of no significant changes was noted
in patients belonging to the same category at each follow-up
(Table 7 and Figure 3). The same trend was observed in patients
belonging to each sustained PIS category during the follow-up,
with smaller values than the same items of real-time categories
and little difference between theMM-0–1 sub-category andMM-
2–3 sub-category. A significant decrease in trend was noted
in sustained MM-2–3 sub-categories than those of real-time
MM-2–3 sub-categories.
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TABLE 6 | Sustained intervals of R/MM status and the real-time R/MM status at

each follow-up in the sensitivity analysis cohort.

Sustained

R/MM at 3

months

(n = 102)

Non-

sustained

R/MM at 3

months

(n = 1)

Sustained

R/MM at 6

months

(n = 96)

Non-

sustained

R/MM at 6

months

(n = 7)

R/MM at 6

months

96a 1

Non-R/MM at 6

months

6 0

R/MM at 12

months

97b 1 89c 7

Non-R/MM at 12

months

5 0 7 0

R, remission; MM, minimal manifestation. ap = 1.00; bp = 1.00; cp = 1.00.

The range of the scores was larger in some patients. For
example, we used the real-time QMGS > 12 to show the
proportion of patients with higher scores. At baseline, 12 out of
157MM patients had higher QMGS (13–20), and their disease
duration was 15–290 months. At 3 months, 5 out of 110MM
patients had higher QMGS (13–18), with a duration of 24–179
months. At 6 months, 3 out of 79MM patients had higher QMGS
(all 16), with a duration of 11–116 months. And at 12 months,
5 out of 75MM patients had higher QMGS (13–18), with a
duration of 74–197 months.

The cutoffs of QMGS, MG-ADL, and MG-QOL15 scores
between the R/MM and SI status were generated with the ROC
curve. The sensitivity was 76.8–100% and the specificity was
mostly 61.4–88.5% (Table 8).

DISCUSSION

To our knowledge, this is the first study to systematically follow
the changes in PIS and relevant QMGS, MG-ADL, and MG-
QOL15 scores in patients who reported no or slight impacts of
their symptoms on daily living.

For the sustainability of PIS in these patients whose current
severity was at the milder end of the disease spectrum, this study
is aimed to explore whether commonly used severity scores can
provide a quantitative reference for these statuses.

The baseline PIS categories and proportion of treatment-naive
were representative. The sustainability of PIS was examined and
analyzed along with treatment changes. For the real-time PIS
categories, there was an increase in the R and MM patients and
a significant decrease in SI patients during the initial 3 months.
At baseline, 2.9% of the patients could not be classified due
to the usage of PB and PB dosage beyond the definition of
relevant PIS categories. The CS dosage in R patients increased
due to the conversion of former MM or SI patients into R
patients accordingly. The CS dosage in MM and SI patients
was on the decreasing trend. The proportion of patients on IS
was stable in R patients and increased in MM and SI patients.
The proportion of patients on PB decreased in MM and SI
patients, especially in MM patients, however, the decrease was
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TABLE 7 | The scores of QMG, MG- ADL, and QOL in patients belonging to each PIS category at each follow-up in the whole cohort (real-time or sustained).

R n R/MM n MM n SI n MM-0–1 n MM-2–3 n

Real-time

Baseline

QMGs (n = 274) 0 (0–0.03) 35 3.33 (1.33–6.65) 192 3.99 (2.66–7.98) 1,57 7.98 (5.24–12.97)* 82 3.82 (2.66–5.49) 118 7.98 (3.99–11.97)** 39

ADL (n = 274) 0 (0–2.00) 35 1.50 (0–3.00) 192 2.00 (0–3.00) 157 3.66 ± 2.24* 82 2.00 (0.75–3.00) 118 2.00 (0–3.00) 39

QOL (n = 274) 3.00(0–5.00) 35 5.00 (2.00–10.00) 192 6.00 (2.00–11.00) 157 13.00 (7.00–21.00)* 82 6.00 (2.00–10.00) 118 9.00 (3.0–12.00)** 39

3 months

QMGS (n = 182) 0 (0–0.03) 61 2.66 (0–4.99)
†

171 3.99 (2.66–6.65) 110 7.98 (2.66–9.31)* 11 3.66 (2.66–6.65) 86 5.99 (2.99–9.31)** 24

ADL (n = 182) 0 (0–1.00) 61 1.00 (0–2.00)
†

171 1.00 (0–3.00)
†

110 2.82 ± 1.78* 11 1.00 (0–2.00)
†

86 1.5 (0–3.00) 24

QOL (n = 182) 1.00 (0–4.00) 61 3.00 (0–7.00)
†

171 4.00 (1.00–9.00)
†

110 8.82 ± 6.60*
†

11 3.50 (1.00–8.00)
†

86 7.00 (3.00–13.00)** 24

6 months

QMG (n = 139) 0 (0–0.02) 55 1.33 (0–5.07) 134 3.99 (2.66–6.65) 79 7.98 (7.32–11.81)* 5 3.99 (2.66–6.65) 75 8.48 (3.58–14.38) 4

ADL (n = 139) 0 (0) 55 0 (0–1.00)
†

134 1.00 (0–2.00) 79 3.00 (2.00–4.50)* 5 1.00 (0–2.00) 75 0.50 (0–3.25) 4

QOL (n = 139) 0 (0–3.00)
†

55 2.50 (0–5.00) 134 4.00 (1.00–7.00) 79 10.00 (6.50–18.00)* 5 4.0 (1.00–7.00) 75 3.50 (0.50–17.00) 4

12 months

QMG (n = 139) 0 (0–0.02) 57 1.33 (0–3.99) 132 3.33 (2.66–6.32) 75 7.98 (6.65–10.98)* 7 2.66 (1.33–5.32) 66 5.32 (3.66–15.30)** 9

ADL (n = 139) 0 (0–0.50) 57 0 (0–1.00) 132 0 (0–2.00) 75 2.00 (2.00–6.00)* 7 0 (0–2.00) 66 2.00 (0–3.50) 9

QOL (n = 139) 0 (0–2.00) 57 2.00 (0–5.00) 132 4.00 (1.00–6.00) 75 8.00 (5.00–9.00) * 7 3.00 (1.00–6.00) 66 7.89 ± 3.98** 9

Sustained

3 months

QMGS (n = 125) 0 (0–0.03) 23§ 1.33 (0–3.99)
†

125 3.66 (1.33–5.32)
†

67§ NA 2.66 (1.33–3.99) 39 4.83 (2.66–6.65)**
†

28

ADL (n = 125) 0 (0–1.00) 23§ 0 (0–2.00)
†

125 1.00 (0–3.00)
†

67§ NA 1.00 (0–3.00)
†

39 1.00 (0–3.00) 28

QOL (n = 125) 0 (0–3.00)
†

23§ 3.00 (0–6.00)
†

125 4.00 (1.00–8.00)
†

67§ NA 3.00 (1.00–8.00)
†

39 4.00 (1.25–10.75)
†

28

6 months

QMGS (n = 96) 0 (0–0.02) 21§ 1.17 (0–3.66) 96 2.66 (1.33–6.24) 44§ NA 3.66 (2.33–6.65) 35 2.66 (1.33–4.49)
†

9

ADL (n = 96) 0 (0)
†

21§ 0 (0–1.00)
†

96 1.00 (0–2.00) 44§ NA 1.00 (0–2.00) 35 1.00 (0–1.50) 9

QOL (n = 96) 0 (0–1.50) 21§ 2.00(0–5.00) 96 3.00 (1.00–6.75) 44§ NA 3.00 (0–6.00) 35 3.00 (2.00–9.50) 9

12 months

QMGS (n = 87) 0 (0–0.02) 19§ 1.00 (0–2.66) 87 2.66 (1.33–5.32) 35§ NA 2.66 (1.33–5.32) 25 2.66 (1.33–4.32) 10

ADL (n = 87) 0 (0) 19§ 0 (0–1.00) 87 0 (0–2.00) 35§ NA 0 (0–2.00) 25 0.00 (0–1.00) 10

QOL (n = 87 0 (0–1.00) 19§ 1.00 (0–4.00) 87 3.00 (1.00–5.00) 35§ NA 3.00 (1.00–5.00) 25 3.00 (1.00–5.75) 10

Mean ± standard deviation (SD) for data of normal distribution, median (interquartile range) for data of abnormal distribution. QMGS, quantitative myasthenia gravis score; ADL, activities of daily living; QOL, quality of life; PIS, post-

intervention status; R, remission; MM, minimal manifestation; SI, slight impact on daily living; NA, not applicable. *Comparison among R category, MM category and SI category at the same follow-up, p < 0.05. **Comparison between

MM-0–1 category and MM-2–3 category at the same follow-up, p < 0.05.
†
Comparison between each follow-up and the former follow-up in the same category, p < 0.05. §The sum number of patients belonging to sustained R and

MM categories were not equal to the number of patients belonging to sustained R/MM status due to R/MM contained the patients converted between the two categories.
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FIGURE 3 | The scores of QMGS, MG-ADL, and MG-QOL15 in patients belonging to each PIS category or “MM or better” status at each follow-up in the whole

cohort. (A–C) Real-time; (D–F) Sustained; (E–I) “MM or better” status. QMGS, quantitative myasthenia gravis score; ADL, activities of daily living; QOL, quality of life;

PIS, post-intervention status; MM, minimal manifestation.

only seen in MM-0–1 patients. Larger CS dosage and more IS
and PB were used in MM-2–3 and SI patients compared with
MM-0–1 and R patients. These indicated that some patients
with more severe PIS may convert into milder PIS along with
decreased SC dosage and PB usage with the aid of adding
IS and some patients will continue to improve despite the
tapering of treatments. However, some patients may still need
intense immunological treatment. In our practice, we encouraged
patients to taper and withdraw PB after improvement as early
as possible. In this cohort, with the extension of follow-up, the
patients had a better understanding of reducing PB dosage after
improvement. The PB dosage did not meet the PIS definition
in only 2 patients at 6 months and none of the patients at
12 months.

For the sustained PIS categories, there was a similar
proportion of R andMM, with a slightly decreasing trend. Half of

the patients could not be classified, mainly due to the conversion
of PIS, including continuous improvement, improvement after
initial worsening, or worsening after initial remission. Due to
the sustainability of R and MM being poor, MM or better
R/MMwas analyzed in both cohorts. The sustained R/MM status
was found in at least 60.8% and 58.9% of the patients in the
whole and SA cohorts. The sustainability of the R, MM, and
R/MM status in the SA cohort was similar to that in the whole
cohort, indicating that a close follow-up could not change the
PIS categories.

To further explore the sustainability of PIS, we analyzed
the unchanged patients belonging to baseline R and MM
in the SA cohort. In unchanged patients at 3 months, the
proportion of being unchanged in the next follow-up was high,
indicating a stable state in these patients. At least 86.4% of
the baseline R/MM patients remained in the R/MM status at
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TABLE 8 | Cutoffs of QMGS, MG-ADL, and MG-QOL15 between “MM or better” and SI at each follow-up in the whole cohort.

AUC (95%CI) P-Value Optimal cut-offs Sensitivity Specificity Accuracy

Real-time

Baseline

QMGS (n = 274) 0.756 (0.698–0.815) <0.01 4.83 76.8% 64.1% 67.9%

ADL (n = 274) 0.737 (0.673–0.801) <0.01 1.50 85.4% 50.0% 60.6%

QOL (n = 274) 0.771 (0.714–0.828) <0.01 5.50 90.2% 50.5% 62.4%

3 months

QMGS (n = 182) 0.809 (0.705–0.914) <0.01 2.33 100% 49.7% 52.7%

ADL (n = 182) 0.769 (0.636–0.901) <0.01 1.50 81.8% 67.8% 68.7%

QOL (n = 182) 0.725 (0.610–0.839) 0.013 4.50 81.8% 61.4% 62.6%

6 months

QMGS (n = 139) 0.924 (0.868–0.980) <0.01 6.49 100% 81.3% 82.0%

ADL (n = 139) 0.904 (0.833–0.974) <0.01 1.50 100% 77.6% 78.4%

QOL (n = 139) 0.893 (0.818–0.969) <0.01 5.50 100% 76.1% 77.0%

12 months

QMGS (n = 139) 0.914 (0.859–0.969) <0.01 4.99 100% 80.3% 81.3%

ADL (n = 139) 0.821 (0.649–0.996) <0.01 1.50 85.7% 79.5% 80.0%

QOL (n = 139) 0.824 (0.734–0.913) <0.01 3.50 100% 64.4% 66.2%

Sustained

3 months

QMGS (n = 125) 0.824 (0.734–0.913) <0.01 3.50 100% 64.4% 72.1%

ADL (n = 125) 0.777 (0.646–0.908) <0.01 1.50 81.8% 69.6% 70.6%

QOL (n = 125) 0.752 (0.640–0.863) <0.01 4.50 81.8% 66.4% 67.6%

6 months

QMGS (n = 96) 0.954 (0.911–0.997) <0.01 6.49 100% 88.5% 89.1%

ADL (n = 96) 0.910 (0.844–0.977) <0.01 1.50 100% 81.3% 82.2%

QOL (n = 96) 0.896 (0.816–0.976) <0.01 5.50 100% 76.0% 77.2%

12 months

QMGS (n = 87) 0.944 (0.895–0.993) <0.01 4.66 100% 85.1% 86.2%

ADL (n = 87) 0.836 (0.665–1.000) <0.01 1.50 85.7% 82.8% 83.0%

QOL (n = 87 0.876 (0.797–0.955) <0.01 3.50 100% 72.4% 74.5%

QMG, quantitative myasthenia gravis score; ADL, activities of daily living; QOL, quality of life; MM, minimal manifestation; SI, slight impact on daily living.

12 months. Whether they were in sustained or non-sustained
R/MM status at 3 or 6 months, they were still keeping the
real-time R/MM status at 6 or 12 months. This indicated that
the MM or better status was an indicator of a stable state
of MG.

There were significant differences in the QMGS, MG-ADL,
and MG-QOL15 scores among patients belonging to each
real-time category (R, MM, and SI), which were consistent
at baseline and 3-, 6- and 12-month follow-ups. The same
trend was observed in patients belonging to each sustained
PIS category during the follow-up. Moreover, the QMGS, MG-
ADL, and MG-QOL15 scores were found smaller in patients
of sustained PIS categories than those in patients of the same
real-time categories, especially in the MM-2–3 sub-category,
indicating a more stable disease state of MG in patients with
sustained PIS. The optimal cutoffs between the R/MM and SI
categories were satisfactory at most of the follow-ups. These
facts indicated that the three commonly used scoring systems

were eligible to provide a quantitative reference for the R and
MM status.

In the Japanese study of PIS, the total QMGS score was
reported as 2.6 ± 1.5, 3.0 ± 2.0, and 4.6 ± 2.4 and the total MG-
QOL15 score was reported as 8.8 ± 9.7, 9.4 ± 10.5, and 11.5
± 10.5 for the complete stable R, pharmacological R, and MM
status (5). In the Canadian study, the total scores of QMGS, MG-
ADL, and MG-QOL15 were reported as 4.28± 2.78, 1.04± 1.21,
and 6.28 ± 7.45 for the patient-acceptable symptom states (6).
The minimal symptom expression was defined as MG-ADL total
score of 0–1 or MG-QOL15 total score of 0–3 (7) In our study,
the total QMGS score was reported as 0 (0-0.03) and 3.99 (2.66–
7.98), the total MG-ADL MG-ADL scores was 0 (0–2.00) and
2.00 (0–3.00), and the total MG-QOL15 score was 6.00 (2.00–
11.00) for the R and MM status. The difference between the four
studies might be due to the difference in details in the definition
of R andMM, and the subjective experience in theMG symptoms
and the severity of the included patients.
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This study has its strength in its representative distribution
of baseline real-time PIS categories in a real-world cohort
and the large sample size. Detailed changes in PIS categories
and their relation to the changes in treatment were shown by
comparison through the follow-up time points. However, several
limitations should be emphasized. The number of SI patients
was small at the last two follow-ups due to inadequate or loss
of follow-up, which might overestimate the accuracy of cutoffs
between the R/MM and SI status. However, the sensitivity and
specificity were intrinsic determinants of the accuracy, which was
relatively satisfactory. Several patients with high QMGS, MG-
ADL, and MG-QOL15 were included, which might enlarge their
ranges and IQRs. This reflected the real-world conditions of the
patients, whose disease duration was found to be long, which
might render them to tolerate their symptoms well subjectively.
Moreover, although the agreement between QMGS and MG-
ADL was found good in moderate or severe MG patients
(8), the correlation between the two scores was weaker in
patients who were in the MM status, demonstrating a “floor
effect”. The disagreement was also found in mild patients in
this study. We will further explore the factors associated with
discordance between the physician-evaluated score (QMGS) and
the self-reported MG-ADL or MG-QOL15. Furthermore, there
might be effects from patients who dropped out from follow-
up on the rates of PIS (particularly R status) at 12 months.
However, because of the complex reasons for drop-out (due to
neglect of minor fluctuation or random drop-out), a sensitivity
analysis on the specific PIS categories and scores could not be
conducted in light of the absence of drop-out reasons at the
individual level.
In conclusion, the sustainability of R status was confirmed as

poor. However, the sustainability of R/MM status was confirmed
as excellent. The R/MM status indicated a stable state in MG
patients. The QMGS, MG-ADL, and MG-QOL15 scores may
provide a quantitative reference for these PIS.
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Background: The absolute change in the severity score between the baseline and pre-

specified time frame (absolute criterion) was recommended as a criterion for myasthenia

gravis (MG) treatment response. But heterogeneity of disease severity might dilute

major changes in individual patients. The rationality of relative criterion (improvement

percentage) had not been evaluated in treatment response in patients with MG.

Objectives: To investigate the consistency between an absolute criterion and a relative

criterion in the evaluation of treatment response in patients with MG.

Methods: We retrospectively analyzed the treatment response to a 3-month

standardized treatment protocol with only glucocorticoid in 257 MG patients native

to immunological treatments. With the commonly used absolute criterion, cut-offs of

relative criteria were generated with the receiver operating characteristic (ROC) curve in

the whole cohort and in patients with different degrees of baseline severity stratified by

pre-treatment quantitative myasthenia gravis score (QMGS). The consistency between

absolute and relative criteria was examined with Cohen’s Kappa test and Venn diagrams.

Results: The absolute and relative criteria had an overall substantial consistency (Kappa

value, 0.639, p < 0.001) in the cohort. The Kappa values were substantial to almost

perfect in mild and moderate groups and moderate in severe groups between the

absolute and relative criteria (all p ≤ 0.001). More patients were classified as responsive

with an absolute criterion while as unresponsive with a relative criterion in the moderate

and severe groups.

Conclusions: The overall consistency between absolute and relative criteria was

substantial in the whole cohort. The inconsistency between the two criteria was mainly

from the moderate or severe patients at the baseline.
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INTRODUCTION

In the guideline for clinical trials of myasthenia gravis
(MG), quantitative measure, such as the MG composite, was
recommended for determining improvement and worsening for
patients with MG. Other quantitative measures were encouraged
to be validated for the same purpose. The absolute change
in the severity score between the baseline and pre-specified
time frame was recommended as the criterion for treatment
response (1). The quantitative myasthenia gravis score (QMGS)
is a validated and frequently used measure in clinical trials
and observational studies. Barohn et al. reported the interrater
reliability of QMGS and considered the change of QMGS
of > 2.6 points as clinical significance (2). In a study that
assessed the responsiveness of QMGS, Bedlack (3) reported an
average decrease of 2.3 points in the improved group. Minimal
difference has been established for clinical trials of MG, which
showed a QMGS change cut-off ≤ 3, was clinically important
(4). However, the difference derived from group comparison
is unfeasible when used in defining the responsiveness of
individual patients to a given treatment. In a genetics study of
glucocorticoid (GC) sensitivity, Xie et al. (5) used the definition
of “improvement ≥ 3 points in QMGS or QMGS decreased to
0 after a 3-month GC treatment” as the criterion to analyze the
factors that might be associated with the short-term sensitivity
to GC.

The heterogeneity of disease severity might dilute major
changes in individual patients by comparison at the group level,
particularly in patients with mild and severe involvement. In
our correspondence to this guideline (6), we proposed using a
relative score that is based on the improvement percentage of
an individual patient during the interval for treatment response
evaluation. The relative score was defined as (scorepre–treatment

− scorepost–treatment)/scorepre–treatment. In China, such a relative
scoring system had been used for more than 25 years (7). The
relative score may provide a useful individualized evaluation of
therapeutic effects and can be analyzed as a linear parameter.
Furthermore, comparison of the proportions of patients in
both treatment and placebo groups who met a pre-specified
effect criterion based on the relative score may provide us
with another view of the treatment effects, even if between-
group comparisons showed no significant differences. In a
genetic study on rheumatoid arthritis, in which definition of
individual treatment effect was essential, a similar criterion
based on improvement percentage was used (8). In reply to
our correspondence (6, 9), the authors stated that skewed
distributed baseline severity and relevant stratification of disease
severity might lead to potential bias in using a relative score as
a criterion.

Glucocorticoids are the first-line immunosuppressive
treatment for MG because of their rapid effect and controllable
side effects (10, 11). Large-size retrospective studies have shown
significant improvement in patients withMGwith different doses
of GCs. The mean duration between the onset to improvement
after GC treatment was 13∼14 days; the mean onset to sustained
improvement was 1.5∼3 months (12). Hence, the responsiveness
to GCs is a good example of a short-term treatment effect.

In this study, we retrospectively analyzed the treatment
response in patients with MG treated with a standardized 3-
month protocol with only GCs and compared the criterion
based on absolute change of QMGS and percentage of
QMGS improvement after the treatment. Due to the skewed
distribution of the pre-treatment QMGS in this study, we
stratified them into mild, moderate, and severe subgroups to
explore the influence of baseline QMGS on the consistency of
the criteria.

MATERIALS AND METHODS

Patient Recruitment and Study Design
A total of 257 patients with MG, who had not received
any immunological treatments were consecutively enrolled
and followed every month till 3 months after treatment,
were included in this study. After the pre-treatment QMGS
were recorded, GCs equivalent to 0.75 ∼ 1 mg/kg/day of
prednisone were started. The dosage of GCs was tapered
gradually when there was notable improvement, or remained
the same as the initial dosage until the end of 3 months.
The post-treatment QMGS were recorded. Details of patient
recruitment and treatment were expatiated in our previous
research (5).

Criterion A was set based on the change of QMGS
(QMGSpre−treatment − QMGSpost–treatment). Improvement ≥ 3
points in QMGS or QMGS decreased to 0 after 3-month
treatment was defined as responsive to GCs (2, 3). Criterion R
was set based on improvement percentage as (QMGSpre–treatment

− QMGSpost−treatment)/QMGSpre–treatment. Taking the criterion
A as the reference standard, we used receiver operating
characteristic (ROC) curve to define the optimum cut-offs for
the criterion R in the whole group and three subgroups stratified
by pre-treatment QMGS. The consistency was compared
between the two criteria in the whole group, as well as
in subgroups.

Statistical Analysis
Statistical analyses were performed using IBM SPSS version 20.0
(SPSS Inc., Chicago, IL, USA). The normality of continuous
variables was tested by the Kolmogorov–Smirnov test.
Continuous variables were presented as mean ± standard
deviation (SD) or median (interquartile range, IQR). Categorical
variables were expressed as frequencies (percentages), and
the chi-square or Fisher’s exact test was used to compare
their differences. The optimum cut-offs of criterion R for GC
repressiveness were determined by ROC curves (13). Two ×

two tables were constructed for GC responsiveness based on
relevant cut-offs. Cohen’s Kappa test was used to analyze the
consistency between the two criteria. Kappa values of 0.21∼0.4
were considered fair, 0.41∼0.60 moderate, 0.61∼0.80 substantial,
and 0.81∼1.00 almost perfect (14). A two-tailed p < 0.05 was
considered significant. Venn diagrams were used to demonstrate
the consistent and inconsistent patients by the two criteria, and
details of improvement of the inconsistent patients were listed
for inspection.
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FIGURE 1 | Pre-treatment and post-treatment QMGS in responsive and unresponsive patients classified by criterion A.

RESULTS

General Characteristics
A total of 98 (38.1%) male patients and 159 (61.9%) female
patients were included in this study. Onset age ranged from 15
to 80 years old (43.4 ± 16.6). The disease duration prior to
treatment ranged from 2 to 48 months (median 4, IQR 2 ∼

11). The pre-treatment QMGS ranged from 1 to 35 (median 6,
IQR 4 ∼ 11). The patients were classified into three subgroups
according to baseline QMGS as follows: 105, mild (QMGS 1
∼ 5); 108, moderate (QMGS 6 ∼ 12); and 44, severe (QMGs
≥ 13) patients. After 3-month GC treatment, the change of
QMGS ranged from −2 to 18 (median, 5; IQR, 3 ∼ 8).
The demographic and clinical features were summarized in
Supplementary Table 1, and the changes in absolute QMGSwere
shown in Figure 1.

Responsiveness to GCs
The absolute QMGS changes ranged from −2 to 18 (median,
5; IQR, 3 ∼ 8). The improvement percentages ranged from
−66.7 to 100% (median, 86.67%; IQR, 70 ∼ 100%). Based on
criterion A, 235 patients (91.44%) were classified as responsive
to GCs, and 22 patients (8.56%) as unresponsive. There were
significant differences in absolute changes of QMGS (p < 0.001)
and improvement percentage of QMGS (p < 0.001) between
responsive and unresponsive groups. There was a significant
difference in disease duration before GCs treatment (≤6 months
vs. > 6 months, p = 0.027) between the two groups. No
differences were found in other clinical characteristics between
the two groups (Supplementary Table 1).

Using the ROC method, an improvement of 51.925% was
calculated as the optimum cut-off for criterion R in the
whole group. The cut-offs were calculated as 70.835, 36.665,
and 15.585% in the mild, moderate, and severe subgroups,
respectively (Supplementary Table 2).

TABLE 1 | Consistency analysis between Criterion A and Criterion R.

A+/R+ A+/R- A-/R- A-/R+ Kappa value P-value

Criterion R1 (cut-off at 51.925%)

Total 218 17 20 2 0.639 <0.001

1–5 98 0 5 2 0.824 <0.001

6–12 87 10 11 0 0.639 <0.001

≥13 33 7 4 0 0.462 0.001

Criterion R2 (cut-off at 36.665%)

Total 226 9 19 3 0.735 <0.001

1–5 98 0 4 3 0.713 <0.001

6–12 93 4 11 0 0.826 <0.001

≥13 35 5 4 0 0.56 0.001

Consistency Between Criterion A and
Criterion R
Using the cut-off (51.925%, Criterion R1) derived from all the
patients, the Kappa value was 0.639 in the whole group, 0.824 in
the mild group, 0.639 in the moderate group, and 0.462 in the
severe group (all p ≤ 0.001, Table 1). Because the proportion of
patients classified into the moderate group by Criterion A was
the largest among the three subgroups, and moderate baseline
QMGSwas often seen in clinical trials, we used the cut-off derived
from these patients (36.665%) to set Criterion R2. With criterion
R2, the Kappa values were 0.735, 0.713, 0.826, and 0.56 in the
whole group, mild group, moderate group, and the severe group,
respectively (all p ≤ 0.001, Table 1). The Kappa values were
substantial to almost perfect in the mild and moderate groups
and moderate in the severe group between Criterion A and both
Criteria R1 and R2.

The Venn diagrams (Figure 2) demonstrated that two patients
were classified as unresponsive with Criterion A while as
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FIGURE 2 | The differences in the patients classified as responsive and unresponsive with different criteria.

responsive with Criterion R1, three patients (including the
above two patients) as unresponsive with Criterion A, while as
responsive with Criterion R2. This inconsistent pattern was only
seen in the mild group. The proportions of patients classified as
responsive in the mild group were 98/105 (Criterion A), 100/105
(Criterion R1), and 101/105 (Criterion R2), indicating a strong
consistency between Criterion A and Criterion R in the mild
group. Even though the changes of QMGS did not reach 3
points, the improvement percentages were 50∼66.7% in these
three patients. Seventeen patients were classified as responsive
with Criterion A while unresponsive with Criterion R1, and nine
patients (included in the above 17 patients) were classified as
responsive with Criterion A while unresponsive with Criterion
R2. This inconsistent pattern was only seen in the moderate
and severe groups. The proportions of the patients classified as
unresponsive in the moderate group were 11/108 (Criterion A),
21/108 (Criterion R1), and 15/108 (Criterion R2); unresponsive

in the severe group were 4/44 (Criterion A), 11/44 (Criterion
R1), and 9/44 (Criterion R2). Even though the change of QMGS
reached 3 points, the improvement percentages were 15.79∼50%
in the unresponsive patients defined with Criterion R1 and
15.79∼35% in the unresponsive patients defined with Criterion
R2 (Table 2).

DISCUSSION

A recent study that reported the change in % of normal between
original and follow-up visits has shown a strong correlation
with the change in QMGS (1QMGS) (15), which suggested
the potential usage of improvement percentage as the response
criterion. In our study, the consistencies were substantial between
criteria (A vs. R1 and A vs. R2) in all the patients, substantial to
almost perfect in the mild and moderate patients while moderate
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TABLE 2 | Clinical features of inconsistent patients in Criterion A and Criterion R.

Criterion Gender Onset

age

Thymoma AChRAb MuSKAb Onset

involvement

Treat

in 6

months

QMGS-pre QMGS-post 1 QMGS 1 %

A R1 R2

- - + Male 17 - - - Ocular - 2 1 1 50

- + + Male 68 - + - Ocular - 3 1 2 66.67

- + + Female 60 - - - Ocular - 3 1 2 66.67

+ - - Male 42 + + - Ocular - 19 16 3 15.79

+ - - Male 34 + + - Generalized + 18 15 3 16.67

+ - - Male 46 + + - Ocular + 35 29 6 17.14

+ - - Female 59 - + - Generalized + 15 11 4 26.67

+ - - Female 46 - - - Generalized - 10 7 3 30

+ - - Male 25 - + - Generalized + 10 7 3 30

+ - - Female 54 - + - Generalized + 10 7 3 30

+ - - Female 20 - + - Generalized + 10 7 3 30

+ - - Female 46 + + - Ocular + 20 13 7 35

+ - + Female 32 + + - Ocular - 10 6 4 40

+ - + Male 75 + + - Generalized + 10 6 4 40

+ - + Female 42 + + - Ocular + 9 5 4 44.44

+ - + Female 72 - - + Ocular + 6 3 3 50

+ - + Female 54 + + - Generalized - 8 4 4 50

+ - + Female 31 - + - Ocular + 10 5 5 50

+ - + Female 36 + + - Ocular - 14 7 7 50

+ - + Female 59 + + - Ocular - 14 7 7 50

in the severe patients. The Venn diagrams confirmed the
inconsistency came from baseline moderate and severe patients.

The two criteria were developed at the group level or the
individual level. The confounding role of baseline severity
on responsiveness in an individual patient was also noted
by Katzberg et al. (4). They proposed using a QMGS cut-
off of 2 for patients with a baseline QMGS of < 16 and
3 for those with baseline QMGS > 16. In our study, we
used different cut-offs to set Criteria R1 and R2, which
resulted in a different consistency. However, the improvement
percentages in individual patients were the same whichever
the criterion R was used. From the detailed information on
inconsistent patients, the diluting effects of baseline severity
on responsiveness could be visualized directly. When two
patients with the same 1QMGS of 4 were taken as an
example, QMGS decreased from 15 to 11 in one patient, while
from 8 to 4 in the other patient. In baseline moderate or
severe patients with MG, using the improvement percentage of
36.665% (Criterion R2) as the cutoff of QMGS is closer to our
clinical experience.

There were several limitations in our study: First, the pre-
treatment QMG score in this study was in skewed distribution;
the number of severe patients was much less than the mild
and moderate ones. However, skewed data were inevitable in
clinical studies. We used the cut-off derived from moderate
patients, which constituted the largest proportion of all the
patients to overcome this limitation, and acquired substantial

consistency between the absolute and relative criteria. However,
comparison at the group level could not overcome the bias
from skewed distribution in baseline QMGS. The patients who
had high baseline scores but smaller 1 QMGS might not have
actual improvements, as shown in our study. Second, we lack
another reference criterion for which the two criteria could be
compared, especially simple patient-reported measures, such as
single simple questions (15) or scales, such as MG-ADL or
MG-QOL15. Nevertheless, in the short-term evaluation with an
interval of 3 months, the slope of the connecting line (pre-
treatment QMGS to post-treatment QMGS) in an individual
patient might give a clue for the evaluation of the treatment
effect. The larger the slope is, the stronger the response is.

CONCLUSION

By determination of the consistency between absolute and
relative criteria, this study showed an overall substantial
consistency in the short-term treatment response of GC
in patients with MG and the inconsistent aspects between
the two criteria in subgroups stratified by baseline severity.
This will shed light on the definition of responsiveness in
both observational studies and clinical trials in MG. The
relative criterion should be examined with other quantitative
measures of severity to define treatment response in patients
with MG.
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INTRODUCTION

Myasthenia gravis (MG) is an autoimmune disease with muscle weakness as the main
manifestation (1). The disease is chronic, often with life-long symptoms. Most patients need daily
immunosuppressive and cholinergic drug treatment (2). Although much is known about disease
mechanisms, the cause of MG is unknown, and no curative treatment is available. MG is classified
as a rare disease, with an annual incidence 10 per million in most populations, and a prevalence of
150–250 per million (3, 4).

The need for MG research is high. This is true for nearly all aspects of the disease. Genetic
and environmental factors interact in causing MG. Most of the genetic predispositions remain
unexplained, and we know even less about causative environmental factors. Although effective
treatment is available, there are only a few placebo-controlled therapeutic trials. Studies comparing
different treatment alternatives are lacking, and prospective, long-term follow-up studies are sparse.
Research regarding burden of disease, quality of life, non-muscle symptoms, and the effect of
supportive therapies and non-pharmacological interventions has emerged in recent years, but
unbiased and well-conducted studies are only a few (5–7).

MG comprises a wide variation of phenotypes. Disease subgroups have been defined from
age at symptom debut, generalization of symptoms, autoantibody profile and thymus pathology
(8). Combinations of biomarker pattern and clinical manifestations will probably lead to further
subgrouping of MG patients in the future and guide a more individually adapted treatment.
In addition to phenotypic variation, there are important geographical differences. In China and
Japan, there is a group of patients with MG onset in very early childhood (9–11). In Europe and
North America, late onset MG is by far the most common type, in part due to demography.
Availability of therapeutic and therapeutic alternatives as well as organization of MG care vary even
more world-wide.

Patient involvement in health care is not only desirable but is a social, technical, and economic
necessity (12). This includes treatment of MG. Patients are generally positive to take part as objects
in research projects (13). In addition, they regard their active involvement as user representatives
as important. MG research needs the input from patients who have experienced the various
symptoms, examinations, and therapies, as well as the multiple consequences of having MG. MG
patients know from experience the needs for a precise diagnosis and better treatment, for correct
information and more knowledge. The linguistic shift from “patient” to “user” reflects a change
in ideology (14). Our recent paper has illustrated the complex needs of MG patients (15). The
patients themselves should be partners in the project to improve the present situation. Such user
involvement should be adapted according to the phenotypic variation of MG. Some MG research
questions are universal, whereas others are specific for children, pregnant women, the very old,
immigrants, or other patient subgroups.
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In this paper, our aim is to examine the relevant literature,
make a narrative review, discuss the need of active involvement
from MG patients in research projects relevant for this
disease, and then conclude with several recommendations
applicable in active MG research. User involvement should
improve research relevance and quality, but also patient
inclusion and continuation rates, project funding, dissemination
of the results, and implementation of new knowledge into
clinical practice.

PATIENT NEEDS

Most MG patients do well and have a good prognosis (16).
Expected life-length is nearly unaffected by the disease in well-
developed countries (17, 18). Long-term studies typically report
that a clear majority of MG patients are in full or partial
remission, with no or only mild symptoms. In contrast, 10–20%
of the patients have a disease that is difficult to treat and with
a need for intensified treatment, whereas <5% have long-lasting
severe MG (10, 16, 19). Many MG patients can function in daily
life and partake in the ordinary labormarket. However, whileMG
may be considered less severe than some other neurological and
autoimmune conditions, most patients report reduced quality
of life.

When questioning MG patients about specific complaints and
limitations, it becomes clear that MG is a disease that has an
impact on daily life and with a clear need for new and better
treatments (5). A broad range of symptoms and deficits can be
recorded as scores in MG-specific outcome forms or registered
by specific questioning during ordinary consultations (20). In
our recent article where we applied the MG patient perspective,
we discussed patient needs in detail (15). The article was co-
authored by MG experts and user representatives from three
different countries.

Burden of MG disease is not clearly related to degree of
muscle weakness (21). It depends in part on such phenotypic
aspects as sex and age (5). Younger patients and females
report more limitations and a poorer disease-specific quality
of life. Quality of life does not seem to have improved for
MG patients during the last decades, despite more effective
immunosuppressive treatment (15). Nearly one third of MG
patients answered “no” when asked if they were satisfied with
their current MG status (22). In choosing optimal treatment,
patients are interested in reports from other patients with
the same diagnosis. Such patient experiences can be collected
systematically (23).

To the patients it is the overall quality of life that is of
greatest concern. Setting realistic expectations of the disease
through systematically collected patient data may be beneficial
both for them and their families. Patients are disappointed
if it turns out that their disease is not as mild and easily
managed as they had hoped for. Systematically collected patient
experiences are useful not only to other patients but also
to researchers and clinicians. Patient organizations typically
have programs to get the newly diagnosed in contact with

other patients to share experiences and ideas for managing
their MG. User representatives could bring such records into
research projects.

Muscle strength improvement is the major aim in MG
treatment. For the patient, strength in some muscles is crucial,
whereas weakness localized to other muscles has less impact.
However, improved strength also in muscles not very important
for patients’ daily life can be crucial for the objective assessment
of a new treatment. Fatigue is in some patients a major symptom
(6). Patients feel weak and tired, often in most of the body,
and this fatigue responds less well to immunosuppressive and
anticholinesterase drugs than the muscle weakness. Physician-
based and patient-focused assessments are both included
in modern MG trials. Side-effects and worries about long-
term consequences of the MG therapy are common. This
includes infection risk and reduced vaccination response due
to immunosuppression (24), but also cancer risk (25). Possible
consequences of MG and MG therapy for pregnancy and
the developing child mean that many young MG females
postpone or abstain from becoming pregnant (26). Pain and
depression are more common in MG patients than in controls.
Comorbidities are frequent in MG, and especially in elderly
patients (25). These comorbidities can be associated with their
MG (other autoimmune disorders, thymoma, drug side effects),
they can functionally interact with MG (lung disease, orthopedic
disorders), or they can just add to the total burden of disease.

MG patients are eager to support research that in the future
may improve their function and quality of life. Myasthenia
Gravis Foundation of America (MGFA) and similar national
MG patient organizations lists research support among their
highest priorities (https://myasthenia.org/Research). Most fields
of medical research are relevant in the patient perspective and
may benefit from user participation. Diagnostic precision is
important for both patient and neurologist and should include
MG subgroup and phenotype (15). Patients know that research
on disease mechanisms are necessary to improve treatment.
MG causative factors, both environmental and genetic, might
be preventable or possible to modify, and basic research is the
way to reveal them. Treatment studies are most important in the
patient perspective, not least prospective and controlled studies
comparing alternative treatment protocols.MGpatients are eager
to contribute to research with the aim of defining optimal
availability and organization of MG care. Resources and local
priorities will influence MG treatment (27). Research regarding
best organization should therefore be nationally or regionally
adapted, and always with active user participation.

Studies evaluating to what degree diagnostic procedures and
treatment of individual MG patients are consistent with generally
accepted guidelines and recommendations are much needed
(28). Such studies could unveil lack of knowledge, lack of
availability and resources, compliance and organizational issues,
but also a need for improved cost-benefit considerations in the
recommendations. Active study participation from MG patients
both in the planning and in the evaluation and dissemination
phase should increase the scientific quality and the relevance for
clinical practice.
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PATIENT INVOLVEMENT

The aim for patient involvement in MG research is to improve
quality, increase research output, increase relevance, support
dissemination of results, and secure implementation in clinical
practice. These are the main reasons why many institutions
and funding sources demand user involvement in planned and
ongoing medical research. User involvement in research is in
addition justified from common ethical ideals. Individuals that
are affected by the disease in focus should have the opportunity to
influence activities so important for them (14). User involvement
ensures that those who are affected can contribute with their
knowledge and lived experience. User involvement is well
established inmost fields of society, including the clinical practice
of hospitals and other health institutions. Medical research is
such an important sector that broad involvement from the society
is necessary. Patients and other users should get the chance
to contribute. Their practical participation may be influenced
by their MG symptoms such as diplopia (difficult to read)
and fatigue.

In the planning phase of a new MG research project, patients
can often give important input (29–32). Clinical relevance is
an obvious aspect for them to discuss. They may also suggest
additional approaches or new topics for research. Furthermore,
details regarding recruitment of patients, information to patients,
and plans for follow-up may be improved after input from the
users. The planning phase often includes applications for project
funding. Active user participation will always improve funding
possibilities. An increasing number of funding sources demand
user involvement.

During an ongoing research project, there will often be less
benefit of user involvement. The patients are not researchers and
they are not responsible for the daily tasks such as collecting
research data. However, they could be involved in questions such
as protocol changes, patient participation, or decisions regarding
prolongation of an ongoing study.

When all research data have been collected, the results need to
be summarized, discussed, and presented. MG patients may have
a role in scientific presentations, especially in the interpretation
of consequences for diagnosis and treatment, including new
or modified recommendations. User representatives should be
involved in the dissemination of the research results to the society
in general, including patient interest groups and organizations.
This should facilitate and speed up implementation of new
research results. Patients may help in the wording of the
new information and secure the clinical relevance. They may
also know and have access to important information channels
and patient networks. The researchers are responsible for the
scientific communication of the research results. It is equally
important to communicate the results to neurologists who treat
MG, and to the patients. User representatives are good partners in
this process, sometimes also as active presenters to an audience.

Patient representation can be secured through surveys, but
better through direct involvement, sometimes even as coauthors.
However, user representative and co-researcher usually represent
two different roles. Patient representatives are often required
to get funding, and not all of them are truly involved in the

research. To get the full value of the representatives, they need
to be properly involved. They must be both able and willing to
contribute to the project.

Guideline documents for MG treatment and diagnosis are
widely read and cited, and their recommendations are usually
accepted and implemented. We recommend always to involve
MG patients in the work on such documents. Their involvement,
especially in the discussion and writing stages, should promote a
broad evaluation of all relevant factors before reaching a decision.
Users may suggest and support inclusion of additional items for
evaluation, for example regarding physical training, diet, sleep,
pain control, long-term side-effects, and quality of life.

User involvement increases the chances for research funding.
Funding institutions that demand such involvement grade the
patient involvement in the same way as other aspects of the
application. Our experience is that a standard statement from
a MG patient organization confirming their willingness to
cooperate and be involved in the planned project has become
standard practice. More rarely we see that the users have been
involved already and with specification of their input. Good
practice implicates that they have contributed to the application
and the project plan. The user representatives should be named,
and their planned contribution should be described in the same
way as for other partners in the project. It is wise to state where
the user input will increase quality and relevance, but also where
users will not have an active role.

How the user representatives are included in the MG research
group may vary. The involvement should depend on interests
and qualifications of the representatives, and on the research
questions of the group (33). Usually, it is not meaningful
for either patients or researchers that they take part in all
meetings and in the day-to-day work. However, regular contact
is important to secure influence, mutual interest, and interaction
(14). Providing information, support and feedback to the user
representatives is a key to effective engagement. In selected
articles, the user representatives may appear as coauthors as they
have contributed in accordance with the Vancouver requirements
and have responsibility for the full content of the final article.
Typical examples could be guideline documents and policy
papers (2). For most articles, a formal acknowledgment of their
contribution is appropriate.

Some research groups offer an honorarium to their user
representatives. This formalizes the cooperation and secures
involvement. It puts this research partner in a special position
compared to the rest of the participants, but it may hamper a
more informal and flexible cooperation. For some MG patients,
such payment represents a token of appreciation and boosts
further involvement. Expenses as a user representative or any loss
of ordinary income should usually be compensated.

User representatives combine several positions (34). They
contribute as co-researchers with direct advice. They use
their individual MG experience. They represent their patient
organization and network, sometimes including their experiences
as representatives in previous research projects. Their ordinary
professional education and work comes into play. Finally, they
may take the position of the concerned citizen, for example
regarding health priorities, gender issues, and ethical aspects.
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Guidelines have been developed to govern user involvement in
research (12, 34, 35). However, challenges persist. They include
lack of support and respect, imbalance of power, and lack of
acknowledgment of the patients’ true experience. Deviations
from the agreed principles in the ongoing work are not
uncommon, like other research collaborations. A pitfall to avoid
is that user involvement takes too much time and resources,
even leading to a reduction in research quality and quantity
(36). Frameworks and tools have been suggested to facilitate user
involvement as a partnership (12, 34, 35). We discuss most of
these tools in this article.

CHOOSING PATIENT REPRESENTATIVES

For MG research projects, patients with an experience of MG
and the consequences of muscle weakness should be chosen.
MG challenges are specific and complex. The value of user
involvement relies on self-experience of MG symptoms and MG
impairment. Patients with other disorders, for example muscle
or nerve disorders, will not be able to give this specific input.
There may be a temptation to recruit patients who are at the same
time health professionals. We will advise against such practice
as it may blur the patient and outside perspective. On the other
hand, higher education and professional experience may lead
to a broader participation and a hybrid position of both lay
and professional expertise on research, further strengthening
the collaboration (31). A patient representative who is not a
healthcare professional may bring something new to the project
and even help uncover confirmation bias. Such representatives
may bring to light new aspects and see the project from an
alternative angle. Both researcher and user representative need
to reflect on their position in the partnership (37).

MG phenotype varies. It is usually not possible to include both
a youngster and an elderly person, one with a mild disease and
one who have experienced an MG crisis, or user representatives
from all defined MG-subgroups. One or two patients need to
cover all aspects. However, for a research group with a special
interest in MG crisis, they should involve a patient who have
experienced this manifestation. For our research group with an
interest in pregnancy and consequences for the child, we have
included a young female with children. This ensures the relevance
of the patient perspective. For juvenile MG, the perspective of the
parents is highly relevant, and guardians can be chosen as user
representatives in some projects.

MG patient representatives may be recruited directly by the
research group from their patient population. A good alternative
is to ask the local or national MG patient organization to find
a motivated and able candidate. This should strengthen the
responsibilities of all partners and secure interaction with the
wider patient community. Some hospitals have user panels that

are willing to assist in finding representatives to research projects.
However, such representatives should be true MG patients, not
just professionals working in an interest organization.

MG patient representatives in a research project may
sometimes feel lonely among the group of professional
researchers (32). Input from other patients and other user
representatives benefits their contribution and increase their
motivation. Such input can most importantly come from MG
patient networks and organizations, but also from networks of
patient representatives for various other neurological and non-
neurological disorders.

User representatives will be resourceful, interested in research,
and usually well adapted in society. The same is usually true
for the active MG researchers. In contrast, MG patients with
the highest needs are often those with the least resources;
poor socioeconomic conditions, lack of near family and
friends, comorbidities, sometimes abuse. Such patients may
be disengaged from the medical system. They are not good
candidates as user representatives in research projects as they
will be unable to contribute properly. However, it is important
that the perspective that they represent is included both in the
planning and execution of the project, and in the dissemination
and implementation of the results.

RECOMMENDATIONS

All MG research groups should have formal cooperation with
user representatives that give regular input to each project.
These representatives should be patients who have MG. The
focus for the research group should have a strong influence
on the choice of user representative. This representative should
be involved in the discussions of all relevant questions during
the research process. The MG user contribution is especially
important in the planning phase of the project, in recruiting MG
patients to the project, in the dissemination of results, and for
the implementation of the new findings into clinical practice.
In applications for research funding, patient representatives
should be involved early, and their contribution throughout
the project should be specified. Partnership between patients
and MG researchers increases research quality and relevance,
is motivating for the researchers, and secures support from
the society.
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Background and Purpose: Anti-muscle-specific kinase (MuSK) positive myasthenia

gravis (MG) is characterized by a high relapsing rate, thus, choosing the appropriate

oral drug regimen is a challenge. This study aimed to evaluate the efficacy of oral

immunosuppressants (IS) in preventing relapse in MuSK-MG.

Methods: This prospective cohort observational study included patients with MuSK-MG

at Peking Union Medical College Hospital between January 1, 2018, and November 15,

2021. The patients were divided into 2 groups: those with (IS+) or without (IS-) non-

steroid immunosuppressive agents. The primary outcome was relapsed at follow-up,

and the log-rank test was used to compare the proportion of maintenance-free relapse

between the groups; hazard ratio (HR) was calculated using the Cox proportional

hazards models.

Results: Fifty-three of 59 patients withMuSK-MGwere included in the cohort, 14 were in

the IS+ group, and 39 were in the IS- group. Twenty-four cases in the cohort experienced

relapse at least once; the relapse rate was 2/14 (14.3%) in the IS+ group and 22/39

(56.4%) in the IS- group. At the end of follow-up, the proportion of maintenance-free

relapse was significantly different between the two groups (log-rank χ
2
= 4.94, P= 0.02).

Of all the potential confounders, only the use of IS was associated with a reduced

risk of relapse. The HR for relapse among patients in the IS+ group was 0.21 (95%CI

0.05–0.58) and was 0.23 (95%CI 0.05–0.93) in a model adjusted for age, sex, relapse

history, highest Myasthenia Gravis Foundation of America (MGFA), and accumulated time

of steroid therapy.

Conclusions: This study provides evidence that oral non-steroid immunosuppressive

agents may be beneficial in reducing relapse in patients with MuSK-MG.

Keywords: myasthenia gravis, minimal manifestation status, autoimmune, anti-AChR antibody, anti-MuSK

antibody
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INTRODUCTION

Myasthenia gravis (MG) is caused by antibodies directed
against the acetylcholine receptor (AChR), or other structural
proteins of the neuromuscular junction. In 2001, 70% of
AchR-Ab-seronegative MG patients were discovered positive
in antibodies against muscle-specific kinase (MuSK) (1). The
activation of MuSK, anchored in skeletal muscle, is responsible
for the clustering of AChR at the neuromuscular junction
(2). Patients with MuSK antibody-positive MG often have
facial, neck, and respiratory weakness, but they have less
prominent ocular findings compared with AchR antibody-
positive MG.

The anti-MuSK subtype of MG presents a different response
to immunomodulatory regimens compared to AchR MG, the
proportion of patients with MuSK-MG requiring high doses
and prolonged treatment to achieve full control of the disease
seems to be higher (3–6). In most instances, patients with MuSK-
MG respond to immunosuppressants (IS). Steroid, azathioprine
(AZA), tacrolimus (TAC), mycophenolate mofetil (MMF),
cyclosporine A (CsA), methotrexate (MTX), and rituximab
(RTX) have been tried with success in patients with MuSK-
MG and patients with AchR-MG (7–14). However, there is
a lack of prospective data and a large sample to verify the
effect of using oral non-steroid IS in MuSK-MG. Furthermore,
previous studies did not consider exacerbation as a primary
endpoint, and information about relapse is lacking (15, 16).
Here, we conducted a prospective observational cohort study in
Chinese patients with MuSK antibody-positive MG to determine
the association between relapse risk and the use of oral non-
steroid IS.

PATIENTS AND METHODS

Participants
Patients were identified through the Peking Union Medical
College Hospital (PUMCH) MG registry platform. The
study was approved by the regional ethics committee of
PUMCH, and participants provided written consent to
registration in the MG registry and the use of recorded
data for research purposes. The study was conducted
from January 1, 2016 to November 30, 2021. This study
followed the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) reporting guideline for
cohort studies.

All patients included were diagnosed with MG. We
prospectively collected demographic information and data
on the course of illness, medication, neurological physical
examinations, MGFA classification, MGC, MG-ADL scores,
and Repetitive Nerve Stimulation (RNS) results. Patients’ serum
samples were acquired prospectively at enrolment. Serum AChR
antibody titers and MuSK antibody were estimated by the
immunoprecipitation methods using 125I-alpha-bungarotoxin
and 125I-MuSK, respectively (RSR Limited, Cardiff, UK). All
MuSK antibody-positive patients with MG were enrolled in
the cohort.

Therapeutic Regimens
In this study, participating patients with MuSK-MG, either
received or did not receive IS after a complete discussion with
the neurologists. Financial burden and potential AEs are the
main concerns for patients who refused IS. We defined the
IS+ group as treatment with one or more non-steroid IS for
at least 6 months and the IS- group as treatment with only
steroids during the follow-up. The following exclusion criteria
were applied: the duration of observation was < 6 months,
< 2 follow-up visits, concurrent neurologic diseases interfering
with assessment, and immunosuppressive therapy for other
indications during the observation.

Non-steroid IS dosing range was as follows: AZA 100–150
mg/day, TAC 3–5 mg/day, and MMF 1,000–3,000 mg/day. In
the long-term follow-up, specialists set the achievement of MMS
and better as the treatment goal and reduced the steroids to
the minimum maintenance dose according to the long-term side
effects of the steroids. All IS+ and IS- patients were treated
with rescue therapy after an exacerbation, including intravenous
methylprednisolone pulse therapy, intravenous immunoglobin
injections (IVIG), and plasma exchange (PLEX).

Follow-Up and Outcome Measurements
Patients were followed up by the specialist group every 6 month.
Medication, MGC score, MG-ADL score, MG-PIS classification,
andMuSK antibody results were recorded at each follow-up visit.
Drug side effects were regularly monitored.

The study’s primary outcome was relapsed, defined as a
physician-confirmed exacerbation of MG in a previously stable
state, except for other possible contributors to the exacerbation
of weakness, such as electrolyte disturbance, infection, etc. A
general 1MGC score of > or equal to 3, treatment with
rescue therapy, and/or hospitalization was considered clinically
significant (17). The interval between the first relapse and time 0
after enrolment was recorded in days. We also assessed whether
the association between IS therapy and relapse differed between
the following subgroups: age at disease onset, high vs. low MuSK
antibody titer, onset type, high vs. low MGFA subtype, and with
vs. without relapse history before enrollment.

Sample Size Calculation
The primary endpoint of this study was to calculate whether the
use of IS significantly reduced the risk of relapse, and the results
were calculated according to Cox risk proportional model, with
Power calculated based on reference to Rosner and Freedman
et al. The relapse rate of MuSK-MG in the IS+ group was 15%
according to Evoli et al. (6) and 56% according to Guptill et al.
(15), in the IS- group treated with steroids alone. Assuming
IS+ and IS- patients were divided in a 1:1 ratio, at an expected
dropout rate of 5%, 26 patients were required in each group.
Then, we further assumed a postulated hazard ratio (HR) of 0.25
and α (two-sided) of 0.05, this study had more than 80% power
to detect an HR of 0.25 or lower.

Statistical Analysis
Continuous variables that were not normally distributed were
expressed as the median and interquartile range (median, IQR)
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and categorical variables were expressed as frequencies and
percentages (%). The χ

2 and Mann-Whitney U tests were used
for the comparison of categorical and continuous variables that

were not normally distributed between the IS+ and IS- groups,
respectively. Group differences in relapse risk were assessed
using Kaplan-Meier curves, while univariate and multivariate

FIGURE 1 | Recruitment of patients with MuSK-MG. Patient recruitment to the different treatment groups, respectively. MuSK, muscle-specific tyrosine kinase;

non-GC IS, non-glucocorticoid immunosuppressants; IS+, immunosuppressants combined with prednisone therapy; IS-, prednisone monotherapy.

TABLE 1A | Baseline characteristics of MuSK-MG.

Name Results

Total IS+ group IS- group P-value

Number of patients, n/total (%) 53/53 (100%) 14/53(26.42%) 39/53 (73.58%) NA

Onset agec, y 47 (34, 55) 46.50 (28.50, 52.25) 44 (34, 53) 0.96a

Late onset (≥50), n/total (%) 20/53 (37.74%) 6/14 (42.86%) 13/39 (33.33%) 0.54b

Female, n/total, (%) 39/53 (73.58%) 10/14 (71.43%) 29/39 (74.36%) 0.53b

Information prior to time 0

First onset muscles, n/total (%) 0.75b

Extraocular muscle 35/53 10/14 25/39

Bulbar muscle or neck or facial muscle 12/53 2/14 10/39

Limb or trunk muscle 6/53 2/14 4/39

Disease duration, months 12 (6, 47) 35 (11.8, 69) 12 (4, 24) 0.05a

History of relapse, n/total (%) 16/53 (30.19%) 11/14 (78.57%) 5/39 (12.92%) <0.01b

Steroid therapy, n/total (%) 24/53 (45.28) 10/14 (71.43%) 14/39 (35.90%) 0.03b

History of IS therapy, n/total (%) 6/53 (11.32%) 4/14 (28.57%) 2/39 (5.13%) 0.04b

IVIG within 3 months, n/total 22/53 5/14 17/39 0.74b

Information at time 0

MGC scorec 6 (3, 12) 4 (0, 12.75) 6 (3, 12) 0.42a

ADL scorec 3 (2, 8) 2.5 (0, 9.5) 5 (2, 8) 0.39a

Muscle atrophy, n/total 6/53 3/14 3/39 0.21b

limb/facial muscle/lingual muscle, n 4/1/1 2/1/0 2/0/1

MuSK-Abc 1.13 (0.82, 1.45) 1.36 (0.83, 1.46) 1.07 (0.81, 1.43) 0.36a

RNS decrement, n/total (%) 38/51(74.5%) 11/14 (78.6%) 27/37(73.0%) 1.00b

aMann-Whitney U test; bFisher exact test; cDescribed by Median (IQR).

Frontiers in Neurology | www.frontiersin.org 3 June 2022 | Volume 13 | Article 877895161

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Tan et al. Immunosuppressive Agents in MuSK-MG

hazard ratios (HRs) were assessed from Cox proportional
hazards regression. The association of IS application with
relapse of MG was compared in each subgroup: gender, age
of onset, first onset muscle group, highest MGFA, relapse
before time 0, initial MuSK antibody titters, and different
disease duration subgroups. Stratified Cox risk proportional
regression models were applied for subgroup analysis. All
statistical results were significant by taking an α < 0.05,
two-sided test. Prism 7 (GraphPad Software) was used for
unadjusted statistical tests. SPSS 28.0 (IBM) was used for
statistical analysis.

RESULTS

Patient Characteristics
The study flowchart is shown in Figure 1. We identified 59

patients withMuSK antibody-positive in the database, 53 patients

fulfilled the inclusion criteria and exclusion criteria (Figure 1).
Of the 53 eligible patients, 39 patients (73.60%) were women;

the median age of onset was 47 years (IQR 34–55). Fourteen of

them received IS and steroid combination therapy [10 (71.40%)
women]. The baseline characteristics of the two groups were
largely comparable, including age at onset, gender composition,

TABLE 1B | Follow up outcomes of MuSK-MG.

Name Results

Total IS+ group IS- group P-value

Information after enrollment

Highest MGFA classification, n (n/total) 0.65b

I 1 (1/53) 0 1 (1/39)

II 30 (30/53) 7 (7/14) 23 (23/39)

IIa/IIb, n 0/28 0/7 0/7

III 10 (10/53) 4 (4/14) 6 (6/39)

IIIa/IIIb, n 0/8 0/4 0/6

IV 5 (5/53) 2 (2/14) 3 (3/39)

IVa/IVb, n 0/4 0/2 0/1

V 7 (7/53) 1 (1/14) 6 (6/39)

Relapse, n/total (%) 0.01b

0 29/53 (54.72%) 12/14 (85.71%) 17/39 (43.59%)

≥1 24/53 (45.28%) 2/14 (14.29%) 22/39 (56.41%)

Gap from time0 to first relapse d, days 0 (0, 420) NAc 210 (0, 480) NA

Final visit

MGC scored 0 (0, 3) 0 (0, 3.50) 0 (0, 3) 0.63a

ADL scored 0 (0, 2) 0 (0, 2) 0 (0, 2) 0.56a

PIS classification, n/total (%) 0.66b

MM or better 30/53 (56.60%) 9/14 (64.29%) 21/39 (53.85%)

Improved 17/53 (32.08%) 5/14 (35.71%) 12/39 (30.77%)

Unchanged 1/53 (1.89%) 0 1/39 (2.56%)

Worse 4/53 (7.55%) 0 4/39 (10.26%)

Died 1/53 (1.89%) 0 1/39 (2.56%)

Follow up timed, days 814 (540, 1110) 780 (352, 915) 840(630, 1290) 0.79a

Improving MGCd 3 (0, 9) 3 (0, 5.3) 3 (0, 11) 0.70a

Improving ADLd 2 (0, 5) 2 (0, 5.5) 2 (0, 6) 0.81a

Rate of steroid use, n/total (%) 50/53 (94.34%) 14/14 (100%) 36/39 (92.31%) 0.54b

Highest steroid dose, mg/d, n/total 0.02b

0 3/53 0 3/39

1–20 0 0 0

20–50 28/53 4/14 24/39

>51 22/53 10/14 12/39

Number of stop using steroid, n/total 8/53 0 8/39 0.09b

Steroid dose at last visitd, mg/d 10 (5,13.80) 10 (9.38, 15) 10 (5, 12) 0.41a

Accumulated time for steroidd, days 1020 (408.5, 1545) 1020 (414, 1507) 720 (390, 1470) <0.01a

aMann-Whitney U test; bFisher exact test; cUncountable because of only two cases with relapsing events in IS+ group, 1 was at 570 days and 1 was at 1,080 days after enrollment;
dDescribed by Median (IQR).
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first muscle group affected, highestMGFA, severity as reflected by
the most recent MGC/ADL score before time 0, MuSK antibody
titers at time 0, RNS results, number of cases withmuscle atrophy,
or duration of disease before time 0 (Table 1A).

Eleven (78.6%) and 5 (12.8%) patients had a history of MG
relapse before enrolment in the two groups, with a statistically
significant difference (p < 0.01). Six patients had a history
of non-steroid IS therapy before enrolment, four in the IS+
group and two in the IS- group, two patients discontinued
AZA treatment due to adverse events (AEs) before enrolment:
1 with drug-related granulocyte deficiency and another with
an allergic reaction at the first week. The number of patients
accepting steroid therapy at time 0 was 10/14 (71.4%) in the
IS+ group and 14/39 (35.9%) in the IS- group, with statistically
significant difference. The number of patients with a history of
IVIG application within the 3 months prior to time 0 was 5
(35.7%) and 17 (43.6%) in the IS+ group and the IS- group, with
no statistical difference (p = 0.74). One patient had undergone
thymectomy, and the interval from surgery to enrolment was up
to 4 years.

Follow-Up Outcomes
The number of patients receiving steroids in the two groups was
14/14 cases (100%) and 36/39 cases (92.3%), respectively. The
median daily dosage of steroids was comparable between the
IS+ group and the IS- group at the end of follow-up (10 [9.38–
15] mg and 10 [5–12], p = 0.40). The number of patients who
successfully discontinued steroids was slightly greater in the IS-
group (3/39) than that in the IS+ group (0/14), although the
results were not statistically different (p = 0.09). The other three
outcomes, including ADL score, MGC score, improving in ADL,
and improvement in QMG, did not have statistical differences in
the IS+ group and IS- group (Table 1B).

Non-steroid IS medications included AZA (n = 9, 9/14, 48%)
and TAC (n = 5, 5/14, 35.7%). No participants discontinued IS
therapy owing to severe AEs during follow-up, thus, suggesting
good tolerability. None of the patients was maintained on ChE-I
at the end of the follow-up.

Effects of Intervention
Themedian duration of observation was comparable between the
IS+ group and the IS- group (780 [352, 915] days vs. 840 [630,
1290] days, p= 0.70). Log-rank tests did not reveal an association
between relapse and factors, such as gender, initial symptoms,
history of previous relapses, duration of disease before time 0,
antibody titer at time 0, highest MGFA classification, and length
of steroid use (Table 2).

The IS was also associated with a longer duration of remission
than steroid monotherapy (median 210 [0–480] days for steroid
monotherapy; data not available for the IS+ group since 12/14
patients remained stable; HR = 0.21, 95% CI,0.05–0.58, p =

0.03, Figure 2). This association remained statistically significant
after adjustment for age of onset, gender, relapse history, highest
MGFA, and accumulation of steroid application (HR= 0.23, 95%
CI,0.05–0.93, p = 0.04: Table 3). The proportion of patients in a
clinically stable state at 500 and 1000 days was higher with IS than

TABLE 2 | Log-Rank test of relapse and demographic characteristics.

Relapse

Name Median

survival time

95%CI Log-Rank p-value

Type of sex 0.61

Male 1,080 306.71 1853.29

Female 1,200 663.40 1736.61

Onset age 0.03*

<50 660.00 384.48 935.52

≥50 NAa

Onset symptom 0.52

Extraocular muscle 1,080 535.57 1624.44

Bulbar muscle or neck 810 0 1674.40

or facial muscle

Limb or trunk NAa

History of relapse 0.23

Yes NAa

No 1,080 716.20 1443.80

Highest MGFA 0.55

I 1,080b NA

II 1,200 431.46 1968.54

III 750 NAa

IV 660 203.18 261.78

V 810 345.36 133.10

IS therapy 0.02*

IS+ NAa

IS- 750 586.79 913.21

*With a significant difference; aUncountable because less than 50% of incidents occurred;
bonly 1 patient in this group and taking the maximum survival time.

with steroid monotherapy (500 days: 14/14 [100%] IS treatment
vs. 25/39 [64.1%] controls, p< 0.01; 1000 days: 13/14 [92.9%] and
15/39 [38.5%], p < 0.01).

Log-rank test revealed a weak association between age and
relapse, which disappeared after adjustment in the multivariable
Cox regression model (p = 0.06). The patients were grouped
according to antibody titer and a multiple Cox regression model
showed an HR = 1.02, (95% CI, 0.43–2.43, p = 0.96) for
relapse in the higher antibody titer group after adjustment.
There was no statistical difference between the higher and the
lower antibody titer group in age at onset, gender, duration
of disease, steroid therapy and IS therapy before enrollment
(Supplementary Table_e1).

Subgroup Analysis
Subgroup analyses are shown in Figure 3, in most of the
subgroups, IS use was shown to correlate with a reduction in
relapse events. Because of the small sample size in each subgroup,
interaction analyses were not performed. IS showed better
protection in subgroups with longer disease duration before
time 0 (>12 months) and MGFA classifications II-V; however,
it needs further study whether these results are statistically
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FIGURE 2 | Survival proportions of two groups. Log-rank test: p = 0.02. Tick marks indicate censored patients. IS+, IS combined with prednisone therapy; IS-,

prednisone monotherapy.

TABLE 3 | Cox regressiona: analysis for IS therapy and MG relapses.

Unadjusted Adjustedb

Group Relapse, n(%) HR(95%CI) P-value HR(95%CI) P-value

IS+ 2(14.3%) 0.21 (0.05–0.58) 0.03 0.23 (0.05–0.93) 0.04

IS- 22(56.4%) 1 (Reference) NA 1 (Reference) NA

aForward: LR; bCorrecting factors include age, gender, relapse history, highest MGFA,

and accumulated time of steroid use.

significant. Data analysis of other subgroups, such as gender,
age at onset, different forms of onset, different relapse histories,
and different antibody groups showed no association between
IS and relapse.

DISCUSSION

In this prospective cohort study of MuSK-positive patients with
MG, we observed that long-term IS treatment yielded a 78%
reduction in relapse events with a median follow-up of 816 (540,
1110) days. The most prominent AEs were granulocytopenia
(AZA-related, 1 case), hair loss (AZA-related, 2 female cases),

muscle cramps (TAC-related, 1 case, which disappeared after
dose adjustment), and transient elevation of aminotransferases
(4 cases, which disappeared after dose adjustment) during the
follow-up. In some early studies of oral medication for MG, TAC,
MMF, and AZA were discussed as potentially beneficial for MG,
with the greatest benefit being the asteroid-sparing effect (18–20).
However, the greatest drawback of the above studies is that the
types of antibodies studied were not elucidated. MG is a highly
heterogeneous group of autoimmune diseases and the subclass
to which the antibodies belong will directly affect the outcome
of the study; differences between MuSK-MG and AchR-MG in
response to immunomodulatory regimens were discussed by
several authors (3–5, 21, 22). Our prospective study was designed
to offer a new approach to reducing relapse in Chinese patients
with MuSK-MG.

Our study showed that 22/39 (56.4%) patients in the subgroup
with IS- experienced a relapse, with a significant decrease in
relapse events in the IS+ group (14.3%). The median time to
relapse in the IS- the group was 22.5 months, and the median
time to relapse could not be calculated for the IS+ group as
only 2 relapses occurred. Some previous literature did not discuss
steroid monotherapy separately from steroids in combination
with IS therapy for MuSK-MG, where the proportion of relapse
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FIGURE 3 | HRs for relapse in subgroup analysis. (a) Data of group IS- used as a reference. (b) Other muscle groups: bulbar muscles, facial muscles, limb muscles

and neck muscles are involved. (c) Three missing data points.

was 23 to 40% without subgrouping, and the median time to
relapse was 22 months (23, 24). The relapse rate in the IS+
group in this study was lower than that in published studies,
we speculated that it was due to the following mechanisms: 1)
it was related to the low-dose steroid maintenance therapy in
this study and 84.9% of the study subjects were unsuccessful in
discontinuing steroid at the end of follow-up; 2) the lower MGFA

of the enrolled patients compared to other studies, with 13.2%
MGFA-V in this study and a maximum of 47% in other similar
studies (23, 25).

It is increasingly recognized that MuSK-MG responded well
to steroid treatment, and traditional oral non-steroid IS is not
a substitute for long-term steroid maintenance therapy (26, 27);
our study showed similar results. Although long-term low-dose

Frontiers in Neurology | www.frontiersin.org 7 June 2022 | Volume 13 | Article 877895165

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Tan et al. Immunosuppressive Agents in MuSK-MG

steroid maintenance therapy cannot reduce relapse, it cannot be
excluded that it plays a role in the persistence of non-steroid IS.
In our study, there was a higher proportion of steroid therapy in
the IS+ group at time 0, and inconsistency between individuals
in the way steroids and IS were maintained and reduced, which
may lead to bias in our findings.

Previously, it was thought that MuSK antibody titers were
significantly correlated with disease severity and that MuSK
antibody titers could decrease as patients achieved remission
(27). We did not find a correlation between higher antibody
titers and the probability of relapse, and there were no significant
differences for various factors such as duration of steroid use,
the median time to relapse, steroid daily dose at the end of
follow-up, or MGC score and MG-ADL at the end of follow-
up between different antibody titer subgroups. We speculate that
antibodies may be a concomitant manifestation of the active state
of the disease.

Our cohort study showed that more than half of MuSK-
Patients with MG achieved minimal manifestation (MM) and
better at the end of follow-up (Table 1B), which is consistent
with the findings in a previous study [PIS-MM and better =

5/21(23.8%]) PIS-I = 13/21(61.9%)] (23). It is worth noting
that our study specified that IVIG or methylprednisolone pulse
therapy was only applied when the Man G crisis occurred, and
no patients had received PLEX or rituximab, which may have led
to a more conservative perception of the study results.

Our study has several limitations. Firstly, this is an
observational real-world study, randomization was not applied
to group patients, and the results could be biased by baseline
characteristics. Secondly, the number of patients enrolled is
smaller compared to the ideal model, which may introduce
additional bias to the study conclusion and subgroup analysis.
We should be more cautious in interpreting the results of data
analysis, and relevant findings need to be confirmed in future
studies involving a larger patient population. Thirdly, we cannot
exclude role for the steroid in the effect of IS. Finally, considering
the effects of non-steroid IS on women of reproductive age, the
pros and cons need to be weighed in practical application.

CONCLUSIONS

Our study adds to the current information available on MuSK-
MG treatment, which has been hampered by the small number
of studies and many methodological flaws, suggesting that non-
steroid IS use is the only factor associated with relapse. In
addition, we found that MuSK-MG with a longer duration and

a general manifestation (MGFA II and even severer MGFA) may
have a better response to treatment with non-steroid IS, which
was not reported in previous studies. Furthermore, we reviewed
this large cohort at our institution to evaluate the clinical course
and long-term outcomes of Chinese MuSK-MG populations. It is
hoped that a prospective randomized trial will be available in the
future to observe the efficacy and safety of IS in the treatment of
MuSK-MG and that the exploration of the specific mechanisms
of IS onset will be an important task to be addressed in the future.
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Background and Purpose: Myasthenia gravis (MG) is a T cell-dependent antibody-

mediated autoimmune disorder that can seriously affect patients’ quality of life. However,

few studies have focused on the severity of MG. Moreover, existing therapeutic efforts,

including those targeting biomarkers for MG, remain unsatisfactory. Therefore, it is vital

that we investigate the pathogenesis of MG and identify new biomarkers that can not only

evaluate the severity of the disease but also serve as potential therapeutic targets. Long

noncoding RNA LINC00680 has been found to be associated with the progression of a

variety of diseases as a competing endogenous RNA (ceRNA). However, the specific role

of LINC00680 in MG has yet to be clarified. Here, we aimed to investigate the association

between LINC00680 and the severity of MG.

Methods: Bioinformatics tools, quantitative real-time PCR, Western blotting, and

luciferase assays were selected to investigate key signaling pathways and RNA

expression in patients with MG. The Quantitative MG Score scale and the MG

Composite scale were used to evaluate the severity of MG in the included patients. Cell

viability assays and flow cytometry analysis were selected to analyze cell proliferation

and apoptosis.

Results: Compared with control subjects, the expression levels of LINC00680 and

mitogen-activated protein kinase 1 (MAPK1) in peripheral blood mononuclear cells of

patients with MG were both upregulated; the levels of miR-320a were downregulated.

A positive correlation was detected between LINC00680 expression and the severity of

MG. Luciferase reporter assays identified that LINC00680 acts as a target for miR-320a.

The in vitro analysis confirmed that LINC00680 regulates the expression of MAPK1 by

sponging miR-320a. Finally, the functional analysis indicated that LINC00680 promoted

Jurkat cell proliferation and inhibited cellular apoptosis by sponging miR-320a.

Conclusion: LINC00680 may be associated with the severity of MG as a ceRNA by

sponging miR-320a to upregulate MAPK1. These findings suggest that LINC00680 may
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represent a potential biomarker which evaluates the severity of MG and may serve as a

therapeutic target.

Keywords: LINC00680, severity, myasthenia gravis, competing endogenous RNA (ceRNA), biomarker

INTRODUCTION

Myasthenia gravis (MG) is a T cell-dependent antibody- and
complement-mediated autoimmune disease that affects the
function of neuromuscular junctions (1). The manifestation of
this disease is a fluctuating weakness of the skeletal muscles (2–4).
This weakness occurs proximally more often than distally and
can be localized or systemic. Furthermore, the eye muscles are
almost always affected by muscle weakness and are accompanied
by diplopia and ptosis (3). The most typical characteristic
of MG is that the weakness becomes more apparent with
exercise and a repeated use of the muscles (fatigue) and
varies at different times of day; in fact, strength is normal
in the morning and weaker in the afternoon or evening
(5). Various types of antibodies are involved, predominantly
acetylcholine receptor (AChR) antibodies, muscle-specific kinase
antibodies, and lipoprotein receptor-related protein 4 antibodies;
of these, acetylcholine receptor antibodies are themost important
(6). Anti-AChR antibody has a high-affinity and pathogenic
immunoglobulin G (IgG); the synthesis of this antibody requires
interaction between activated CD4+ T cells and B cells.
CD4+ T cells, and their related cytokines, are critical for
the progression of MG symptoms (7). Cytokines are crucial
to the production of autoantibodies and cellular immune
regulation of MG. Proinflammatory cytokines secreted by T-
helper 1 (Th1) cells, such as interleukin-2 (IL-2), interferon-γ
(IFN-γ), and tumor necrosis factor-α (TNF-α), are responsible
for the differentiation and growth of B cells that synthesize
immunoglobulin isotypes (7–10). In addition, IFN-γ can also
stimulate major histocompatibility complex (MHC) class II
molecule expression on the membrane of muscle cells, which
facilitates the presentation of muscle cells AChR (7). Some of
the cytokines secreted by Th2 cells, such as IL-4 and IL-10, are
vital factors that can also affect the differentiation and growth
of B cells and stimulate an immune response (11). According
to statistical surveys, the annual incidence of MG is 8–10 per
1 million people and the prevalence is 150–250 per 1 million
people (12).MG can have serious effects on the quality of patients’
life. Nevertheless, so far, there is a notable lack of biomarkers
to evaluate the clinical severity of MG; moreover, the efficacy
of clinical treatments is not satisfactory (13, 14). MG is still
associated with a high recurrence rate; the condition of many
patients continues to worsen over time (15). Therefore, it is
vital for us to investigate the specific mechanisms involved and
identify new biomarkers that not only can evaluate the severity of
MG but can also be used as therapeutic targets. Recent studies
have reported the fact that many non-coding RNAs (ncRNAs)
have been involved in the regulation of genes during the disease
process in the immune system and their role was quite vital (16).
This offers a new direction for identifying new markers for MG.

Long non-coding RNAs (lncRNAs), as a widely studied form
of ncRNA, are a type of RNA molecule with a length of no

<200 nucleotides and have no or little protein-coding function
(17). Studies have shown that lncRNAs exert regulatory functions
in a diverse array of biological processes, and in mechanisms
of disease; these effects are known to be associated with the
subcellular localization of lncRNAs. In general, cytoplasmic
lncRNAs mainly regulate posttranscriptional events, while
nuclear lncRNA modulates transcriptional processes (18, 19).
Studies suggest that lncRNA functions via three mechanisms:
interaction with other RNAs, interaction with chromatin, and
interaction with proteins (20). Furthermore, some studies have
also shown the fact that lncRNAs have been involved in the
occurrence and development of immune system disorders such
as multiple sclerosis (21), ankylosing spondylitis (22), and
systemic lupus erythematosus (23). Besides, it has been reported
that lncRNA IFNG-AS affects the activity of CD4+ T cells
by influencing HLA-DRB1 expression in MG (24). Another
study has shown that lncRNA XLOC_003810 promotes T-cell
activation and inhibits programmed death-1/programmed death
ligand-1 (PD-1/PD-L1) expression in patients with MG-related
thymoma (25).

Over the past few years, more and more studies have
investigated the dysregulation of the lncRNA-microRNA
(miRNA)-messenger RNA (mRNA) network according
to the competing endogenous RNA (ceRNA) theory. The
ceRNA studies have revealed a new mechanism for RNA–
RNA interactions, communication, and coregulation, in
which miRNAs can affect gene expression by binding to
mRNAs. The study has shown that miRNAs bind to partial
complementarity sequences within transcripts of target RNA by
miRNA recognition elements (MREs). Furthermore, lncRNAs
could regulate the activity of miRNAs on their target mRNAs by
acting as sponges for miRNAs via the MREs (26). As a ceRNA,
lncRNA competes with mRNA target to bind to miRNA so as
to reduce the inhibiting effect of miRNA on mRNA target in a
great diversity of diseases (27, 28). For example, the lncRNA JPX
transcript, XIST activator (JPX) was shown to upregulate the
Twist1 expression by sponging miRNA-33a-5p to regulate the
growth and metastasis of lung cancer (29). The lncRNA BCRT1
acts as ceRNA and regulates polypyrimidine tract binding
protein 3 (PTBP3) expression by targeting miR-1303 in breast
carcinoma (30). However, the specific effects of lncRNAs as
ceRNAs in MG are still largely unknown. LINC00680 is a newly
discovered lncRNA that is mainly localized to the cytoplasm
of cells, as determined by RNALocate (http://www.rna-society.
org/rnalocate/) (31). Indeed, an increasing body of evidence
now indicates that LINC00680 serves as a ceRNA and is related
to the development of a variety of carcinomas. For example,
LINC00680 activates AKT serine/threonine kinase 3 (AKT3)
by sponging miR-568, thus promoting stemness properties
and decreasing chemosensitivity in hepatocellular carcinoma
stemness (HCCs) (32). LINC00680 functions as a sponge of
miR-410-3p to enhance high mobility group box 1 (HMGB1)
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TABLE 1 | Characteristics of patients with myasthenia gravis (MG) and

healthy controls.

Characteristic MG

(n = 31)

control

(n = 31)

Age (y) 55.71±16.13 56.29 ±12.88

Gender (M/F) 13/18 15/16

Age of onset (y)

EOMG(≤ 50 y) 12 –

LOMG(>50 y) 19 –

AChR Ab (Positive/Total) 20/24 –

Thymoma

Yes 13 –

No 18 –

Subgroups

OMG 14 –

GMG 17 –

History of the disease No No

Infectious disease No No

Other associated active autoimmune diseases

Treatment in 1 month prior to consultation

Corticosteroids NO NO

Immunosuppressants No NO

Intravenous immunoglobulins No NO

Plasma exchange No NO

Among the 31 patients with MG, 24 patients had MG-related antibody test and 7 patients

refused MG-related antibody test.

expression to promote the progression of non-small cell lung
cancer (33). The specific role of LINC00680 in MG is still
not clarified.

In this study, we systematically identified the changes of
LINC00680 expression in patients with MG and compared the
expression with those from control subjects; this allowed us to
correlate expression changes with the severity of MG. Then,
we predicted the LINC00680-miR-320a-MAPK1 ceRNA network
through bioinformatics tools and by reviewing reliable studies.
Finally, biological experiments were designed to confirm the
existence of the LINC00680-miR-320a-MAPK1 ceRNA network.
Our results highlight the novel role of LINC00680 as a ceRNA
and show that this form of LINC00680 is associated with the
severity of MG by sponging miR-320a and upregulating MAPK1,
thus providing new insights into the specific roles of LINC00680
in MG.

MATERIALS AND METHODS

Patients and Clinical Data
In this study, blood samples were taken from a cohort of
patients with MG (n = 31; 18 women and 13 men) and
normal control volunteers (n = 31; 16 women and 15 men)
who attended the Second Affiliated Hospital of Harbin Medical
University. All the patients met the criteria for diagnosing
MG. We excluded patients with a history of infectious disease
and other associated active autoimmune diseases, patients

TABLE 2 | The primers used for real-time PCR.

Name Sequences

LINC00680 Forward primer (5
′

->3
′

) GTGGAACCTCAGGCATCCA

LINC00680 Reverse primer (5
′

->3
′

) TATACACAGAGAGGGAGAAAGAC

miR-320a Forward primer (5
′

->3
′

) AAAAGCUGGGUUGAGAGGGCGA

GAPDH Forward primer (5
′

->3
′

) GAGAAGTATGACAACAGCCTCAA

GAPDH Reverse primer (5
′

->3
′

) GCCATCACGCCACAGTTT

receiving treatment with corticosteroids, immunosuppressants,
intravenous immunoglobulins, or plasma exchange 1 month
before consultation, pregnant women, and patients with
psychiatric comorbidities or cognitive conditions that prevented
the measurement of the key parameters being evaluated. The
mean age of the MG group was 55.71 ± 16.13 years, while the
mean age of the control group was 56.29 ± 12.88 years. An
age of 50 years was used as a threshold to distinguish early-
onset MG (EOMG) (≤50 years) from late-onset MG (LOMG)
(>50 years). A part of the clinical data of all the patients and
healthy controls are shown in Table 1. The Ethics Committee
of the Second Affiliated Hospital of Harbin Medical University
approved this study. All the subjects provided written informed
consent. This study followed the provisions of the Declaration of
the World Medical Association in Helsinki.

Data relating to the age at onset, age, gender, and AChR
Ab were collected from all the subjects. Detailed neurological
examinations were performed using the Quantitative MG Score
(QMGs) scale and the MG Composite (MGC) scale. The detailed
information on the severity of patients with MG is shown in
Supplementary Table 1.

Clinical Samples
Peripheral blood was collected from all the subjects in a test
tube containing ethylenediaminetetraacetic acid (EDTA), and a
lymphocyte separation solution was used to distill mononuclear
cells from the peripheral blood mononuclear cells (PBMCs).
Then, the cells were kept in a refrigerator at −80◦C for
subsequent use.

Bioinformatics Analysis
StarBase v2.0 (http://starbase.sysu.edu.cn/) (34)
and DIANA-LncBase (http://carolina.imis. athena-
innovation.gr/diana_tools/web/index.ph) (35) were used to
predict the miRNAs that might bind to the identified lncRNA.
The Nervous System Disease NcRNAome Atlas (NSDNA)
prioritization tool (http://bio-bigdata.hrbmu.edu.cn/nsdna/
search.jsp) (36) was also used to identify specific miRNAs that
may be associated with MG.

RNA Extraction, Reverse Transcription,
and qRT-PCR
Trizol Reagent (Sigma Life Science, Darmstadt, Germany) was
selected to distill total RNAs from PBMCs referring to the
manual. The Transcriptor First Strand cDNA Synthesis Kit
(Roche, Basel, Switzerland) was selected to reverse-transcribed
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total RNA with corresponding primers referring to the manual;
this allowed us to detect the expression levels of LINC00680
and MAPK1. The miRcute Plus miRNA First-Strand cDNA
Kit (Tiangen Biotech, Beijing, China) was selected to reverse-
transcribed total RNA using corresponding primers and referring
to the manual for the subsequent detection of miR-320a
expression levels. The FastStar Universal SYBR Green Master
Kit (Roche, Basel, Switzerland) was then used to detect the
expression levels of LINC00680 and MAPK1 by quantitative
real-time PCR (qRT-PCR). The miR-320a expression level was
measured by qRT-PCR using the miRcute Plus miRNA qPCR Kit
and SYBR Green (Tiangen Biotech, Beijing, China). We choose
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), U6 was
used as an internal control, and target gene expression levels were
normalized by the 2−11CT method. The sequences of primers are
given in Table 2.

Cell Culture
Jurkat cells line and 293T cells line were both purchased from
the American Type Culture Collection (Manassas, VA, USA),
grown in a basic Roswell Park Memorial Institute (RPMI) 1640
medium (Thermo Fisher Scientific, Beijing, China) containing
10% serum of fetal bovine serum (Excell Bio, Suzhou, China) and
1% penicillin/streptomycin (Beyotime Biotechnology, Nanjing,
China), and cultured in a suitable incubator (37◦C, 5% CO2, and
saturated humidity). The fresh medium was used to replace the
old medium every 1 or 2 days according to the status of cell
growth; cells that were in the logarithmic growth stage were used
to conduct the subsequent experiments.

Cell Transfection
A negative control (NC), miR-320a mimics, and miR-320a
inhibitor were obtained from General Biol (Anhui, China)
and transfected into Jurkat cells using Lipofectamine R© 2000
(Invitrogen, Carlsbad, CA, USA) referring to the manual. Then,
a lncRNA Smart Silencer for human LINC00680 was purchased
from Ribobio (Guangdong, China). Lipofectamine R© 2000
was selected to transfect Jurkat cells with specific plasmids, as
described previously. The sense and antisense sequences for the
LINC00680 Smart Silencers were as follows: siLINC00680-1,
5
′

-TCCATTCATTGGGAAATCA-3
′

and 5
′

-AGGGCAGTGTG
GAGTGACA-3

′

; siLINC00680-2, 5
′

-CATGGACAATATCA
TAGTT-3

′

and 5
′

-CCTCAGCTCTCCATGGCTCT-3
′

; and
siLINC00680-3, 5

′

-AGTGTGGAGTGACAGGCACG-3
′

and
5
′

-AAGCATCCATTCATTGGGAA-3
′

. Cells were cultured in a
humidified atmosphere of 5% CO2 at 37

◦C. Total RNA was then
extracted from the transfected cells and analyzed by qRT-PCR to
assess the transfection efficiency.

Dual-Luciferase Reporter Assays and
Cell Culture
Established protocols were used to perform a dual-luciferase
reporter assay to investigate the binding activity between
LINC00680 and miR-320a in 293T cells. The binding
site for LINC00680 and miR-320a was predicted by the
bioinformatics website (http://starbase.sysu.edu.cn/). To
construct a LINC00680-WT luciferase reporter vector, we

cloned a fragment of LINC00680 that contains the predicted
binding site of miR-320a into the PHY-811 vector (Hanyi
Biotechnology, Shanghai, China). Next, we mutated the assumed
binding site for miR-320a in LINC00680, creating a vector
that we named LINC00680-MUT. The LINC00680-WT or
LINC00680-MUT vector was then transfected into 293T cells in
combination with negative control or miR-320a mimics using
Lipofectamine R© 2000. After 48 h of transfection, luciferase
activity was determined using a dual-luciferase reporting analysis
system (Promega, WI, USA) referring to the manual. Relative
luciferase activity was measured and normalized to renin
luciferase activity. These experiments were replicated three times
in total.

Western Blot Analysis
Protease inhibitors (Beyotime Biotechnology, Nanjing, China)
and radio immunoprecipitation assay (RIPA) buffer (Beyotime
Biotechnology, Nanjing, China) were used to distill total protein
from Jurkat cells. Total protein concentration was measured
using the Bicinchoninic Acid Protein Assay Kit (Beyotime
Biotechnology, Nanjing, China). Protein extracts were then
dissolved by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and then transferred onto polyvinylidene fluoride
(PVDF) membrane (Millipore, MA, USA) by a semidry transfer
way. Next, the membranes were blocked by a sealed liquid at
room temperature for 0.5 h and then washed with Tris-buffered
saline-Tween-20 (TBST). Then, the membranes were incubated
withMAPK1 (1:1,000) and GAPDH (1:1,000) primary antibodies
at 4◦C overnight. The following morning, the membranes were
washed with TBST and incubated with horseradish peroxidase-
labeled secondary antibody immunoglobulin G (IgG) (1:1,000)
for 2 h at room temperature. The PVDF membranes were then
rewashed in TBST, and the Enhanced Chemiluminescence (ECL)
Kit (Beyotime Biotechnology, Nanjing, China) was used to
visualize positive immunobinding. GAPDH was selected as the
internal control. These experiments were replicated three times
in total.

CCK-8 Assays
Cell Counting Kit-8 (CCK8) assays (Dojindo, Tokyo, Japan)
were selected to measure cell proliferation. Cells that have
been transfected with siLINC00680, negative control, and
siLINC00680, along with miR-320a inhibitor were grown at a
density of 1,500 cells/well in 96-well plates and incubated in
an atmosphere containing 5% CO2 at 37◦C and with saturated
humidity. Then, 10 µl of CCK-8 reagent was added to each well
at 24, 48, 72, and 96 h after transfection and incubated at 37◦C for
2 h. The absorbance at 450 nm was then detected from each well.
These experiments were repeated independently in triplicate.

Flow Cytometry Analysis
Cell apoptosis was determined with the Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) Apoptosis
Detection Kit (BD Biosciences, San Jose, CA, USA) in accordance
with the instructions. Jurkat cells were transfected with negative
control, siLINC00680, and siLINC00680, along with a miR-320a
inhibitor, and were cultured in a six-well plate at 5% CO2 at
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FIGURE 1 | Expression of LINC00680 in MG and its correlation with MG severity and onset age. (A) LINC00680 expression was investigated in 31 patients with MG

and 31 control subjects by real-time PCR (B) Correlation analyses between QMGs and LINC00680 expression in patients with MG (C) Correlation analyses between

MGC and LINC00680 expression in patients with MG (D) LINC00680 expression did not differ significantly between early-onset MG (EOMG) and late-onset MG

(LOMG) (**p < 0.01). MG, myasthenia gravis; QMGs, Quantitative MG score; MGC, Myasthenia Gravis Composite.

37◦C and with saturated humidity for 48 h. Subsequently, the
cells were collected and washed with phosphate-buffered saline.
Then, the cells were stained with annexin V-FITC and PI in the
dark and the stained cells were measured by flow cytometry
and analyzed by CellQuest software. These experiments were
repeated in triplicate.

Statistical Analysis
Experiments were replicated three times in total. SPSS software
version 23.0 and GraphPad Prism version 8.0 were selected for
statistical analyses. The continuous variables were shown asmean
± SD. Comparisons between the two groups were analyzed by
the Student’s t-test, and the multiple groups were analyzed by
ANOVA. We also performed Pearson’s correlation analysis. The
p-value <0.05 indicated statistical significance.

RESULTS

LINC00680 Was Upregulated in MG and
Was Associated With the Severity of MG
Quantitative real-time PCR (qRT-PCR) was selected to measure
the LINC00680 expression levels in PBMCs of patients
with MG and normal controls. Our results demonstrated
that LINC000680 expression of patients with MG was at
notably higher levels than that of normal controls (p <

0.01; Figure 1A). In addition, we investigated the association
between the expression of LINC00680 and the severity of
MG. There was a correlation between higher expression
levels of LINC00680 with higher scores on the QMGs (R2

= 0.335, p = 0.001; Figure 1B). Moreover, the LINC00680
expression levels were also correlated with the MGC score
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(R2 = 0.247, p = 0.004; Figure 1C). However, no obvious
difference was found between EOMG and LOMG with
regard to the expression levels of LINC00680 (p = 0.573;
Figure 1D).

Construction of a
LINC00680-miR-320a-Mitogen-Activated
Protein Kinase 1 Interaction Network in MG
We predicted 34 miRNAs associated with LINC00680 through
the DIANA-LncBase and 6 miRNAs associated with LINC00680
through the Starbase. We also identified 131 miRNAs that
were associated with MG from the NSDNA. We identified two
miRNAs at the intersection of these three sets of miRNAs; miR-
320a was one of these twomiRNAs (Figure 2A). A previous study
reported that miR-320a was not only downregulated in patients
with MG but was also mediated by the regulation of MAPK1
by directly targeting MAPK1 in Jurkat cells (1). In addition, the
targeting relationship between miR-320 and MAPK1 has been
verified by dual-luciferase reporter assays in a previous study (1).
Therefore, we selected miR-320a and MAPK1 to construct an
interaction network with LINC00680. In this study, the miR-320a
and MAPK1 expression levels were also analyzed by qRT-PCR in
patients with MG and normal controls. We discovered that miR-
320a was downregulated and MAPK1 was upregulated in MG
(p < 0.01, Figure 2B; p < 0.01, Figure 2C); these results were
consistent with the previous study (1). In addition, we detected
the association between the expression levels of miR-320a and
MAPK1 and the association between the expression levels of
LINC00680 and MAPK1 in patients with MG. We found that
there was a negative correlation between miR-320a and MAPK1
and a positive correlation between LINC00680 and MAPK1,
further confirming the interaction network we had identified
(R2 = 0.600, p < 0.001, Figure 2D R2 = 0.335, p = 0.001,
Figure 2E).

LINC00680 Represents a Target for
miR-320a
Bioinformatics analysis revealed that the LINC00680 sequence
contained a hypothetical miR-320a-binding region. To
investigate the relationship between miR-320a and LINC00680,
we transfected Jurkat cells with a miR-320a mimic. qRT-PCR was
selected to detect transfection efficiency (p < 0.01; Figure 3A).
The miR-320a overexpression inhibited the expression of
LINC00680 (p < 0.05; Figure 3B). To identify the precise
interaction between LINC00680 and miR-320a, we constructed
LINC00680 wild-type (WT) and LINC00680 mutant (MUT)
luciferase reporter vectors (Figure 3C). LINC00680-wt or
LINC00680-mut and miR-320a mimic or negative control
were co-transfected into 293T cells. Dual-luciferase reporter
assays demonstrated that the luciferase activity of LINC00680-
WT was repressed by the miR-320a mimic, although the
luciferase activity of the LINC00680-MUT was not affected
(Figure 3D). These findings indicated that LINC00680 is the
target of miR-320a.

LINC00680 Modulated MAPK1 Expression
by Sponging miR-320a
To detect whether LINC00680 regulates MAPK1 expression by
sponging miR-320a, we first transfected Jurkat cells with miR-
320a mimics or negative controls to determine the expression
levels of MAPK1 protein and mRNA by Western blotting
and qRT-PCR, respectively. qRT-PCR was selected to measure
the transfection efficiency of the miR-320a mimic (p <

0.01; Figure 3A). The analysis indicated that the miR-320a
overexpression reduced the MAPK1 expression at the mRNA
and protein levels (p < 0.01, Figure 4A; p < 0.01, Figure 4B),
which was consistent with the previous study (1). Then, we
transfected Jurkat cells with negative control, siLINC00680, and
siLINC00680, along with the miR-320a inhibitor. The MAPK1
mRNA and protein levels were then determined by qRT-PCR
and Western blotting. Analysis indicated that the knockout of
LINC00680 inhibited the MAPK1mRNA and protein expression
levels in Jurkat cells, while miR-320a inhibitors blocked the
siLINC00680-induced reduction in MAPK1 expression (p <

0.01, Figure 4C; p < 0.01, Figure 4D). These results revealed
that LINC00680 regulates the MAPK1 expression by sponging
miR-320a in a ceRNA manner.

LINC00680 Inhibited Apoptosis and
Promoted Proliferation by Sponging
miR-320a in Jurkat Cells
Since MG is a T-cell-dependent autoimmune disorder, the
proliferation and activation of T cells inevitably have a great
influence on the occurrence and development of MG. The
Jurkat cells were selected for the functional verification of
MG (37). To detect whether LINC00680 could affect the
proliferation and apoptosis of Jurkat cells by sponging miR-320a,
we transfected Jurkat T cells with negative control, siLINC00680,
and siLINC00680, along with a miR-320a inhibitor. Cell
apoptosis ability was then detected by an Annexin V/PI assay.
We found that the proportion of apoptosis increased significantly
following the knockdown of LINC00680 in the Jurkat T-cell line.
However, the addition of miR-320a inhibitors eliminated this
trend (Figures 5A,B). CCK8 assays were selected to measure
cell proliferation. Cell proliferation of the siLINC00680 group
was lower than that of the control group; cotransfection
with the miR-320a inhibitor reversed this effect (Figure 5C).
These results revealed that LINC00680 promotes Jurkat T-
cell proliferation and inhibits apoptosis by sponging miR-320a.
Collectively, our results indicated that LINC00680 could regulate
T-cell proliferation and apoptosis by sponging miR-320a and
that this process is related to the immunological pathogenesis
of MG.

DISCUSSION

Myasthenia gravis (MG) is an autoimmune disease that
seriously threatens the health and even life of patients by
causing muscle weakness. However, our ability to diagnose
and treat MG remains limited. Therefore, it is vital for us
to identify new biomarkers that can determine the severity
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FIGURE 2 | Construction of a LINC00680-miR-320a-mitogen-activated protein kinase 1 (MAPK1) interaction network for MG. (A) Venn diagram showing the

overlapping target genes of LINC00680 associated with MG that was predicted using the Starbase v2.0, DIANA-LncBase, and the Nervous System Disease

NcRNAome Atlas (NSDNA) databases (B,C) miR-320a expression and MAPK1 messenger RNA (mRNA) expression were examined in 31 patients with MG and 31

control subjects by real-time PCR (D) Correlation analyses between MAPK1 messenger RNA (mRNA) expression and miR-320a expression in patients with MG (E)

Correlation analyses between MAPK1 mRNA expression and LINC00680 expression in patients with MG (**p < 0.01).

of MG and serve as effective therapeutic targets. However,
biomarkers that meet all the required criteria have yet to
be identified. MG has a complex pathogenesis that involves
genetic, immune, and environmental factors; collectively, these
factors are strongly linked to the susceptibility and development
of MG. In recent years, the involvement of lncRNA, as a
ceRNA, in the occurrence and development of various diseases
has attracted increasing levels of attention. For instance, the
lncRNA metastasis associated lung adenocarcinoma transcript 1
(MALAT1) has been shown to act as a ceRNA and regulates the
IL-6 expression by sponging miR-1, thus affecting the severity
of normal-tension glaucoma (38). These findings improved
our understanding of the molecular mechanisms involved and
provided a new perspective on how we might identify new
biomarkers for MG.

In this study, we systematically detected the potential
significance of LINC00680 in MG, which had never been
investigated before. Our data displayed that the LINC00680
expression was observably upregulated in MG when
compared with controls. When we further investigated the
association between the LINC00680 expression levels and

the MGC score and the QMG score and between EOMG
and LOMG, we found that the LINC00680 expression
levels were positively correlated with the MGC and QMG
scores; no obvious difference was found between EOMG
and LOMG.

Based on these results, we further explored the potential
molecular mechanisms underlying the ability of LINC00680
to regulate MG. Bioinformatics analysis predicted that miR-
320a may be the miRNA that targets LINC00680 in MG. As
a member of the miR-320 family, miR-320a is located on
human chromosome 8p21.3 and is closely related to disease
progression, tumor invasion, and metastasis (39, 40). The
expression of miR-320a was various in different diseases. For
example, miR-320a was downregulated in cholangiocarcinoma
(41), but it was upregulated in hepatocellular carcinoma (42). It
has been reported that miR-320a expression was downregulated
in patients with MG (1). Therefore, miR-320a was selected
for further analysis. By reviewing the literature, we also found
that MAPK1 is a target for miR-320a. Meanwhile, miR-320a is
verified to regulate the secretion of MAPK1 in Jurkat cells (1).
We also discovered that miR-320a overexpression reduced the
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FIGURE 3 | LINC00680 is a target of miR-320a. (A) The transfection efficiency of the miR-320a mimic was detected by real-time PCR (B) The relative expression

levels of LINC00680 transfected with miRNA NC or the miR-320a mimic in Jurkat cells for 48 h were detected by real-time PCR (C) The putative miR-320a binding

sequence of the wild-type and mutated sequence of LINC00680 (D) A luciferase reporter plasmid containing LINC00680-WT or LINC00680-MUT was co-transfected

with the miR-320a mimic or miRNA NC into HEK293T cells for 48 h. Luciferase activities were calculated as the ratio of Firefly/Renilla activities (*p < 0.05, **p < 0.01).

MAPK1 mRNA and protein expression levels in Jurkat cells.
Then, we detected the miR-320a expression and the MAPK1
expression by qRT-PCR in patients with MG and normal
controls. We detected a significant downregulation of miR-320a,
along with a significant upregulation of MAPK1, in patients
with MG. These discoveries were all consistent with the past
publication (1). Moreover, we also found that there was a
positive correlation between LINC00680 expression and MAPK1
expression. Therefore, we assumed that LINC00680 regulates
the miR-320a/MAPK1 axis as a ceRNA to affect the severity
of MG.

To further verify the existence of the LINC0680/miR-
320a/MAPK1 axis, we carried out several experiments in
vitro. First, we transfected miR-320a mimic into Jurkat cells
and found that the transfection with miR-320a reduced the
expression of LINC00680 in Jurkat cells. Then, luciferase reporter
assays were selected to affirm that LINC00680 is a direct
target of miR-320a. Finally, we transfected negative control,

siLINC00680, and cotransfected siLINC00680 and miR-320a
inhibitor into Jurkat cells, respectively. We found that the
knockout of LINC00680 inhibited MAPK1 expression at
both the protein and mRNA levels; however, these effects
could be reversed when Jurkat cells were cotransfected
with siLINC00680 and miR-320a inhibitor. In addition, cell
proliferation ability and apoptosis ability analysis indicated
that the knockdown of LINC00680 could not only inhibit
cell proliferation but also promote cell apoptosis. However,
these effects could also be reversed by the cotransfection of
siLINC00680 and miR-320a inhibitors into Jurkat cells. These
results indicated that lncRNA LINC00680 regulates MAPK1
through competitively binding miR-320a as a ceRNA. These
findings increase our knowledge of the specific mechanisms
underlying MG.

Mitogen-activated protein kinase 1 (MAPK1) is a vital
member of the MAPK family. The activation of MAPK is
closely related to the transcription and translation of cytokines
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FIGURE 4 | LINC00680 regulated MAPK1 expression by binding miR-320a as a competing endogenous RNA (ceRNA). (A) The relative mRNA levels of MAPK1 were

determined by real-time PCR after transfection with negative control or miR-320a mimic in Jurkat cells for 48 h (B) Relative protein expression levels of MAPK1 were

determined by Western blotting after transfection with negative control or miR-320a mimic in Jurkat cells for 48 h (C) Relative mRNA levels of MAPK1 were

determined by real-time PCR analysis after transfection with negative control, siLINC00680, and siLINC00680 + miR-320a inhibitor in Jurkat cells for 48 h (D) Relative

protein expression levels of MAPK1 were determined by Western blotting after transfection with negative control, siLINC00680, and siLINC00680 + miR-320a

inhibitor in Jurkat cells for 48 h (**p < 0.01).

(43). Furthermore, MAPK signaling pathways are essential
for the synthesis and amplification of inflammatory factors
(44). These inflammatory factors have been indicated to have
a significant function in the immunological pathogenesis of
MG (45). A study has shown that IL-2 could affect the
pathogenesis of MG (46). It has also been reported that
IFN-γ could affect the severity of experimental MG (14).
A previous study has shown that miR-320a can repress the
production of IFN-γ and IL-2 by directly inhibiting MAPK1

expression in MG (1). Therefore, these findings confirm that
LINC00680 may affect the severity of MG by regulating the
miR-320a/MAPK1 axis.

This is the first study to investigate the association between
the LINC00680 expression and the severity of MG and,
therefore, demonstrate the biological function and molecular
mechanisms of LINC00680 in MG, which regulates the
expression of MAPK1 by sponging miR-320a. However,
several limitations to this study need to be addressed. First,
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FIGURE 5 | LINC00680 inhibited apoptosis and promoted proliferation by sponging miR-320a. (A) After transfecting negative control, siLINC00680, or siLINC00680

+ miR-320a inhibitor for 48 h, Jurkat cells were stained with Annexin-V-FITC/propidium iodide (PI) and apoptosis was detected by flow cytometric analysis (B) The

apoptosis rate of Jurkat cells after transfecting negative control, siLINC00680, or siLINC00680 + miR-320a inhibitor for 48 h (C) Cell proliferation was analyzed by Cell

Counting Kit-8 (CCK-8) assays after transfecting negative control, siLINC00680, or siLINC00680 + miR-320a inhibitor into Jurkat cells for 24, 48, 72, and 96 h (**p <

0.01).

the sample size of this study is not large enough and a
larger sample size is needed to further confirm the results
of this study. Second, more recovery experiments should
be added to further confirm that LINC00680 sponges
miR-320a affected T-cell proliferation and apoptosis by
regulating MAPK1.

CONCLUSION

Our data demonstrated that LINC00680 may be associated with
the severity ofMG and act as a ceRNA. In this study, we identified
LINC00680 as a new biomarker for the diagnosis, development,
and treatment of MG.
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