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Editorial on the Research Topic

New perspectives in the treatment of myasthenia gravis

Myasthenia gravis (MG) is a chronic autoimmune disorder characterized by fatigable

muscle weakness. The disease is very heterogeneous in terms of clinical manifestations

depending on the muscle group involved, which includes the ocular, bulbar, limb and

respiratory muscles. It is also complex from an immunological point of view. Anti-

acetylcholine receptor antibodies are the most common, but anti-MuSK, anti-LRP4 or

even seronegative patients can also be found. In approximately 5% of patients, no

antibodies are detected (seronegative MG). Thymic abnormalities are frequent, mainly

hyperplasia or thymoma, but there are patients with a normal thymus. Treatment includes

acetylcholinesterase inhibitors, immunosuppressive and immunomodulatory drugs and

thymectomy. Early diagnosis and appropriate management are essential to optimizing

outcomes and quality of life for individuals with this condition.

In recent years our understanding of the physiopathology of the disease has led

to new treatment strategies. The anti-CD20 monoclonal antibody rituximab was the

first treatment used in the early 2000. In 2017, the first complement inhibitor, which

prevents antibody-mediated complement activation and damage at the neuromuscular

junction was approved for clinical use. Subsequently, these were followed by neonatal Fc

receptor (FcRn) antagonists, which induce the catabolism of IgG (including pathogenic

MG autoantibodies) by lysosomal degradation and reduce its extracellular concentration.

This Research Topic aims to provide an overview of these emerging treatment strategies

for MG. The authors discuss the underlying pathophysiological aspects of these agents.

Clinical trials and observational studies are reviewed, describing the efficacy outcomes

and safety profile of these drugs. These drugs are a new hope for MG patients, especially

for drug-refractory patients. In parallel, a case report showing a refractory patient in

myasthenic crisis and her response to efgartigimod is included. Myasthenic crisis patients

are not usually included in clinical trials, and information about treatments that are useful

to this subset of patients is important.

This Research Topic includes original research. Two articles studied the current

treatment strategies to improve MG. The first described the therapeutic and prognostic

features of MG patients followed in a tertiary neuromuscular disease center in Turkey.
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Interestingly, they found that the use of corticosteroids was more

common in patients younger than 50 years, and the use of non-

steroidal immunosuppressant drugs was more common over the

age of 50. In keeping with this, the second study evaluates treatment

modalities for early-onset (<50 years of age) and late-onset MG

(≥50 years of age). Although similar strategies and treatment-

related adverse events were found, corticosteroid-related adverse

events appeared to differ between groups, with hypertension,

hypercholesterolemia, diabetes mellitus and malignancies being

more common in late-onset MG patients. As MG can occur at any

age, these findings may help in the selection of treatment options

for our patients.

Thymectomy has been used to treat MG patients both with

and without thymoma. However, new, limited surgical techniques

have increased in popularity in recent years. A study showing

the benefits of video-assisted thoracoscopic thymectomy (VATS)

is included in this Research Topic. Patients undergoing VATS

thymectomy had lower rates of intra-surgery and post-surgery

complications, reduced morbidity, a shorter postoperative hospital

stay, and a favorable impact on MG symptoms, both immediately

post-surgery and in the long term, in addition to lower rates

of local and distant thymoma recurrence when compared to

patients undergoing sternotomy thymectomy. This work supports

VATS thymectomy as the recommended surgical technique for

thymic resection.

Another topic of great interest to neurologists treating MG

patients is myasthenic crisis. This Research Topic includes a

pilot study that used routine, cost-effective and widely available

laboratory parameters related to inflammation and hemograms to

identify potential risk factors for myasthenic crises. The results

of this study provide proof of the concept that elevated basophil,

neutrophil, leukocyte, and platelet counts may be associated with

a higher risk of developing myasthenic crisis in MG patients.

These potential biomarkers, together with clinical data, may help

to individualize treatment strategies.

Finally, a bibliometric analysis of the characteristics of MG

publications over the last 20 years was included by mapping

the scholarly contributions of various countries or regions,

institutions, journals, and authors in the field of MG. The close

collaboration between countries and institutions was remarkable.

This study also explored future trends and prospective directions,

emphasizing individualized treatment based on subtypes, novel

immunotherapeutic approaches, and thymectomy, all of which are

featured topics in the current Research Topic.

Overall, this Research Topic aims to improve knowledge

of current and emerging therapies for the treatment of MG,

while stimulating research into unanswered questions. The new

drugs are likely to change the current strategy for treating MG

patients. Moreover, our increased knowledge of physiopathology

will improve the selection of therapies for each subgroup of MG

patients. When, how, and who to treat with each therapy is the

burning question- we are closer to finding the answer.
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Therapeutic and prognostic 
features in myasthenia gravis 
patients followed in a tertiary 
neuromuscular diseases center in 
Turkey
Aylin Yaman 1* and Fatma Kurtuluş Aydın 1,2

1 Neurology Department, Antalya Training and Research Hospital, Antalya, Türkiye, 2 Ankara Etlik City 
Hospital, Ankara, Türkiye

Introduction: In this study, we  aim to evaluate the treatment responses and 
prognostic characteristics of Myasthenia Gravis (MG) patients followed in a tertiary 
neuromuscular diseases center in Turkey.

Methods: One hundred seventy four MG patients (between years 2011 and 2022) 
in Antalya, Turkey were diagnosed, and evaluated on a classification of MG was 
based on Myasthenia. Gravis Foundation of America (MGFA) clinical classification. 
Exclusion of other possible diseases in the differential diagnosis and support by 
beneficial response to treatment with acetylcholinesterase inhibitors were also 
taken into consideration.

Results: Mean age of participants was 54.86 (SD  =  14.856; min-max  =  22–84). 
Ninety (51.7%) were female. MG was more common in women under the age 
of 65 (58%) and in men over the age of 65 (64%). Generalized MG was seen in 
75.3% of the patients. Anti-AChR positivities were detected in 52.3%, Anti-MuSK 
positivity in 4.6%, and seronegativity in 22.4%. Thymoma was detected in nearly 
9.8% and thymectomy was performed in 28.7 percent. Most of the patients (57.5%) 
were using corticosteroids. Azathioprine was used by 39% and mycophenolate 
mofetil by 10.3% of patients. Mortality was higher and disease was more severe in 
late-onset (>50  years) MG patients (especially in the COVID-19 pandemic). Eight 
patients (four women, four men, mean age 75.5  years) died during follow-up. 
None of them died due to myasthenic worsening, two died due to malignancy and 
two due to infection. During the COVID pandemic, 16 patients (9.2%) had COVID 
infection. Four patients died due to COVID-19 infection, these four patients had 
serious comorbidities, and three of them were elderly (>75  years).

Conclusion: In conclusion, MG is more common in women between the ages of 
20–40 and in men over the age of 65. The use of corticosteroids was more common 
under the age of 50, and the use of non-steroidal immunosuppressant agents was 
more common over the age of 50. Thymectomy is still an important supportive 
treatment approach in anti-AChR positive and seronegative generalized patients 
under 50  years of age. IVIG and plasmapheresis are effective treatments during 
acute exacerbations and bridging periods of treatments. Specific treatments are 
needed especially for resistant group of patients.

KEYWORDS

myasthenia gravis, treatment, autoantibodies, thymectomy, COVID-19, Turkey, 
electromyography
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Introduction

Autoimmune Myasthenia gravis (MG) is the most common 
disease affecting the neuromuscular junction in skeletal muscles (1), 
which is an antibody-mediated disease. The main finding of the 
disease is fluctuating muscle weakness, especially in ocular, bulbar, 
respiratory and extremity muscles (2). The number of patients 
diagnosed with MG is increasing all over the world, and its prevalence 
is approximately 12.4 per 100,000 (3). MG is more common in women 
aged 20–40 years, and more common in men over 50 years of age.

Autoantibodies against acetylcholine receptors (AChR) are 
present in most patients, while autoantibodies against muscle specific 
kinase (MuSK), low-density lipoprotein receptor-related protein 4 
(Lrp4), and agrin can be found less frequently.

MG may be classsified based on clinical manifestations (ocular or 
generalized), age of onset (before 50 years and after 50 years), antibody 
status (anti-AChR, anti-MuSK, anti-LRP4, seronegative) and thymus 
pathology (normal/atrophic thymus pathology, thymic hyperplasia 
and paraneoplastic occurrence associated with thymoma).

In generalized MG, anti-AChR antibody positivity is 80%–85% 
and anti-MuSK antibody positivity is around 4%–5% (2).

Presence of thymoma is seen in 10%–15% of cases. It is thought 
that the patients who are seronegative for both antibodies, who do not 
have thymoma have a milder clinical picture, and those who are 
associated with thymoma, who have a late onset (>50 years) and who 
are anti-MuSK antibody positive have a more severe clinical picture 
(3). Anti-MuSK positive disease is more frequently seen in young 
women, and it progresses more severely and more frequently with 
bulbar involvement (4). It is estimated that up to 60% of ocular-onset 
cases will evolve to the generalized form within the first 2 years. Anti-
AChR antibody is positive in approximately 50% of cases with ocular 
MG, anti-MuSK antibody positivity is much rarer (3%–4%). Ocular 
MG patients who are seronegative for both antibodies are much less 
likely to develop the generalized form than those who are antibody 
positive. There are studies that have found that late-onset ocular MG 
cases are more likely to be generalized (5).

MG has turned historically from a disease with a poor prognosis 
to a well-managed and treatable disease in recent years, with the 
widespread use of immunosuppressive and immunomodulatory 
therapies, the use of thymectomy in appropriate patients, and close 
patient follow-up. However, there are cases that are resistant to 
treatment, albeit at a low rate. By the 2000s, the mortality of the 
disease has decreased significantly (3%–4%).

Respiratory failure seen with myasthenic crisis is the leading cause 
of death (6, 7).

In this study, we aimed to reveal the treatment responses and 
prognostic characteristics of MG patients followed in a tertiary 
neuromuscular diseases center in Turkey.

Materials and methods

This cohort includes all the autoimmune MG patients who had 
been followed-up in tertiary neuromuscular diseases center in 
Ministry of Health Antalya Education and Research Hospital between 
the years 2011 and 2022 in Antalya, Turkey.

One hundred seventy four patients were included to the study. 
Diagnosis was based on the muscle weakness or fatigue confirmed in 

examination, antibody testing, electrophysiological tests consistent 
with neuromuscular transmission impairment, chest images to detect 
the thymic pathologies.

EMG tests included repetitive nerve stimulations and 
jitter measurements.

Exclusion of other possible diseases in the differential diagnosis 
and support by beneficial response to treatment with 
acetylcholinesterase inhibitors were also taken into consideration.

Myasthenia Gravis Foundation of America (MGFA) clinical 
classification was used for the documentation of clinical severity at the 
time of application. MGFA-Post Intervention Status (PIS) was used as 
an outcome measure (8).

The adverse effects of corticosteroids (CS), which are the most 
commonly used agents in the treatment of MG, were defined as “mild” 
and “serious”. Mild adverse effects were accepted as effects like mild 
weight gain and glucose intolerance; severe adverse effects were 
accepted as severe weight gain, cushingoid appearance, vertebral 
fracture, cataract formation, glaucoma, femoral head avascular 
necrosis, osteoporosis, overt diabetes, neuropsychiatric disturbances 
etc. In maintenance use, low dose was accepted as below 20 mg/day 
for methyl-prednisolone and below 25 mg/day for prednisolone.

Refractory MG is defined as ‘PIS is unchanged or worse after CS 
and at least 2 other immunosuppressive agents, used in adequate doses 
for an adequate duration, with persistent symptoms or side effects that 
limit functioning, as defined by patient and physician’ (9).

Ethics committee approval was obtained. It was obtained from the 
ethics committee of Antalya Training and Research Hospital.

Statistical analysis was performed as follows: non-parametric tests 
were used for data showing ordinal and quantitative distribution, and 
parametric tests were used for data showing continuous distribution. 
Alpha was accepted as 0.05 as the significance level.

Results

The mean age of participants was 54.86 (SD = 14.856; 
min-max = 22–84; n  = 174). Ninety (51.7%) were female and 84 
(48.3%) were male. Ninety nine (56.9%) of the patients were above 50 
and 43 (24.7%) of them were above 65 years of age. MG was more 
common in women under 65 years of age (n = 76; 58%) and in men 
over 65 years of age (n = 29; 64%) (p < 0.05). The mean duration of 
their diseases was 7.21 (SD = 7.055; min-max = 1–37) years. The mean 
follow-up duration of patients was 4.84 (SD = 2.748; min-max = 1–11) 
years, median follow-up was 5 years. Patients under 65 years of age had 
longer duration of illness (mean = 7.93; SD = 7.604; n  = 131 vs. 
mean = 5.02: SD 4.421; n = 43) (p < 0.05). Sole ocular involvement was 
evident in 43 (24.7%) and generalized involvement in 131 (75.3%) 
patients. Anti-AChR positivity was detected in 91 (52.3%), Anti-
MuSK positivity in 8 (4.6%), seronegativity in 39 (22.4%) patients. 
Since the anti-MuSK antibody level cannot be  measured in the 
hospital laboratory and examination outside the hospital is not 
covered by the general insurance, 35 (20%) of patients were found to 
be anti-AChR antibody negative and anti-MuSK antibody status of 
these patients was not known. These patients were excluded from the 
analysis when determining the disease characteristics and outcome of 
anti-AChR positive vs. anti-MuSK positive vs. seronegative patients. 
Anti-AChR antibody (n = 58; 64%) was more common at the age of 
50 and over, and anti-MuSK positivity was more common in women 
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(n = 7; 88%) under the age of 50 (n = 7; 88%). Anti-titin antibody was 
positive in one patient (Anti-titin antibody was not investigated in the 
rest of the patients). No paraneoplastic etiology was found in this 
patient. In generalized form, anti-AChR antibody (n = 73; 57% vs. 
n  = 18; 42%) was higher than anti-MuSK (n  = 8; 6% vs.0) and 
seronegativity (n = 11; 26% vs. n = 28; 22%) was found to be lower 
(p  < 0.05), when compared to ocular form. Under 50 years of age 
(clinical ocular, n = 16; 21%; clinical generalized, n = 59; 79%) and 
above (clinical ocular, n = 27; 28%; clinical generalized, n = 72; 72%) 
in terms of clinical features, there was no difference between groups 
(p > 0.05). Seventeen (9.8%) patients had thymoma. Thymectomy was 
performed in 50 (28.7%) patients. Pathological evaluation revealed 
benign results in 37 (21.3%), malign thymoma in 10 (5.7%) patients, 
and pathology records could not be reached in 3 (1.7%) patients (they 
declared the result as benign). There was no difference between the 
age of 50 and older in terms of the presence of thymoma (p > 0.05). 
Thymic hyperplasia (n  = 11; 48%) was more common in patients 
under 50 years of age (p  < 0.05). Thymectomy (n  = 37; 76%) was 
performed more frequently in patients under 50 years of age (p < 0.05).

The summary of patients’ demographic and disease characteristics 
are shown in Table 1.

Thymus pathologies were found to be more benign (n = 31; 84%) 
in patients under 50 years of age (p < 0.05). Most of the patients used 
CS (n  = 101; 57.5%) alone or in combination with other 
immunosuppressants. Short-term (<6 months) CS use was present in 
36 (20.7%) and long-term (>6 months) use in 65 (37.4%) patients. 
Most chronic CS users (n = 98; 56.3%) used low dose and remaining 
(n = 3; 1.7%) used high dose. Mild adverse effects were reported in 36 
(20.7%), severe in 8 (4.6%) of the patients.

Azathioprine (AZA) was used by 68 (39%) patients. 
Mycophenolate mofetil (MM) was used by a total of 18 (10.3%) 
patients; in 17 (25% of AZA users) of these patients, AZA was 
prescribed as first-line steroid sparing immunosuppressive agent, but 
they switched from AZA to MM because of adverse effects. Mostly 
these adverse effects were the persistent elevation of liver enzymes 
more than twice the normal levels or neutropenia, which normalized 
after discontinuation of the drug. Only in one (1.5% 0f AZA users) of 
the patients, a 67 years old female, severe AZA-induced neutropenia 
developed lasting about 2 weeks, she was hospitalized and followed-up 
with hematology clinic, and finally her values returned to normal. Two 
months later, MM was prescribed, she is under MM treatment with 
good response and no adverse effects for 5 years. In the remainder of 
the patients who developed AZA-related adverse events, the effects 
were transient and resolved with drug discontinuation.

There were no remarkable side effects in patients using MM.
Intravenous immunoglobulin (IVIG) was used in 96 (55.2%) 

patients. Most had a shorter term (<6 months), 22 (12.6%) longer term 
(≥ 6 months) IVIG use, and 4 (2.3%) patients who are refractory to 
single or combination immunosuppressant treatment or with 
unacceptable side effects, need IVIG as a maintenance treatment with 
other immunosuppressive agents. Three of these refractory patients 
are currently under low dose oral CS, MM and IVIG treatment. One 
of the refractory patients has also rheumatoid arthritis diagnosis, 
using another immunosuppressive agent, CS and IVIG. Two of these 
refractory patients were anti-AChR positive and two of them were 
seronegative, three of them were above 50 years, one was below 
50 years. All four of them continue their lives with mild to 
moderate symptoms.

Only in one (1% of IVIG users) patient, a potentially serious side 
effect, unstable angina pectoris and temporary elevation of troponin 
was observed due to IVIG.

Patients under 65 years of age had more CS (n = 46; 63% vs. 
n = 18; 42%), less AZA (n = 40; 31% vs. n = 30; 70%) and less IVIG 
(n = 63; 50% vs. n = 33; 77%) (p < 0.05). AZA use increased with 
increasing age (n  = 70; mean = 59.09; SD = 17.709 vs. n  = 102; 
mean = 47.12; SD = 16.486) (p < 0.05). AZA use (n = 51; 52% vs. 

TABLE 1  Patients’ demographic and disease characteristics.

Category

Mean (SD; min-max)

Age 54.9 (14.8; 22–84)

Mean duration of disease 7.2 (7.0; 1–37)

Mean follow-up duration 4.8 (2.7; 1–11)

Number (percentage)

Female 90 (52%)

Male 84 (48%)

≥ 50 years Female 40 (44%)

<50 years Female 50 (56%)

≥ 50 years Male 61 (73%)

<50 years Male 23 (27%)

Ocular MG 43 (25%)

Generalized MG 131 (75%)

Anti-AChR + 91 (52%)

Anti-MuSK + 8 (5%)

Seronegative 39 (22%)

Patients underwent thymectomy 50 (29%)

Patients under the age of 50 who had thymectomy 37 (76%)

Patients with thymoma 17 (10%)

MGFA at the time of application

I 46 (26%)

II 14 (8%)

IIA 26 (15%)

IIB 41 (23%)

IIIA 12 (7%)

IIIB 22 (13%)

IVA 2 (1%)

IVB 11 (6%)

MGFA-PIS at the last visit

Complete stable remission 1 (1%)

MM-0 13 (7%)

MM-1 35 (20%)

MM-2 56 (32%)

MM-3 51 (29%)

Change in status, improved 10 (6%)

Change in status, unchanged 8 (5%)

MGFA, Myasthenia Gravis Foundation of America (Clinical classification of MG); MGFA-
PIS, MGFA Post-Intervention Status, MM, Minimal Manifestations.
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n = 19; 26%) was more common in patients over 50 years of age 
(p < 0.05).

CS use (n  = 57; 76% vs. n  = 43; 44%) was found to be  more 
common under the age of 50 (p < 0.05).

Plasmapheresis was used in 11 (6.3%) patients 
during exacerbations.

There was no difference in terms of hospitalization in the intensive 
care unit between the groups under 50 years old and over (p > 0.05). 
In terms of myasthenic crisis, there was no difference between the 
groups under 50 years old and over (p > 0.05).

Seven (4%) patients used Rituximab (RTX), four of them were 
anti-MuSK and three were anti-AChR positive patients. Six of these 
patients had a favorable response to RTX, one anti-AChR positive 
patient did not respond well. No significant adverse effect was 
observed due to RTX.

Remaining four of the anti-MuSK positive patients are clinically 
stable under quite low dose of CS, and did not need another 
immunosuppressant agent.

During the follow-up, eight patients (4 females, 4 males, mean age 
75.5) died. None of them died because of myasthenic worsening. Two 
of the patients died due to malignancy and two due to non-COVID 
infection. Four patients died due to COVID-19 infection; these four 
patients had serious co-morbidities, and three of them were elderly 
(>75 years).

One hundred fifty six (89%) patients were in complete stable 
remission or, mostly, minimal manifestations state according to 
MGFA-PIS classification (detailed clinical status information is given 
in Table 1). There was no difference in clinical status between patients 
younger than 50 years of age and older (p > 0.05).

The distribution of treatments is shown in Table 2.

Discussion

According to our findings, MG was more common in women 
under 65 years of age (n = 76; 58%) and in men over 65 years of age 
(n  = 29; 64%) (p  < 0.05). This is compatible with the literature, 
supporting the bimodal distribution of the disease (2, 10, 11). In the 
study conducted by Mercelis et al. including a single center in Belgium, 
women were slightly more than men (53%) (12). In another study 
(1,060 patients with MG and covering the years 1980–2008), it was 
found that, the disease started in 66% of men and 42% of women at 
the age of >50 years (13). Grob et al. reported that MG can occur at 

any age, but it is more common in women (14). Findings of all these 
studies show similarities to the gender distribution of our patients. 
There are some explanations why it is more common in women at an 
early age. It is thought that sex hormones may particularly affect the 
production of antibodies (15, 16). Additional findings related to 
female patients in our study were that, apart from being younger, they 
had MG for a longer period of time and they needed thymectomy 
more frequently.

Frequencies of generalized and ocular forms of disease in our 
patient group showed no significant difference between early and late 
onset subgroups (>50 and < 50 years of age).

In our study, Anti-AChR antibody positivities were detected in 
52.3% of the patients, Anti-MuSK antibody positivity in 4.6%, and 
seronegativity in 22.4%. Anti-AChR antibody (n = 58; 64%) positivity 
was more common at ≥ 50 years of age, while anti-MuSK positivity 
was more frequent at <50 (88%) years and in women (88%).

The prevalence of anti-MuSK positive MG varies from country 
to country. It is low in Northern Europe and rises towards the 
Mediterranean. In Japan, the prevalence of anti-MuSK antibodies 
was reported to be 2–3%. Four of the total 8 Anti-MuSK positive 
patients (100% women <50 years old and 50% of all Anti MuSK 
positive cases) in our group, showed good clinical course with low 
dose steroid, in these cases no interventions such as non-steroidal 
immunosuppressant use or long-term IVIG use were required. 
Although our patient group is small in number, it is not consistent 
with the general impression that anti-MuSK positive cases have 
more severe clinical course (5).

In a study conducted in 13 European countries, the prevalence of 
seronegative MG cases was found to be 5%–22% (17–22).

The presence of thymoma makes MG a paraneoplastic disease and 
is present in 10%–15% of MG patients (23). In our patient group, 
thymic hyperplasia and benign thymus pathologies were found more 
frequently in the younger patients. Seventeen (9.8%) patients had 
thymoma. Thymectomy was performed in 28.7% patients.

Pathological evaluation revealed benign results in 21.3%, malign 
thymoma in 5.7% of all thymectomized patients. Cases with thymoma 
and especially malignant thymoma are expected to have a more severe 
clinical course, which is the case in our patient group as well.

Patients with lymphoid follicular hyperplasia or normal thymus 
have a better prognosis. They are a possible source of antibodies that 
develop hyperplastic thymus, especially in AChR Ab positive MG 
patients. This is confirmed by clinical improvement (up to 85%) after 
thymectomy. In the International thymectomy trial (MGTX), in MG 

TABLE 2  Number of patients under different treatments and their clinical and serologic features.

AZA MM RTX Only CS CS  +  MM  +  IVIG Only symptomatic 
(pyridostigmine)

n:51 n:18 n:7 n: 50 n:4

(29.3%) (10.3%) (4%) (28.7%) (2.3%)

n:44 (25.2%)

Generalized 51 18 7 36 4 3

Ocular – – – 14 – 41

AchR Ab + 43 15 3 22 2 6

MuSK Ab + – – 4 4 – –

Seronegative 8 3 – 14 2 12

AZA, Azathioprine; MM, Mycophenolate mofetil; RTX, Rituximab; CS, Corticosteroids; IVIG, Intravenous immunoglobulin.
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patients without thymoma, better clinical outcomes were achieved at 
three-year follow-up after thymectomy. When the 5-year results after 
thymectomy were evaluated, 61% of all patients were followed up, and 
it was understood that the treatment of patients with thymectomy was 
more successful, they used less CS and required less hospitalization 
(24). Based on the success of this study, thymectomy was performed 
more frequently in early-onset generalized MG patients with AChR 
antibodies. Minimally invasive thymectomy surgery has facilitated 
this process (25, 26). Thymectomy is not recommended in MuSK Ab 
positive patients (23).

Consistent with this evidence, thymectomy (n = 37; 76%) was 
performed more frequently in patients under 50 years of age (p < 0.05) 
in our patient group. Thymus pathologies were found to be more 
benign (n = 31; 84%) in patients under 50 years of age (p < 0.05).

Most of our patients used steroids (57.5%). Short-term 
(< 6 months) steroid use was present in 36 (20.7%) and long-term 
(>  6 months) use in 65 (37.4%) patients. Most steroid users 
(56.3%) used low dose and remaining (1.7%) used high dose 
steroids. Mild adverse effects were reported in 20.7%, severe in 
4.6% of the patients.

Azathioprine (AZA) was used by 68 (39%) of our patients. It 
was the most frequently used steroid-sparing immunosuppressive 
agent in our patient group. In 18 (25%) patients AZA was 
prescribed as first-line immunosuppressive agent, but it was 
discontinued because of adverse effects. Mostly these adverse 
effects were the elevation of liver enzymes more than twice the 
normal levels or neutropenia, which normalized after 
discontinuation of the drug. Only in one of the patients (1.5% of 
AZA users) a severe side effect (neutropenia) was observed, which 
was reversible. In general, AZA, as a classical immunosuppressant 
in the treatment of generalized MG, is a highly effective and easily 
tolerated drug that limits the use of steroids, although the rate of 
discontinuation due to the development of side effects at the 
beginning of the treatment can be considered high (25%). Our 
general observation is that after 3–4 years of AZA use, the disease 
goes into remission and dose reductions can be made.

Eighteen (10%) of our patients used mycophenolate mofetil (MM) 
and the need for drug discontinuation was not observed due to side 
effects. Its side effects are rare. It can be interpreted that it is a well 
tolerated drug. Our three of the 4 refractory patients who needed 
maintenance IVIG treatment were using CS and MM. This suggests 
that MM in MG may be a less effective drug than AZA, although the 
number of patients is not too large to make a general comment. In the 
study of Hehir et al., in which the outcomes in 102 patients were 
documented, it was found to be  effective in 50% of patients who 
received MM, and in the second year, this success was 80% (27). It is 
recommended for mild and moderate MG, and it is generally used in 
addition to CS when the effect is low (28).

RTX was used in 4% of patients, four (57%) anti-MuSK and 
three (43%) anti-AChR positive. Six of them (85%) responded well 
to RTX, whereas one patient (15%) positive for anti-AChR did not 
respond to treatment. No significant side effects were observed 
due to RTX.

Besides its use in myasthenic crisis and exacerbations, four (2.3%) 
of our patients who are refractory to treatment, needed IVIG as a 
maintenance treatment with other immunosuppressive agents. Two of 
these refractory patients were anti-AChR positive and two of them 
were seronegative. In cases where prednisone combined with another 

immunosupressant is not sufficient for symptomatic improvement, a 
single or multiple doses of IVIG are given in cases of bulbar 
involvement. In chronic use, it is well tolerated and reduces the need 
for immunosuppressants and acetylcholine esterase inhibitors (29, 30).

Only one (1% of IVIG users) of our patients experienced a serious 
side effect (elevation of troponin and angina pectoris), but it could 
be managed.

Two anti-AChR positive and resistant patients who are under 
adequate immunosuppressant medication but still in need of 
maintenance IVIG treatment are candidates for second-line treatment 
(e.g., Eculizumab) (6).

It has been reported that the treatment of late-onset MG patients 
is more complex and the comorbidity is higher. In their study Cortés-
Vicente et al. revealed that late-onset MG patients were mostly male, 
had more anti-AChR antibodies, had more ocular involvement (31). 
In a study originating from Turkey, it was stated that the prognosis of 
late-onset MG was better (32). However, the outputs of our study is 
contradictory to this finding, since our patients older than 65 years 
used AZA (n = 30, 70% vs. n = 40, 31%) and IVIG (n = 33, 77% vs. 
n = 63, 50%) more frequently (p < 0.05), suggesting that they had more 
severe course.

As age increases, comorbidity also increases, in this context, 
mortality was higher and clinical course was more severe in late-onset 
(>50 years) MG patients (especially in the COVID-19 pandemic), and 
this affects our treatment choice and success of treatment (especially 
MG patients after >65 years of age needed more frequent 
IVIG therapy).

One hundred fifty six (89%) patients were in complete stable 
remission or, mostly, minimal manifestations state according to 
MGFA-PIS classification.

Eight patients (four women, four men, mean age 75.5 years) 
(5%) died during follow-up. None of them died due to myasthenic 
worsening, two died due to malignancy and two due to non-COVID, 
four due to COVID-19 infection. A Swedish database study 
including 4,559 MG patients, concluded that, death rate in patients 
with MG was not different from the death rate of the Swedish 
population. The most common cause of death was cancer (19.5%). 
Deaths in MG patients (11%) were 2.5 times more common due to 
influenza or pneumonia (33). The presence of thymoma indicates a 
poor prognosis (34).

During the COVID-19 pandemic, 16 patients (9.2%) had 
COVID-19 infection. Overall, 75% of these patients did not 
progress more severely than the general population, and all 
patients continued their immunosuppressant treatment. Four 
patients died due to COVID-19 infection, these four patients had 
serious comorbidities, and three of them were elderly (>75 years). 
One of the patients who died of COVID-19, 56 years of old male, 
had a malign thymoma history. MG patients were more adversely 
affected by the current immune suppression, weakness of 
respiratory muscles and respiratory failure, pneumonia and 
pulmonary thromboembolism during the COVID-19 pandemic. 
There is also an increase in the mortality rate due to ARDS, which 
occurs with immune dysregulation and respiratory muscle 
insufficiency (35). When the frequency of COVID-19 was 
examined in a French MG cohort (CO-MY-COVID registry), 
COVID-19 was detected in 0.96% (n = 34) of 3,558 MG patients. 
Five patients died. The immunosuppressants and CS they used did 
not adversely affect the result (36), just like in our patient group. 

10

https://doi.org/10.3389/fneur.2023.1176636
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Yaman and Kurtuluş Aydın� 10.3389/fneur.2023.1176636

Frontiers in Neurology 06 frontiersin.org

In a retrospective study conducted in Brazil, the care processes of 
15 MG patients with COVID-19 were examined. It was concluded 
that immunosuppressant treatments had no adverse effects on the 
clinical course and should be continued in patients with COVID-19 
(37). These studies are also consistent with our experiences during 
the COVID-19 pandemic. In a systematic review, it was reported 
that among the risk factors that increase the severity of the disease 
in MG patients with COVID-19, severe MG clinic, old age, long-
term steroid use, use of RTX, and comorbidities (35).

The limitations of this study are that it is single-centered and 
descriptive. However, the scarcity of studies on this subject, the 
transfer of clinical experience, and the reflection of experiences during 
the COVID-19 pandemic are among the important outputs of 
this study.

In conclusion, the age and gender distributions of the patients in 
our study group are similar to previous studies. MG is more common 
in women between the ages of 20–40 and in men over the age of 65. 
The use of corticosteroids was more common under the age of 50, and 
the use of non-steroidal immunosuppressant agents was more 
common over the age of 50. AZA is a clinically effective and safe agent 
that should be used with close follow-up as a classical and first-choice 
steroid-sparing immunosuppressant agent. MM is seen as an agent 
with no serious side effects, but whose efficacy may remain low in 
severe cases. RTX, on the other hand, seems to be effective and safe, 
especially in anti-MuSK positive cases. Thymectomy is still an 
important supportive treatment approach in anti-AChR positive and 
seronegative generalized patients under 50 years of age. IVIG and 
plasmapheresis are effective treatments during acute exacerbations 
and bridging periods of treatments. MG is a disease that can 
be managed very well with close and individualized follow-up. There 
is a small proportion of resistant patients who do not respond to 
conventional treatments. In these patients, complement inhibitors can 
be tried in those who are anti-AChR antibody positive. These agents 
also have uncertainities such as duration of treatment, long-term side 
effects, and cost issues. Specific treatments are needed especially for 
this group of patients.
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FcRN receptor antagonists in the 
management of myasthenia gravis
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Myasthenia gravis (MG) is an autoimmune disorder characterized by autoantibodies 
specifically directed against proteins located within the postsynaptic membrane of 
the neuromuscular junction. These pathogenic autoantibodies can be reduced by 
therapies such as plasma exchange, IVIG infusions and other immunosuppressive 
agents. However, there are significant side effects associated with most of these 
therapies. Since there is a better understanding of the molecular structure and the 
biological properties of the neonatal Fc receptors (FcRn), it possesses an attractive 
profile in treating myasthenia gravis. FcRn receptors prevent the catabolism of 
IgG by impeding their lysosomal degradation and facilitating their extracellular 
release at physiological pH, consequently extending the IgG half-life. Thus, the 
catabolism of IgG can be enhanced by blocking the FcRn, leading to outcomes 
similar to those achieved through plasma exchange with no significant safety 
concerns. The available studies suggest that FcRn holds promise as a versatile 
therapeutic intervention, capable of delivering beneficial outcomes in patients 
with distinct characteristics and varying degrees of MG severity. Efgartigimod is 
already approved for the treatment of generalized MG, rozanolixizumab is under 
review by health authorities, and phase 3 trials of nipocalimab and batoclimab are 
underway. Here, we will review the available data on FcRn therapeutic agents in 
the management of MG.

KEYWORDS

neonatal Fc receptor (FcRn), myasthenia gravis (MG), immunoglobulins (IgG), clinical 
trials, Fc receptor inhibitors

Introduction

MG represents an autoimmune disorder characterized by autoantibodies specifically 
directed against proteins located within the postsynaptic membrane of the neuromuscular 
junction (1, 2). This results in the development of focal or generalized muscle weakness in the 
skeletal muscles. The clinical spectrum encompasses a variety of manifestations, ranging from 
isolated ocular involvement to profound weakness affecting the limbs, bulbar region, and 
respiratory muscles. The weakness is fatigable and fluctuating in nature, improving with rest. 
The prevalence of MG, a relatively uncommon disease, ranges from 5.3 to 35 cases per 100,000 
individuals, while the incidence ranges from 0.3 to 2.8 new cases per 100,000 individuals (3–5). 
Over the past few decades, the prevalence of MG has shown a steady increase, attributed to 
factors such as improved diagnostic capabilities, advancements in therapeutic options, and 
increased life expectancy of MG patients.
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Pathogenesis of myasthenia gravis

In normal neuromuscular transmission, the presynaptic 
membrane releases acetylcholine (ACh) which then binds to the 
acetylcholine receptor (AChR) situated on the postsynaptic 
membrane. This interaction produces an end plate potential (EPP), 
the magnitude of which is dictated by the quantity of ACh released at 
the presynaptic membrane and its interaction with the receptor. Under 
normal circumstances, the EPP rises above the depolarization 
threshold to produce an action potential and muscle contraction. In 
MG, impaired neuromuscular transmission and reduced safety factor 
(EPP) amplitude reduces muscle contraction (6, 7). About 80% of 
patients with MG in some series have anti-acetylcholine receptor 
antibodies (anti-ACHR ab) (8, 9). The prevalence of the IgG1 and 
IgG3 subclasses of antibodies is most observed in patients diagnosed 
with myasthenia gravis (10). These autoantibodies bind to AChR at 
the terminal expansions of the junctional folds that cause activation 
of the complement system forming membrane attack complexes 
(MAC), causing accelerated internalization, degradation of ACHR 
and destruction of the ACHR receptors. In addition, there is cross-
linking of the autoantibodies, causing a conformational change in the 
ACHR receptor, which also interferes with neuromuscular 
transmission (11). Another mechanism affecting the neuromuscular 
junction in MG is the functional blockade of ACHR receptors by 
antibodies and the disruption of junctional folds. This causes the 
postsynaptic membrane to be distorted and simplified (12–15). These 
processes lead to neuromuscular failure, muscle weakness and 
characteristic worsening with an extended period of activity. There is 
a decremental response of the motor unit potential to repetitive nerve 
stimulation (RNS) as there is a reduction in safety factor. Up to 50% 
of patients with anti-ACHR negative generalized MG (ACHR- gMG) 
may have circulating antibodies against muscle-restricted receptor 
tyrosine kinase (MuSK), constituting about 5% of the total generalized 
MG cases. These are mainly IgG4 antibodies and do not affect the 
complement system. These antibodies mainly affect the clustering of 
the ACHR, thereby causing a functional blockage at the neuromuscular 
junction (16, 17). Roughly 2% of individuals diagnosed with double 
seronegative generalized myasthenia gravis (gMG) display low-density 
lipoprotein receptor-related protein 4 antibodies (anti-LRP antibodies) 
(18). The IgG1 subclass accounts for most anti-LRP (lipoprotein 
receptor-related protein) antibodies and causes damage to the 
postsynaptic function by complement-mediated damage and possibly 
interfering with agrin-induced MUSK activation (19, 20). A 
proportion of patients with MG have a presence of low-affinity 
antibodies, which cannot be detected by routine radioimmunoassays 
(RIAs) and can be  detected by specific assays such as cell-based 
assays (21).

MG does not follow a classic Mendelian inheritance pattern, 
indicating that it is not a hereditary disease. However, there is an 
increased likelihood of family members of MG patients developing 
the disease compared to the general population (22). Studies have 
shown a concordance rate of 35% in monozygotic twins and 5% in 
dizygotic twins, suggesting a genetic contribution to MG pathogenesis. 
Nonetheless, environmental factors also play a crucial role (23). 
Various HLA types, such as DR2, DR3, B8, and DR1, are associated 
with an increased predisposition to MG.

The breakdown of mechanisms responsible for maintaining 
immune tolerance to self-antigens is the underlying cause of 

autoimmunity. During development, most auto-reactive T cells are 
eradicated in the thymus, establishing central tolerance. Regulatory 
mechanisms involved in maintaining immune tolerance encompass 
the generation of regulatory T cells (Treg cells), which exert control 
over self-reactive T cells that escape thymic elimination. Essential 
roles in the clonal deletion and Treg cell selection are performed by 
transcription factors, notably the autoimmune regulator gene (AIRE) 
(24). The thymus is pivotal in MG pathogenesis, as 85% of patients 
exhibit thymic gland abnormalities, with 70% showing thymic 
hyperplasia and 10% having a thymoma. The regulation of autoreactive 
T cells is impaired due to thymic hyperplasia or thymoma, possibly 
due to altered expression of AIRE and inefficient Treg generation in 
patients with MG (25). There is a breakdown of immune tolerance to 
self-antigens that leads to autoimmunity.

The pathophysiology of MG is complex and multifactorial, 
attributed to the interplay between genetic and environmental factors 
leading to complex immune-mediated dysfunction at the 
neuromuscular junction.

There is upregulation of CD4+ T cells due to the breakdown of 
immune tolerance, leading to the release of various proinflammatory 
cytokines (IL-2, IL-4 and IL-6), leading to B cell stimulation, 
eventually leading to antibody production (5). As a consequence of 
these mechanisms, mature T and B lymphocytes in the thymus gland 
become activated. The activation of T cells results in the secretion of 
proinflammatory cytokines like IFN-gamma and IL-17, leading to an 
imbalance between regulatory T cells (Treg), which are deficient, and 
hyperactivated Th17 cells, further amplifying antibody production in 
MG (26–28).

Conventional treatment in myasthenia 
gravis

The treatment of MG ranges includes various 
non-immunosuppressive, immunosuppressive therapeutic agents and 
newer biological agents which are target specific (29). The 
acetylcholinesterase agents such as pyridostigmine provide 
symptomatic treatment of myasthenia gravis; however, seldom as sole 
therapy. In older literature, about 30–50% of MG patients were 
reportedly on pyridostigmine alone (30). Corticosteroids likely act by 
inhibiting T lymphocytes and monocyte–macrophage activation and 
are used in many MG patients (31). Azathioprine, mycophenolate 
mofetil, tacrolimus, methotrexate, and cyclophosphamide are some of 
the immunosuppressive agents used in the treatment of MG include, 
and these act by varied mechanisms that suppress the immune system. 
The main role of immunosuppressive agents is to act as steroid-
sparing agents and to prevent the long-term side effects caused by 
corticosteroids, which include diabetes mellitus, weight gain, cataracts, 
hypertension, osteoporosis, and gastric ulcer (32). However, the 
immune suppressive agents have their own set of side effects and 
increase the propensity to cause infection and cancers such as 
squamous cell carcinomas.

IVIG and PLEX have proven to be efficacious in acute exacerbations 
of MG and MG crises (33, 34). IVIG is more widely available and has 
fewer side effects than PLEX. Several studies have shown no difference in 
the overall efficacy of IVIG over PLEX (35, 36). In cases of chronic 
refractory disease or when patients do not respond to standard 
immunosuppressant therapy, intravenous immunoglobulin (IVIG) and 
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subcutaneous immunoglobulin (SCIG) Infusions have shown beneficial 
effects (37). However, the management of IVIG has its own challenges. 
Various side-effects associated with IVIG administration include aseptic 
meningitis, headaches, increased propensity to thrombosis, and renal 
impairment (38).

PLEX is a therapeutic approach employed in the treatment of 
myasthenia gravis since 1976 (39). This includes the elimination of 
pathogenic and normal immunoglobulins and high molecular weight 
components like albumin and proinflammatory factors that contribute 
to the autoimmune process. The effects of PLEX last for 2–4 weeks 
(40). PLEX requires specialized equipment, central venous access, and 
nurse supervision. As coagulation factors are removed during PLEX 
treatment, it is performed on alternate days to allow natural recovery. 
However, tissue IgG is redistributed between the PLEX sessions, and 
the serum IgG rises again. Thus, there is a need for agents that mimic 
the role of PLEX or IVIG but have a sustained effect with fewer 
side effects.

Fc gamma receptors (FcγR) and 
neonatal Fc receptors (FcRn) as 
therapeutic agents

Antibodies constitute the most important part of adaptive 
immunity. Immunoglobulin G (IgG) is the predominant class of 
antibodies, accounting for approximately 75–80% of the total 
immunoglobulin pool (41). These antibodies can be found in both 
circulation and extracellular fluids. Immunoglobulins exhibit a 
structural arrangement composed of two heavy chains and two light 
chains, giving rise to a molecular configuration encompassing two 
fragment antigen binding domains (Fab) and a glycosylated 
crystallizable fragment (Fc). The hinge region connects the two Fab 
fragments and the Fc fragment, enabling conformational flexibility to 
the Fab fragment. Because the Fab fragments are identical, they can 
bind to specific target antigens (42–44). The effector function of the 
Fc region is facilitated through its interaction with various receptor 
molecules such as Fc gamma receptors (FcγR) and the first 
subcomponent of the C1 complex (C1q), facilitating crucial functions 
such as induction of mediator secretion, antibody-dependent cellular 
cytotoxicity (ADCC), antibody-dependent cellular phagocytosis 
(ADCP), endocytosis of opsonized particles, complement-dependent 
cytotoxicity (CDC) (45, 46).

FcγR is a diverse family of proteins encompassing classical 
membrane-bound surface receptors, atypical intracellular receptors, 
and cytoplasmic glycoproteins. Cells of hemopoietic origin widely 
express receptors and can be  either activating receptors (FcγRI, 
FcγRIIA, FcγRIIC, FcγRIIIA, and FcγRIIIB) or inhibitory receptors 
(FcγRIIB) and differ in their affinity to various IgG subclasses (47) 
FcRn belongs to the FcγRs is structurally unique and differs from the 
classic members of the receptor family in various aspects. It was 
initially discovered that the transfer of maternal antibodies to neonates 
was possible due to proteins called neonatal Fc receptors (FcRn) (48). 
FcRn is a beta-2 macroglobulin-associated protein exhibiting 
structural similarity to the major histocompatibility class I (MHC-I) 
family. FcRn is monomorphic, quasi-ubiquitously expressed, and 
expressed in various body tissues, including epithelia, endothelia, 
hemopoietic cells, intestinal cells, kidney, liver, and liver placenta 
(49–53).

Amongst all the serum proteins, albumin and IgG have the longest 
half-life period of approximately 3 weeks compared to other serum 
proteins, which have a half-life period of approximately 5–7 days (54). 
FcRn uniquely binds both IgG and albumin, despite the structural and 
functional dissimilarity between these two molecules. Intracellularly, 
FcRn binds to IgG and albumin at non-overlapping sites within 
endosomes at pH 5–6.5. It then prevents the catabolism of IgG and 
albumin by preventing their lysosomal degradation and releasing 
them outside the cell at physiologic pH, thus prolonging the half-life 
of the albumin and IgG (55–58).

The presence of pathogenic autoantibodies characterizes 
autoimmune disorders such as MG. Current therapies such as plasma 
exchange, IVIG infusions and other immunosuppressive agents aim 
to reduce the pathogenic antibodies. However, most of these therapies 
exhibit a broader mechanism of action and have significant side 
effects. Since there is a better understanding of the molecular structure 
and its biological properties, the FcRn possesses an attractive profile 
in treating myasthenia gravis and other autoimmune disorders 
whereby the autoantibodies can be reduced by blocking the FcRn. By 
blocking the FcRn, the catabolism of IgG will be  enhanced, and 
similar results will be achieved with plasma exchange (Figure 1). This 
mechanism will be  useful in various autoimmune disorders; 
degradation of IgG molecules can be achieved by blocking the FcRn 
receptors is a rational therapeutic approach (59, 60).

FcRn therapeutic agents in the 
management of MG

Table 1 gives an overview of the various FcRn blocking agents 
developed in the management of MG. The remainder of this article 
focuses on the evidence for these agents in the treatment of MG.

Efgartigimod

Efgartigimod is a modified Fc fragment derived from human 
IgG1. It has been specifically engineered to enhance its binding affinity 
to FcRn receptors under both acidic and physiological pH conditions 
while maintaining its pH-dependent properties. Flow cytometry and 
microscopic analysis suggested an augmented affinity and/or avidity 
of efgartigomod toward the FcRn receptors due to the demonstration 
of an elevated concentration of efgartigomod specifically within FcRn-
positive compartments within cells, concomitant with enhanced 
lysosomal accumulation.

Phase 1 study
Ulrichts et al. conducted a double-blind, placebo-controlled phase 

1 study on 62 healthy volunteers (61). There was an enhanced clearing 
of IgG1 levels following multiple ascending doses (MAD)of 
intravenous (IV) efgartigomod compared to administration of IV 
single ascending dose (SAD), with a 50% reduction in the IgG levels 
following SAD and a 75% reduction in IgG levels following MAD of 
efgartigimod. Following the last infusions of efgartigimod, IgG levels 
returned to their baseline levels after approximately 8 weeks. There 
were no notable alterations in the IgA, IgE, IgM, and IgD levels, 
indicating no significant impact on these immunoglobulin subclasses. 
Additionally, efgartigimod did not interfere with albumin homeostasis. 
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The drug had no safety concerns, with most adverse effects being mild 
and self-limiting and most side effects being seen at higher doses. Mild 
headache was the most common side effect encountered, which 
subsided with minimal intervention. In the phase 1 study, no 
significant production of anti-drug antibodies was observed.

Phase 2 study
In the phase 2 exploratory study, Howard et  al. conducted a 

multicenter, randomized, double-blind, placebo-controlled trial of 
anti-ACR positive generalized myasthenia gravis (ACHR+ gMG) 
subjects. This study represents the first investigation providing a 
clinical profile of Fc receptor antagonism in generalized myasthenia 
gravis (gMG) (62).

The study included participants who had impaired daily 
activities of living, as indicated by an MG-ADL score of 5 or 
higher at screening and baseline, with more than 50% of the score 
attributed to nonocular items and was diagnosed with MGFA 
class II-IVa disease. Individuals who had a recent malignancy or 

thymectomy within 3 months of screening were excluded. A total 
of 24 patients were randomly assigned to receive 10 mg/kg IV 
efgartigimod or a matched placebo in a 1:1 ratio for a total of 4 
doses over 3 weeks, in addition to their standard-of-care therapy. 
The study aimed to assess the impact of efgartigimod on patient 
safety and the effectiveness of the treatment in managing ACR+ 
gMG. The secondary endpoints included an assessment of 
efficacy based on the improvement in the outcome measures at 
week 11. In addition, pharmacokinetics (PK), pharmacodynamics 
(PD), and immunogenicity were evaluated. The scales deployed 
to assess the efficacy, including the quantitative myasthenia 
gravis score (QMG), myasthenia gravis activity of daily living 
(MG-ADL), myasthenia gravis composite disease scores (MGC) 
and the revised 15-item MG-quality of life (MG-QoL15r) 
(Table 2).

Efgartigimod was reported to be safe and well-tolerated by all the 
patients who received the drug and had no serious adverse effects 
(SAE) or severe treatment-emergent adverse effects (TEAE) reported 
with no significant difference in the side effect profile between the 
efgartigimod group compared to the placebo group. No 
incompatibility was seen between efgartigimod and the standard of 
care therapy used in MG. Reduced monocyte count and headaches 
were the most frequent side effects noted in the study, with most 
reported side effects being mild in severity. Other side effects included 
rhinorrhea, pruritis, injection site reaction and herpes zoster infection. 
Of note, the patient diagnosed with herpes zoster was already on 
prednisone and mycophenolate mofetil, and the authors were 
uncertain if efgartigimod was the causative factor leading to 
herpes zoster.

Patients who received efgartigimod demonstrated clinically 
meaningful and sustained improvement, consistently observed across 
all clinical scales, including MG-ADL, QMG, MGC, and MG-QoL15r 
(Table 3). Maximum clinical improvement was observed 1 week 
following the final infusion dose and persisted even after stopping the 
medication. Maximum mean changes in efgartigimod vs. placebo for 
QMG score (−5.7 vs. −2.1), MG-ADL (−4.4 VS -2.9), MGC (−9.4 vs. 

FIGURE 1

FcRn mediated recycling. (A) The binding of IgG and albumin to the FcRn receptors prolongs their half-lives due to the prevention of lysosomal 
degradation. (B) Binding of the FcRn therapeutic agent, thus preventing the recycling of IgG due to increased lysosomal degradation.

TABLE 1  Overview of the FcRn receptors.

Agent Company Molecule Current status

Efgartigimod ARGENX Humanized IgG1 

Fc Fragment

Approved for 

treatment of AChR+ 

gMG

Rozanolixizumab UCB Humanized IgG4 

Monoclonal

Phase 3 completed

Nipocalimab Johnson and 

Johnson

Humanized 

aglycosylated 

monoclonal ab

Phase 3 study ongoing

Batoclimab Immunovant Humanized IgG1 

monoclonal ab

Phase 3 study ongoing

ABY-039 Affibody Bilvalent 

antibody

Phase 1 study was 

prematurely 

terminated
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−4.4) and MG-QoL15r (−6 vs. −2.1). 75% of the patients treated with 
efgartigimod obtained a clinically significant, statistically significant 
improvement in MG-ADL for a period of 6 weeks. In contrast, only 
25% of patients in the placebo group showed similar improvement. 
There was evidence of rapid reduction of total IgG and IgG subtypes 
in all patients who received efgartigimod. A reduction of up to 40% 
was seen after the first administration, and a maximum reduction of 
up to 70% was seen around 1 week after the last infusion. Reduction 
in anti-ACHR ab levels mimicked the reduction in total IgG levels. 
The clinical benefit correlated with the initial drop in IgG levels, but 
the clinical effects persisted for 8 weeks even when the IgG levels 
returned almost to baseline.

Phase 3 study
The ADAPT trial was a phase 3 randomized multicentre, double-

blinded, placebo-controlled trial of efgartigimod in patients with gMG 
with or without anti ACHR antibodies with the disease classified as 
class II-IVa as per MGFA classification with MG-ADL of at least 5 
with more than 50% of the score attributed to nonocular symptoms 
(63). The study excluded patients with thymectomy within 3 months 
of screening. Patients were randomized in a 1:1 ratio to receive 
efgartigimod or placebo. The patient received the same dose of 
efgartigimod of 10 mg/kg IV or matching placebo as four weekly 
infusions per cycle. After each cycle, there were at least 5 weeks of 
follow-up, and retreatment was possible if the patient was a clinical 

TABLE 2  Methodology of the phase 2 and phase 3 results.

Therapeutic 
name

Phase Treatment 
arms

Inclusion Sample 
size

Route and dose of 
administration

Primary 
end-points

Secondary 
endpoints

Efgartigimod 2 Double blinded 

RCT (1:1).

AChR+gMG

MG-ADL ≥ 5

MGFA II-IV

24 10 mg/kg efgartigomod or 

placebo IV wkly 4 doses over 

3 wks

Safety and 

efficacy

Change from baseline to 

11 weeks: QMG

MG-ADL

MGC

MGQoL15r

Efgartigimod 3 Double blinded 

RCT (1:1)

gMG

MG-ADL ≥ 5

MGFA II-IV

167 10 mg/kg efgartigomod or 

placebo IV wkly 4 doses and 

then repeat dosing if needed

MG-ADL 

responders.

QMG responders

Early MG-ADL 

responders

Rozanolixizumab 2 Double blinded 2 

Period RCT (1:1).

gMG QMG ≥11 43. Period 1: 7 mg/kg 

rozanolixizumab. or placebo 

Qwkly for 3wks.

Period 2: 7 mg/kg or 4 mg/kg 

Rozanolixizumab Qwkly for 

3wks

Change from 

baseline to day 

29: QMG.

Change from baseline to 

day 29: MG-ADL MGC

Safety

Rozanolixizumab 3 Double blinded 

RCT (1:1:1)

ACHR+ MG

Musk+MG

MGFA II-IVa

MG-ADL ≥ 3

200 7 mg/kg Qwkly or 10 mg/kg 

Qwkly of rozanolixizumab for 

6 wks.

Change from 

baseline to day 

43: MG-ADL

Change from baseline to 

day 43: MGC QMG

Nipocalimab 2 Double blinded 5 

arm

RCT (1:1:1: 1:1)

gMG 68 5 mg/kg q4wkly

30 mg/kg q4wkly

60 mg/kg q2wkly

60 mg/kg q2wkly, or placebo 

q2wkly for 8 weeks

Change from 

baseline to day 

57 of MG-ADL

Effect on total

IgG and anti-

ACHR ab level

Change from baseline to 

day 57: QMG, MG-

QoL15r

Nipocalimab 3 Double blinded 

RCT (1:1)

AChR+ gMG

MGFA II-Iva

MG-ADL ≥ 6

30 mg/kg at first infusion, 

15 mg/kg thereafter Q2wks for 

24 wks

Change from 

baseline to wks 

22,23,24 of MG-

ADL

Batoclimab 2 Double blinded 

3arm RCT (1:1:1) 

with OLE

AChR+ gMG

MGFA II-Iva

QMG score ≥ 12

15 Batoclimab 680 mg, 

Batoclimab 340 mg, Placebo 

Qwkly SC for 6wks

Safety and 

efficacy

Change from baseline to 

day 43: QMG

MG-ADL

MG-QoL15r

Batoclimab 3 Quadruple blinded 

3 arm 2 period 

RCT (1:1:1) with 

OLE

gMG

MGFA II-Iva

QMG score ≥ 11

MG-ADL ≥ 5

Period 1: Batoclimab 680 mg, 

Batoclimab 340 mg, Placebo 

Qwkly SC for 6wks.

Period 2: Batoclimab 340 mg 

QWkly, Batoclimab 340 mg 

Q2Wkly, Placebo Qwkly SC 

for 6wks

Change from 

baseline to 12 

wks of MG-

ADL In 

ACHR+MG

Change from baseline to 

12 wks of QMG in 

ACHR+MG

Change from baseline to 

24 wks of MG-ADL, 

QMG in ACHR+MG
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responder with an MG-ADL score of ≥5 and no longer had a 
meaningful clinical response. Clinically meaningful improvement was 
defined as a reduction in ≥2 points in MG-ADL compared to the 
baseline sustained for ≥4 weeks, the first improvement occurring in 
the 4th week of the 1st cycle. The retreatment was possible no sooner 
than 8 weeks. In the study period of 26 weeks, a maximum of 3 cycles 
were possible. The study primarily assessed the proportion of ACHR-
positive patients who were MG-ADL responders in the first 
treatment cycle.

Secondary outcome measures encompassed evaluating the 
proportion of individuals exhibiting a favourable response in terms of 
the QMG score (clinically meaningful improvement was defined as 
≥3 point reduction, with the first improvement occurring the 4th 
week of the 1st cycle), percentage of MG-ADL responders in the 
overall population after cycle 1, the proportion of time patients 
showed a meaningful response in ACR+ gMG patients up to 126 days, 
time from last infusion of cycle 1 to no longer have a clinically 
meaningful response in ACHR positive patients and proportion of 
early MG-ADL responders (first MG-ADL response of reduction in 
≥2 points from baseline occurring within the first 2 weeks of the cycle 
1) in ACHR+ gMG patients (Table 2).

167 patients were enrolled in the trial, with 129 ACHR+ 
gMG. 68% of patients in the efgartigomod group achieved all primary 
outcomes compared to the 30% in the placebo group. Secondary 
endpoints were met in the efgartigimod group with improvement in 
outcome measures which was statistically significant (Table 3). There 
was a greater percentage of QMG responders (63%) compared to 
placebo (14%), MG-ADL responders (all patients) in cycle 1 (68%) 
compared to placebo (37%), early MG-ADL responders (57%) 
compared to placebo (25%) and there was a clinically meaningful 
improvement in MG-ADL score for the efgartigimod group 48.7% of 
the time compared to placebo 26.6%. The drug was safely tolerated, 
with no deaths associated with the administration of the efgartigomod. 
Most TEAEs were mild to moderate; however, 5% of patients reported 
serious adverse effects. The most common adverse effect reported 

following efgartigimod administration was headaches, followed by 
nasopharyngitis. The IV formulation of the drug was approved by 
FDA, EMA and in Japan for use in patients with ACHR+ gMG 
(Table 3). A different route of administration, such as subcutaneous 
therapy, may be effective for MG, lessen the side effects and allow 
treatment to be continued.

ADAPT+ study
Of the 167 patients enrolled in the ADAPT trial, 151 (91%) 

entered the ADAPT + trial, an extended open-label trial assessing the 
safety and efficacy of efgartigimod. 106 ACHR+ gMG and 33 patients 
with anti-acetylcholine receptor antibody-negative generalized 
myasthenia gravis (ACHR- gMG) were included, of which 66 were 
previously in the placebo group (64). A dose of 10 mg/kg of 
efgartigimod was given IV, following a treatment schedule consisting 
of once-weekly infusions for a period of 4 weeks. Subsequent treatment 
cycles were determined based on clinical evaluation. Throughout the 
study, patients received an average of 5.1 treatment cycles comprising 
20.5 infusions. The median duration of participation in the study was 
371 days, resulting in a cumulative observation time of 138 patient-
years. Efficacy was assessed during each cycle utilizing MG-ADL and 
QMG scales. The mean change in the baseline for MG-ADL was −5.1, 
and for QMG was −4.7, suggesting the efficacy of long-term treatment 
with efgartigimod consistent across multiple cycles with no safety 
concerns identified, with most of the AE being mild to moderate.

Rozanolixizumab

Rozanolixizumab is a human anti- FcRn IgG4 antibody having a 
high affinity to the FcRn receptors (65). The drug was first studied in 
animals and was reported to be well tolerated, with no mortality or 
serious side effects following its IV or subcutaneous (SC) 
administration. There was a 75–90% reduction in IgG levels, with the 
maximum effect seen on day 10. No susceptibility to increased 

TABLE 3  Summary of the phase 2 and phase 3 results.

Therapeutic 
drug

Phase Primary end point 
results (Mean change 
from baseline)

Secondary end point 
results (Mean change 
from baseline)

Adverse effects

Efgartigimod 2 Safe and well tolerated QMG −5.7

MG-ADL −4.4

MG-QoL15r −6

No serious side effects

Most common side effects: headaches, rhinitis, pruritis

Efgartigimod 3 MG-ADL responders (68%) QMG responders (63%)

Early MG-ADL responders (57%)

5% patients had serious side effects.

Most common side effects: headaches, nasopharyngitis

Rozanolixizomab 2 QMG −1.8 MG-ADL −1.8

MGC −3.1

No serious side effects

Most common side effects: headaches

Rozanolixizomab 3 7 mg/kg MG-ADL −3.70

10 mg/kg MG-ADL −3.40

7 mg/kg MGC -5.93, QMG −5.40

10 mg/kg QMG −6.67, QMG −7.55

No serious side effects

Most common side effects: headaches diarrhea, nausea, 

pyrexia

Nipocalimab 2 30 mg/kg q4wkly MG-ADL −3.7

60mh/kgQ2wkly

No serious side effects

Most common side effects: diarrhea, headache, 

nasopharyngitis

Batoclimab 2 Safe and well tolerated

680 mg SC Total IgG −776.1.

340 mg SC Total IgG −59.3

MG-ADL −3.8

QMG −3.9

MGC −8.0

No serious side effects

18

https://doi.org/10.3389/fneur.2023.1229112
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Bhandari and Bril� 10.3389/fneur.2023.1229112

Frontiers in Neurology 07 frontiersin.org

infections or raised acute phase reactants was noted in patients who 
received the drug. There was no change in serum concentration of IgA 
and IgM levels; however, a small decrease in albumin levels was 
observed, most likely due to steric hindrance due to bound antibodies. 
There was a treatment-related effect on the relative or absolute number 
of lymphocyte counts on immunophenotyping (65, 66).

Phase 1 study
This study investigated the dose escalation of IV or SC 

rozanolixizumab in healthy individuals (66). A total of 49 patients 
were subjected to randomization, where they were assigned to receive 
either rozanolixizumab or a placebo. The doses administered were 
1 mg/kg, 4 mg/kg, and 7 mg/kg. The drug was administered as a single 
infusion over 1 h. The 7 mg/kg SC route administration had a better 
safety profile and tolerability than the IV group. After IV drug 
administration, there was a dose-dependent increase in side effects of 
headache, vomiting, nausea, and pyrexia. 4 severe TEAEs were 
reported following higher doses of the IV formulation. There were no 
severe side effects reported in patients who received SC drugs. A dose-
dependent decrease in IgG levels was similar in both IV and SC 
groups. There was a 48% reduction in IgG levels at the highest dose of 
IV formulation and a 43% reduction in IgG levels following SC 
formulation. The reduction in serum IgG levels was maximum at day 
7–10, persisted for weeks and gradually returned to baseline.

Phase 2 study
This multicenter, double-masked, placebo-controlled trial was 

conducted in two periods. The subjects were randomized to receive 
either three once-weekly SC infusions of rozanolixizumab at a dosage 
of 7 mg/kg or a placebo in the initial period (67). Following a two-week 
drug-free interval, patients were re-randomized in the second period 
to receive rozanolixizumab at either 7 mg/kg or 4 mg/kg, and an 
observation period between days 44 and 99 followed the second 
treatment period.

The study primarily evaluated the change in QMG on day 29. 
Secondary objectives included assessing the change in MG-ADL and 
MGC at day 29, responder rates (defined as a reduction of at least 3 
points) in the MG scores and monitoring the safety profile of 
rozanolixizumab. Patients at least 18 years of age diagnosed with 
generalized MG with positive anti-ACHR antibody titre or anti-Musk 
antibody titre with a QMG score of at least 11 or more with eligibility for 
IVIG or PLEX indicating moderate to severe disease were included in the 
study. Patients with a thymectomy within 6 months of screening were 
excluded from the study. Of the 43 patients randomized, 21 patients 
received rozanolixizumab, and 22 received a placebo (Table 2).

At day 29, the mean change in QMG score from baseline was −1.8 
for rozanolixizumab compared to −1.2 for placebo. For MG-ADL, the 
mean change was −1.8 for rozanolixizumab and − 0.4 for placebo. For 
the MGC score, the mean change was −3.1 for rozanolixizumab 
and − 1.2 for placebo. Although the rozanolixizumab group showed 
an overall improvement in outcome measures compared to the 
placebo group from baseline to day 29, the difference did not reach 
statistical significance. On day 29, the responder rates were higher in 
patients receiving rozanolixizumab 7 mg compared to placebo for 
QMG (38% vs. 23%), MG-ADL (48% vs. 14%), and MGC (48% vs. 
27%). Interestingly, even greater responder rates were observed on day 
22 for QMG scores (52%) and MGC scores (55%) compared to day 29. 
The reduction in QMG score reached its lowest point on day 21 and 

returned to baseline on day 29, just before the start of period 2. The 
short subcutaneous treatment duration could be one of the reasons 
that the primary endpoint was not achieved on day 29. The 
continuation of rozanolixizumab treatment at a 7 mg/kg dose 
demonstrated further improvements in outcome measures during 
period 2. Notably, the nadir of QMG and MG-ADL scores was 
observed on day 21 after reinitiating rozanolixizumab at the 7 mg/kg 
dosage. However, by the end of the 99-day observation period, all the 
measured outcomes returned to their baseline values. These findings 
suggest that the mode of action of the drug was reversible (Table 3).

There was a moderate reduction in the assessed outcome measures 
in subjects who received 4 mg/kg of rozanolixizumab with a sustained 
reduction in QMG score until day 78. Of note, both groups 
demonstrated dose-dependent improvements in the measured 
outcome measures when compared to the placebo group.

In period 1, a rapid decline in IgG levels (52%) was seen compared 
to placebo (4%) at day 29. Nadir in IgG level in the rozanolixizumab 
group occurred on day 22 (61%). In period 2 of the study, there was a 
dose-dependent decrease in IgG levels observed among the groups 
that received Rozanolixizumab at doses of 7 mg/kg and 4 mg/kg, in 
comparison to the placebo group.

The most commonly encountered adverse effects were mild to 
moderate headaches (57% rozanolixizumab 7 mg/kg group vs. 14% in 
the placebo group), which responded well to standard therapy. There 
were no serious infections or opportunistic infections noted.

Phase 3 study
MycarinG study was a large multicentre trial compared SC 

administration of 7 mg/kg, 10 mg/kg of rozanolixizumab or placebo 
for 6 weeks in patients with ACHR/MuSK positive MG (68). The study 
incorporated subjects with MGFA class II-IVa, with QMG scores 
exceeding 11 and MG-ADL scores of at least 3. The primary endpoint 
of the study aimed to evaluate the change in MG-ADL scores from 
baseline to day 43. The secondary endpoints assessed the changes in 
MGC, QMG, and Myasthenia gravis patient-related outcomes 
(MG-PRO) from baseline to day 43 (Table 2). 200 patients were 
enrolled in the study. There were statistically significant and clinically 
meaningful improvements in the various outcome measures used in 
both 7 mg/kg and 10 mg/kg doses (69). For the dose of 7 mg/kg vs. 
placebo mean change from baseline to day 43 for MG-ADL (−3.37 vs. 
−0.78), MGC (−5.93 vs. −2.03), and QMG (−5.40 vs. −1.92). For 
subjects with 10 mg/kg group vs. placebo change in baseline to day 43 
for MG-ADL (−3.40 vs-0.78), MGC (−7.55 vs. −2.03) and QMG 
(−6.67 vs. −1.92). 72% of patients in the 7 mg/kg group were MG-ADL 
responders, and 69% of patients in the 10 mg/kg group were MG-ADL 
responders. The study was not statistically powered to compare the 
two doses of rozanolixizumab. Both doses were well tolerated, and no 
severe side effects were seen, with the most frequent TEAE being 
headaches followed by diarrhea and pyrexia (Table 3).

Rozanolixizumab is currently awaiting 
approval for treatment in MG

Nipocalimab

Nipocalimab is a glycosylated fully human monoclonal antibody 
of the IgG1 class that exhibits high affinity for FcRn exhibiting pico 
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affinity to FcRn at both endosomal and extracellular pH levels. This 
molecule shows selective binding to, saturation of, and blocking of the 
IgG binding site on the endogenous FcRn. As a result, it inhibits the 
FcRn-mediated recycling of IgG, reducing pathogenic IgG levels with 
no impact on IgG production. One of the pharmacokinetic properties 
of the drug is the minimal transfer of the drug across the human 
placental lobule so that it does not reach the fetal circulation (70).

Phase 1 study
The Phase 1 study was designed as a two-part ascending dose 

study (71). Part 1 studied SAD up to 60 mg/kg, and Part 2 studied 
MAD of 15 or 30 mg/kg weekly for 4 weeks. 50 healthy volunteers were 
recruited for the study. The single dose of nipocalimab resulted in 
dose-dependent serum IgG levels reduction similar across all IgG 
classes. The single dose of nipocalimab at 30–60 mg/kg doses 
maintained serum IgG levels at or below 50% of the baseline for 18 
and 27 days, respectively. Multiple doses of 15 to 30 mg/kg achieved a 
mean reduction in IgG levels by approximately 85% of the baseline 
and maintained levels below 75% or more for up to 24 days. There was 
no effect on other immunoglobulins such as IgM, IgA, IgE or other 
inflammatory cytokines. At a higher dose, there was a mild reduction 
in albumin noted. The drug was well tolerated in all cohorts, with no 
deaths, infusion site reactions, systemic allergic reactions or severe 
TEAEs noted. Due to this pharmacokinetic property, the minimal 
transfer of the drug across the human placenta may help treat patients 
in the reproductive age group where teratogenicity and fetal health are 
of major concern. There is a further exploration of this agent in 
pregnant women at risk of autoimmune hemolytic disease of 
newborns (72).

Phase 2 study
Vivacity-MG is a phase 2 multicenter study that employed a 

randomized, double-blinded placebo trial design to assess the efficacy 
of nipocalimab in moderate-to-severe gMG (73). A total of 68 patients 
were enrolled and randomly assigned in a 1:1:1:1:1 ratio to receive 
various intravenous doses of nipocalimab (5 mg/kg every 4 weeks, 
30 mg/kg every 4 weeks, a single dose of 60 mg/kg, 60 mg/kg every 
2 weeks) or placebo every 2 weeks during the 8-week treatment period. 
The primary outcome measure of the study was the change in the 
MG-ADL score from baseline to day 57. The secondary endpoints 
included assessing the changes in the QMG score and MG-QoL15r at 
day 57 (Table 2).

The maximum and most consistent reductions were observed in 
subjects in the nipocalimab 30 mg/kg q4w and 60 mg/kg q2w 
treatment groups compared to placebo for MG-ADL (−3.7 vs. −1.3) 
even though statistical significance was not reached. Following single-
dose administration of 60 mg/kg, the mean change from baseline to 
day 29 vs. 57 for MG-ADL was (−3.9 vs. −1.5), indicating the effect of 
a single dose of nipocalimab may not last for more than 1 month. In 
contrast to the placebo group, it was observed that 52% of patients 
who received nipocalimab across all four dosing regimens experienced 
a substantial and long-lasting reduction in MG-ADL (a change of ≥2 
points for at least four consecutive weeks). Only 15% of participants 
in the placebo group exhibited a similar response. Clinically 
meaningful changes were observed in a rapid timeframe, with 
noticeable improvements occurring within 2 weeks. A dose-dependent 
significant reduction of the total serum IgG and anti-ACR antibody 
titres significantly correlated with the MG-ADL improvement. The 

maximum reduction in serum total IgG levels of 80% was seen 
following the highest dose of 60 mg/kg q2wkly administration. There 
was a reduction in total IgG 1 week following the first infusion, which 
returned to baseline 8 weeks after the last infusion.

The drug had a favourable safety outcome with no significant 
adverse effects. There was an equal incidence of infections and 
headaches in the patients who received nipocalimab and placebo. No 
adverse side effects led to treatment discontinuation in any of the 
groups. Similar results for albumin were observed in healthy 
participants with dose-related, self-limiting reductions and was 
maximum with a dose of 60 mg/kg q2wkly. The most common TEAE 
reported were diarrhea, headaches and nasopharyngitis (Table 3).

Phase 3 study
An ongoing phase 3 multicenter study is currently being 

conducted to assess the efficacy, the safety profile of nipocalimab in 
adult patients with seropositive gMG (74). Inclusion criteria include 
patients diagnosed with gMG classified as MGFA class II-IVa and have 
an MG-ADL of 6 or higher. Individuals who underwent thymectomy 
within 12 months of screening are excluded from the study. 
Participants in the study were randomly assigned in a 1:1 ratio to 
receive either nipocalimab or a placebo. The administration of 
nipocalimab consisted of an initial infusion of 30 mg/kg, followed by 
subsequent infusions of 15 mg/kg, given once every 2 weeks for a total 
duration of 24 weeks. The placebo group received corresponding 
intravenous infusions at the same intervals. The study will primarily 
ascertain the efficacy of Nipocalimab compared to placebo, using 
MG-ADL over weeks 22, 23, and 24 (Table 2).

Batoclimab

Batoclimab is a fully human IgG1 monoclonal antibody which can 
be used for SC or IV administration.

Phase 1 study
A phase 1 study (RVT-1401-1,001) investigated the effects of 

batoclimab on serum total IgG and albumin levels (75). This trial 
included IV and subcutaneous SC administration of batoclimab at 
various doses and durations. Batoclimab effectively reduced total IgG 
concentrations in a dose-dependent and reversible manner. The 
maximum reductions ranged from 13 to 67% for single IV doses and 
14 to 48% for single SC doses. The SC weekly dose groups showed low 
inter-subject variability in total IgG reduction. The 680 mg dose 
exhibited a more consistent effect than the 340 mg dose. The weekly 
SC dose of 680 mg led to a total IgG reduction of 78%, consistent with 
other anti-FcRn agents in development. The time course of total IgG 
reduction was independent of the route of administration (IV or SC) 
and dose. However, the time to return to baseline was dose-dependent, 
ranging from 29 to ≥85 days for single doses and 21 to 24 days for 
weekly SC doses. Serum total IgG concentrations returned to normal 
levels for most subjects after discontinuing dosing. Batoclimab had a 
lesser impact on albumin levels compared to total IgG. Albumin 
reductions were 22 and 34% for the weekly SC dose groups. However, 
albumin levels returned to normal within a few weeks after the 
last dose.

A similar phase I randomized controlled trial was conducted in 
the Chinese population, where healthy subjects were given a single 
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subcutaneous dose of batoclimab or placebo in doses of 340 mg, 
510 mg, 680 mg, with an equal allocation ratio of 1:1:1:1 (76). The 
participants were followed up for 85 days. Twenty-four subjects were 
included in the study. There was evidence of a rapid dose-dependent 
reduction in total IgG levels, reaching a nadir at day 11 with the steady 
recovery of the IgG levels from day 11 to day 85. No serious side 
effects were reported, and the most reported illness in subjects who 
received the drug was an influenza-like rash.

Phase 2 study
A phase IIa clinical trial employing randomization, double-

blinding, and placebo control, investigated the safety and effectiveness 
of subcutaneous administration of batoclimab (77). Subjects with 
ACHR + gMG with (MGFA) Class II-IVa and QMG score ≥ 12 
baselines were included in the study. Subjects with a thymectomy in 
the past 12 months were excluded. Patients included in the study were 
assigned to one of three groups receiving a weekly dose of batoclimab 
(680 mg), a weekly dose of batoclimab (340 mg), or a placebo for a 
duration of 6 weeks. Following this initial phase, an open-label 
extension was initiated, during which patients received batoclimab 
(340 mg) on days 50, 64, and 78. Assessment of safety and efficacy was 
the primary endpoint of the study, measured by percentage changes 
in total IgG levels. Secondary endpoints included QMG, MG-ADL, 
and MGC scores, with a change in scores on day 43 from baseline 
(Table 2).

Improvement in all the outcome measures, including MG-ADL 
scores, was reported on day 43. There was a dose-dependent rapid and 
sustained decline in the IgG levels with a − 76.1% change in IgG levels 
with the dose of 680 mg QWkly treatment arm, −59.3% change in 
340 mg SC treatment group compared to a 1.5% change in the placebo 
group. The mean change in QMG at day 43 from baseline for 
batoclimab vs. placebo was (−3.8 vs. +0.6), MG-ADL (−1.8 VS -0.4) 
and MGC (−8.0 vs. +1.4). In the group receiving batoclimab, the 
MG-ADL responder rates, which indicate the percentage of patients 
with a > 2-point improvement, were 60%. In contrast, the placebo 
group had a responder rate of 20%. The maximum benefit from the 
treatment was reported 4 weeks after the initial intervention, and this 
benefit was sustained for a period of 3 weeks. Both doses of the drug 
were found to be  safe and well-tolerated. The reduction in the 
pathogenic Ig levels correlated with the clinical benefit (Table 3). 
Adverse effects were mild to moderate, with no serious adverse effects 
or death (3).

In another phase 2 trial conducted in China, the tolerability and 
effectiveness of subcutaneously administered batoclimab were 
evaluated in patients with moderate to severe gMG. Eligible patients 
were randomly assigned to receive either batoclimab (680 mg), 
batoclimab (340 mg), or a placebo weekly for 6 weeks. Following this, 
there was an open-label extension phase where all patients received 
batoclimab (340 mg) weekly for another 6 weeks. The primary aim of 
the study was to determine the change in MG-ADL score, measured 
from baseline to day 43, as the main objective. On day 43, significant 
improvements were observed in all outcome measures, including 
MG-ADL scores. Top-line results indicated that both administered 
doses of batoclimab exhibited prompt and substantial reductions in 
disease severity, as evaluated by the MG-ADL, in a manner that was 
clinically and statistically significant when compared to the placebo. 
Furthermore, the drug demonstrated a favourable safety profile, with 

most reported adverse events being of mild intensity and generally 
well tolerated by the patients (78).

Phase 3 study
Study IMVT-1401-3,101 is an ongoing Phase 3 pivotal multicenter, 

randomized, quadruple-blind, two-period placebo-controlled study done 
to assess the effectiveness and how safe batoclimab is as induction and 
maintenance therapy in adult participants with gMG (79). Patients with 
mild to severe disease with an MG-ADL of ≥5 at baseline were enrolled 
in the trial. Other inclusion criteria included MGFA Class II-IVa and 
QMG score of ≥11 with a ≥ 50% score attributed to nonocular symptoms 
will be included in the study. Patients with a thymectomy in the past 
6 months will be  excluded from the study. In Period 1, subjects will 
be randomized 1:1:1 to receive batoclimab 680 mg SC once a week or 
340 mg SC once weekly or a placebo as induction therapy. Primary 
endpoints of ≥2-point improvement in MG-ADL from baseline to week 
12 will be assessed. Re-randomized (1:1:1) subjects will receive batoclimab 
340 mg SC once weekly or 340 mg SC Q2weeks or receive placebo 
treatment according to their treatment assignment in Period 1 and the 
change from Period 1 baseline in MG-ADL score (< 2-point improvement 
or ≥ 2-point improvement from Period 1 baseline) at Weeks 10 and 12. 
Only those participants who demonstrate a ≥ 2-point improvement in 
MG-ADL score from Period 1 baseline during at least one of the 2 final 
visits of either Period 1 or Period 2 will proceed to enter the long-term 
extension, which will extend for 52 weeks. The primary endpoint of the 
study involved evaluating the change in MG-ADL score from baseline to 
week 12. The secondary endpoints included assessing the change in QMG 
scores from baseline to week 12 and MG-ADL scores from baseline to 
week 24. The overall duration of the study is expected to be approximately 
80 weeks (Table 2).

Phase 1 study
ABY-039, a bivalent antibody-mimetic, has completed a phase 1 

trial involving healthy volunteers. It specifically targets the neonatal Fc 
receptor (80). It has a potent effect on lowering plasma IgG titers in 
healthy volunteers in Phase 1. ABY-039 program was terminated in June 
2020 due to tolerability observations that would limit the target product 
profile of high subcutaneous doses once monthly maintenance injections.

Discussion and conclusion

The FcRn blocking agents have been recently developed and have 
a targeted approach for MG treatment. Given the rapid reduction in 
pathogenic IgG autoantibodies, many authorities consider this 
treatment to be medical plasma exchange. The drugs included in this 
class have been found to be safe and efficacious in the various phase 
1, phase 2 and phase 3 trials conducted thus far. FcRn receptor 
inhibitors demonstrate efficacy across diverse subgroups and a wide 
range of MG severity, supported by robust clinical evidence. 
Efgartigimod has been approved in the management of gMG, 
rozanolixizumab is under review by health authorities, and there are 
phase 3 trials ongoing for nipocalimab and batoclimab. The optimal 
dosage and duration of treatment in managing MG still need to 
be better understood, and more research is needed. Long-term safety, 
cost of the medications, and optimal usage are some of the factors 
influencing the use of these newer agents and requiring their judicious 
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use in an appropriate clinical scenario. Overall, the FcRn blocking 
agents have an exciting and promising role in the management of MG.
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Myasthenia gravis (MG) is a chronic autoimmune disease mediated by antibodies 
against post-synaptic proteins of the neuromuscular junction. Up to 10%–30% of 
patients are refractory to conventional treatments. For these patients, rituximab 
has been used off-label in the recent decades. Rituximab is a monoclonal antibody 
against the CD20 protein that leads to B cell depletion and to the synthesis of 
new antibody-secreting plasma cells. Although rituximab was created to treat 
B-cell lymphoma, its use has widely increased to treat autoimmune diseases. In 
MG, the benefit of rituximab treatment in MuSK-positive patients seems clear, 
but a high variability in the results of observational studies and even clinical trials 
has been reported for AChR-positive patients. Moreover, few evidence has been 
reported in seronegative MG and juvenile MG and some questions about regimen 
of administration or monitoring strategies, remains open. In this review, we intend 
to revise the available literature on this topic and resume the current evidence of 
effectiveness of Rituximab in MG, with special attention to results on every MG 
subtype, as well as the administration protocols, monitoring strategies and safety 
profile of the drug.

KEYWORDS

myasthenia (myasthenia gravis—MG), Rituximab, refractory patients, efficacy and safety, 
B-cell depletion

1. Introduction

Myasthenia Gravis (MG) is a chronic autoimmune disease mediated by antibodies against 
the acetylcholine receptor (AChR), Muscle-Specific Kinase (MuSK) or other proteins in the 
neuromuscular junction such as Low-Density Lipoprotein Receptor Related Protein-4 (LRP4). 
There is a 10%–15% of patients without detectable antibodies in serum, named 
seronegative MG (1).

The main symptom is weakness, which characteristically get worse with sustained exercise 
and can affect extraocular, bulbar, limb, and axial muscles. Fifteen percent of patients have only 
ocular symptoms whereas most of them have a generalized presentation. Respiratory muscles 
can occur times, with the subsequent need for ventilatory support. This life-threatening situation 
is called myasthenic crisis and implies a mortality risk of 5%–12% (1–3).

MG therapeutic approach usually includes a combination of symptomatic treatment 
with acetylcholinesterase inhibitors which increase acetylcholine levels at the neuromuscular 
junction, thymectomy in selected patients and long-term immunosuppressive medications, 
with a wide range of options which goes from conventional agents to new 
immunomodulatory therapies (4, 5). Corticosteroids remain the first-line treatment but 
long-term use is limited by the burden of adverse events. Immunosuppressants, such as 
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Azathioprine, Mycophenolate Mofetil, Cyclosporine or Tacrolimus 
are essential for reducing prednisone to the lowest possible dose 
and prevent relapses.

Biologic therapies have emerged in the last decades with a highly 
selective target and better security profile than classic 
immunosuppressants. Rituximab leads to depletion of B cells and its 
use remains off-label. Two recently developed treatment strategies are 
complement blockade (such as Eculizumab, Ravulizumab, and 
Zilucoplan) and neonatal Fc receptor (FcRn) antagonism 
(Efgartigimod and Rozanolixizumab) (5, 6).

Thanks to all these therapeutic advances, MG prognosis has 
markedly improved in the last decades. A multicenter study in 
Norwegian population did not find any increased mortality in patients 
with MG compared with controls (7).

Despite this, most patients do not reach complete clinical 
remission, and they do persist symptomatic or they need lifelong 
immunosuppressing treatments to control the disease. Moreover, 
there are a 10%–30% of patients with refractory MG, which do not 
respond to therapies (2, 8).

Rituximab (RTX) has been postulated as a therapeutic option in 
refractory MG. However, there are some controversies in literature 
and unresolved questions, such as its efficacy in every serological 
group, regimen of administration or monitoring to decide retreatment. 
Recently, several studies including two clinical trials have been 
published, providing new evidence to this matter.

In this paper, we aim to review the current evidence of the use of 
Rituximab in MG, with special attention to the serological subtypes.

2. Mechanism of action

Rituximab is a human/murine chimeric monoclonal antibody 
against the CD20 protein, administered via intravenous infusion (9).

It is a molecule composed of the CD20-recognizing regions of 
murine origin, fused to the constant region of the heavy chain of 
human IgG1 and human kappa light chain.

CD20 is a glycosylated transmembrane phosphoprotein present 
on the surface of developing B lymphocyte cells, while progenitor cells 
and mature plasma cells do not express this marker. Although its 
cellular function is not fully understood, it is believed to participate in 
cellular development and activation processes through the regulation 
of transmembrane calcium flux (10).

Its limited expression in intermediate stages of B cell maturation, 
but not in progenitor or mature cells or other normal cell lines, makes 
CD20 an effective and safe potential therapeutic target without 
permanent side effects.

The binding of the monoclonal antibody to the CD20 receptor 
induces cell death through four different mechanisms, three of which 
are dependent on the patient’s immune system: antibody-dependent 
cellular cytotoxicity through the activation of NK cells, complement-
dependent cytotoxicity through cascade activation and, finally, 
membrane attack complex-dependent and antibody-dependent 
phagocytosis through macrophage activation. The last mechanism is 
independent of the immune system and is based on the activation of 
intracellular mechanisms such as the caspase pathway and lysosomal 
activation, leading to cell apoptosis (9, 10).

This leads to depletion of circulating B lineage cells and, therefore, 
the synthesis of new antibody-secreting plasma cells.

Despite the main function of B lymphocytes being the production 
of antibodies, in recent years, other functions of these cells have been 
recognized. On one hand, B cells play a role as antigen-presenting cells 
through the major histocompatibility complex type II to CD4+ Th 
lymphocytes, participating in their activation alongside dendritic cells. 
Another important function is cytokine secretion. Regulatory B cells 
are a subset of B cells that contribute to inflammation control by 
secreting IL-10, promoting the differentiation of CD4 T lymphocytes 
into regulatory T cells. Various studies have demonstrated the benefit 
of B cell depletion therapies in autoimmune diseases mediated by self-
reactive T cells (11–13).

3. Drug history and indications

Rituximab is the first monoclonal antibody implemented in 
oncology and remains the most widely used to this day. It was 
created by Ronald Levy with the goal of targeting malignant B cells, 
and in 1982, the first case of a successfully treated cancer patient 
with this antibody was published. In 1994, the first phase I clinical 
trial of rituximab was conducted in patients with Non-Hodgkin’s 
lymphoma (10). This led to FDA approval in the United States in 
1997 for the treatment of Non-Hodgkin’s lymphoma. Since then, it 
has been approved for other indications such as rheumatoid 
arthritis (2006), Wegener’s granulomatosis, microscopic polyangiitis 
(2011), chronic lymphocytic leukemia (2017), and pemphigus 
vulgaris (2018) (14).

However, Rituximab is used off-label for numerous indications. In 
a retrospective study conducted in the United States that reviewed 
Rituximab administration indications, an increase in off-label 
indications was observed from 1.2% in 2009 to 55.6% in 2017 (15).

In this same study, the main off-label indication was neurological 
diseases, including multiple sclerosis, other inflammatory CNS 
diseases, neuropathies such as CIDP, Stiff-Person syndrome, refractory 
MG, among others (15, 16).

4. Use of rituximab in myasthenia 
gravis

The first reported case of Rituximab use in MG was in 1999, in a 
27-year-old patient who developed refractory myasthenia gravis after 
a hematopoietic stem cell transplant in the context of acute 
non-lymphocytic leukemia. The patient experienced improvement in 
myasthenia gravis, supporting the efficacy of Rituximab in other 
autoimmune disorders mediated by autoantibodies (17). Since then, 
the use of rituximab in MG has been widely extended to patients with 
refractory disease (2, 18) and various articles have reported its efficacy 
in up to 50%–84%, depending on the report (5, 19–21).

Several series of cases were reported at the beginning of the 2000s. 
In 2008, Isabel Illa et al. published an observational study including 
their experience with 6 patients with refractory MG (22). In the next 
years, several retrospective and prospective studies came out, 
including a wider number of patients (20, 23–25). In 2014 was 
published the first systematic review (19) and other meta-analysis 
have appeared later (26, 27). Recently, in 2022 two clinical trials have 
been published to increase evidence about this subject.

Table 1 resumes the main characteristics of previous studies.
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TABLE 1  Resume of characteristics of previous studies.

References Sample size (AChR/
Musk/SNMG)

Follow-up after RTX, 
mean, months

RTX regimen Primary outcome Result

Clinical trials

Nowa et al. (28) 52 (52/0/0) 13 2 cycles of 375 mg/m2 × 4 weeks every 

6 months.

Steroid-sparing effect. Futility (60% with RTX vs. 56% with 

placebo).

Piehl et al. (29) 47 (45/0/2) 12 Single infusion of 500 mg. Minimal disease manifestations (QMG < 4 or 

prednisolone < 10 mg/day).

Positive (71% with RTX vs. 29% in 

placebo arm).

Meta-analysis

Feng et al. (30) 196 (138/43/15) Variable among studies. Low dose (375 mg/m2 twice a month) vs. 

high dose (any other regimen).

Change in QMG. Reduction of QMG: 4.16. No difference 

between Rituximab and Eculizumab.

Zhao et al. (27) 417 (242/155/20) Variable among studies. Most patients received 375 mg/m2 × 4 weeks 

or 1 g × 2 weeks. Variable regimens in the 

rest of patients.

Proportion of patients achieving MMs and 

change in QMG.

64% achieving MMS or better. Mean 

reduction of QMG 1.55.

Tandan et al. (26) 169 (99/57/7) Variable among studies. Most patients received 375 mg/m2 × 4 weeks 

or 500 mg × 2 weeks. Variable regimens in 

the rest of patients.

Proportion of patients achieving MMs. 70% between MuSK-positive patients 

but 30% between AChR.

Iorio et al. (19) 168 (91/70/7) Variable among studies. Most patients received 375 mg/m2 × 4 weeks 

or 500 mg × 2 weeks or 1 g × 2 weeks. 

Variable regimens in the rest of patients

Change in MGFA-PIS. Response in 83.9%.

Observational studies

Nelke et al. (3) 56 24 1 g × 2 weeks. Compare the change in QMG after treatment 

with RTX and eculizumab

Greater benefit with eculizumab.

Li et al. (31) 19 (19/0/0) 51.3 (30.3–72.5) Based on CD19 count at baseline and 

repopulation.

Change in QMG score. Positive (median QMG decreased from 

18 to 11).

Fatehi et al. (32) 34 (17/9/8) 12 1 g × 2 weeks and reinfusions every 6 months. Change in average score on MGC, MGQoL-15, 

MGFA and MG-ADL. Change in prednisolone 

and pyridostigmine doses.

Improvement in MG-QoL and MGC. 

Reductions in the average daily dose of 

both drugs.

Zhou et al. (33) 12 (0/12/0) 6 600 mg single infusion. Change in QMG, MGC, MMT, MG-ADL y MG 

QOL-15.

Decrease in all scales.

Martínez-Monte et al. (34) 20 (16/2/2) 31,7 (15,2) NA Clinical response (complete/partial/absence). 75% of response (60% complete).

Doughty et al.  (35) 40 (28/9/3) 12 375 mg/m2 × 4 weeks or 1 g × 2 weeks. Proportion of patients reaching a “Improved” or 

better in MGFA-PIS.

76.9% achieved primary endpoint.

Litchman et al. (36) 33 (17/16/0) 62.1 (31.8) 375 mg/m2 × 4 weeks. Change in median MFGA and proportion of 

patients achieving MMs or better at 12 months 

and last visit.

MGFA change from II to 0 and MMs or 

better was attained in 64.7% (AChR+) 

and 75% (MuSK+).

Choi et al. (37) 17 (9/6/2) 24.5 (11.3) 375 mg/m2 × 2 weeks. Achieving MMs or better in MGFA-PIS with 

prednisolone dose ⩽5 mg/day.

65% achieved primary endpoint.

(Continued)
26

https://doi.org/10.3389/fneur.2023.1275533
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


V
esp

erin
as-C

astro
 an

d
 C

o
rtés-V

icen
te�

10
.3

3
8

9
/fn

eu
r.2

0
2

3.12
7553

3

Fro
n

tie
rs in

 N
e

u
ro

lo
g

y
fro

n
tie

rsin
.o

rg

TABLE 1  (Continued)

References Sample size (AChR/
Musk/SNMG)

Follow-up after RTX, 
mean, months

RTX regimen Primary outcome Result

Lu et al. (38) 12 (12/0/0) 18 600 mg every 6 months. Change in QMG. Decreased from 18.25 ± 4.03 to 

8.42 ± 3.99.

Topakian et al. (39) 56 (39/14/3) 20 (10–53.5) Most patients received 375 mg/m2 × 2 weeks 

or 500 mg × 2 weeks. Variable regimens in 

the rest of patients

MGFA-PIS. MMs or better 67.9% at last follow-up.

Roda et al. (40) 27 (10/13/4) NA 375 mg/m2 × 4 weeks or 1 g × 2 weeks. (1) Efficacy of stopping conventional 

immunosuppressants. (2) Reduction in steroids 

daily dose. (3) Improvement in MGFA-PIS.

(1) Discontinuation in all the cohort. (2) 

Decreased from an average of 19.9 to 

10.2 mg/day. (3) MMs or better in 

55.5%.

Beecher et al. (25) 22 (10/9/3) 28.8 (19.0) 375 mg/m2 × 4 weeks + two reinfusions of 

750 mg within 2 months.

Change in the MMT. Mean reduction in MMT score from 

10.3 to 3.3.

Landon-Cardinal et al. (41) 11 (11/0/0) 18 1 g × 2 weeks. Improvement of at least 20-points on the MMS at 

12 months.

Only one patient (9%) achieved primary 

endpoint.

Cortes-Vicente et al. (42) 25 (0/25/0) 60 (39.6) 375 mg/m2 × 4 weeks or 375 mg/m2 × 4 weeks 

+ two reinfusions monthly or 1 g × 2 weeks.

Proportion of patients achieving MMs or better 

in MGFA-PIS.

Primary endpoint achieved in 100%.

Afanasiev et al. (21) 28 (21/3/4) 27.2 (16.6) 375 mg/m2 × 4 weeks or 1 g × 2 weeks. Change in MGFA-PIS. 50% achieved Improved Status.

Hehir et al. (24) 24 (0/24/0) 45 (6∼116) 375 mg/m2 × 4 weeks. MGSTI score. 58% achieved MGSTI level 2 or better.

Robeson et al. (43) 16 (16/0/0) 56.1 (20.1) 375 mg/m2 × 4 weeks. MGFA-PIS. 63% achieved CSR; 19% 

Pharmacological Remission; 19% MMs.

Blum et al. (44) 14 (11/3/0) 14.4 (11.3) 500 mg × 2 weeks. Change in MGFA-PIS. 78.5% achieved Improved or better.

Maddison et al. (45) 10 (7/3/0) 12 ∼ 48 375 mg/m2 × 4 weeks. MGFA-PIS. 25% of CSR and 33% of MMs or 

Improved.

Díaz-Manera et al. (46) 17 (11/6/0) 31 375 mg/m2 × 4 weeks. MGFA-PIS. 100% of MuSK+ achieved MMs. 90.9% 

of AChR+ achieved Improved.

Collongues et al. (23) 13 (8/3/2) 26 (13) 375 mg/m2 × 4 weeks or 1 g × 2 weeks. ARR and MGFA scores. Decrease ARR from 2.1 to 0.3 and lower 

MGFA scores in both refractory and 

non-refractory patients.

Nowak et al. (20) 14 (6/8/0) 12 375 mg/m2 × 4 weeks. Change in corticosteroids dose. Prednisone dose decreased a mean of 

93.8% after cycle 3 of RTX.

SNMG, Seronegative myasthenia gravis; RTX, Rituximab; QMG, Quantitative myasthenia gravis; MMs, Minimal manifestations status; MGFA-PIS, Myasthenia Gravis Foundation of America—Postinterventional Status; MGC, Myasthenia gravis composite; 
MGQoL-15, Myasthenia gravis quality of life 15; MGFA, Myasthenia Gravis Foundation of America; MG-ADL, Myasthenia gravis activities of daily living; MMT, Manual muscle testing; MMS, Myasthenic muscle score; MGSTI, Myasthenia gravis status and treatment 
intensity; ARR, Annualized relapse rate; CSR, Complete stable remission.
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However, all these studies have often reported contradictory 
results and differences among different subgroups of autoantibodies. 
Other questions such as the adequate dosage, monitoring strategies, 
re-infusion regimen or long-term security profile remain also unclear.

4.1. Rituximab treatment in patients with 
anti-AChR antibodies

4.1.1. Evidence of use
During the decade of 2010, several observational studies were 

published reporting good responses of patients with AChR-positive 
MG patients and reductions in the corticosteroid doses after treatment 
with Rituximab (21–23). Although those studies pointed toward a 
treatment benefit, the evaluated outcomes and population baseline 
characteristics were different between studies and results exhibited 
high variability in the degree of improvement.

In a single-center study of patients with refractory MG treated 
with Rituximab published in 2017, the impact on patients’ quality of 
life and the difference in annual healthcare costs per patient compared 
to the year before rituximab initiation were analyzed, showing a 
favorable cost-effectiveness balance (47).

In the same year, a meta-analysis of the evidence on the use of 
Rituximab in MG was published, including a total of 169 patients. 
Among patients with positive anti-AChR antibodies, it was observed 
that 30% of patients achieved a status of minimal manifestations or 
better on the Myasthenia Gravis Foundation of America—Post 
Interventional Status score (MGFA-PIS) and a 46% reduction in the 
Quantitative Myasthenia Gravis score (QMG) (26).

Two new meta-analyses have been published in recent years, 
including patients with refractory MG and positive anti-AChR 
antibodies treated with rituximab. Both showed a proportion of 
patients reaching a state of minimal manifestations or better on the 
MGFA-PIS scale after Rituximab treatment of 51% (27) and 54% (48).

However, in 2018, the first randomized, double-blind, placebo-
controlled clinical trial in MG patients with anti-AChR antibodies 
treated with Rituximab (BEAT-MG) was conducted and published in 
2022. A non-inferiority design was used, with the primary efficacy 
objectives being the reduction in daily corticosteroid dose and the 
score on the MGC scale. This objective was achieved by 60% of the 
patients, a rate of benefit which is consistent with the results of 
previous studies. However, there was a high percentage of patients in 
the placebo group who also achieved this objective (56%), so the study 
did not show statistically significant differences between placebo and 
Rituximab in these patients. Moreover, no differences were found in 
quantitative scales such as QMG or MGC scores (49).

On the other hand, at the end of 2022, the results of the 
RINOMAX trial were published, a randomized, double-blind, 
placebo-controlled study in which 47 patients (45 of whom were 
positive for anti-AChR antibodies, and only two were MuSK-positive) 
were randomized to receive Rituximab vs. placebo. The primary 
objective was the proportion of patients with minimal manifestations, 
defined as QMG < 4 with a prednisolone dose of less than 10 mg/day. 
This was achieved by 71% of patients with rituximab compared to 29% 
of patients with placebo. A lower need for hospitalizations and rescue 
treatments with immunoglobulin or plasmapheresis in the rituximab 
group, as well as a lower corticosteroid dose at the end of the study in 
the rituximab group were also found. However, the study did not meet 

the secondary objectives of reducing QMG and MG-ADL scores, 
although patients who received rescue treatments during the study 
were excluded from the analysis, which had a greater impact on the 
placebo group, affecting the power to detect differences between arms.

Another limitation of this trial was an imbalance in important 
characteristics of the baseline populations in the two arms. Patients in 
placebo group were younger, had higher titers of antibodies and were 
taking lower doses of oral corticosteroids. More patients were 
classified as MGFA III in the placebo group whereas in Rituximab 
most of them were classified as II. Although predictive factors of 
response to treatment remain unknown, those are important 
characteristics which might had impacted on results.

In a recent meta-analysis published in 2023, including clinical 
trials of new therapies for myasthenia gravis, rituximab was the only 
one of the three analyzed strategies (anti-CD20, anti-FcRn, and anti-
complement) that did not show statistically significant differences 
compared to placebo in reducing scores on the MG-ADL, MGC, 
QMG, and patients’ quality of life. However, as the authors themselves 
noted, none of these scales were the primary outcome of the trials and 
the number of recruited patients was significantly lower than for the 
rest of therapies, giving place to large CI (6).

This discordance among the results of different observational 
studies, clinical trials, and meta-analyses can be  attributed to 
significant heterogeneity in the methods and conduct of the studies, 
with considerable variability in the analyzed variables as objectives, 
which complicates comparisons. This encourages the need to conduct 
new clinical trials with a uniform methodology, where primary 
objectives were common, and baseline characteristics of the study 
population were carefully recorded.

4.1.2. Recommendation of use
In the latest international consensus guidelines for the 

management of MG updated in 2021, the efficacy of rituximab in 
patients with anti-AChR antibodies is still considered uncertain, 
although its use is considered an acceptable alternative in refractory 
cases (50).

4.2. Rituximab treatment in patients with 
anti-MuSK antibodies

4.2.1. Evidence of use
Patients with anti-MuSK antibodies constitute approximately 5% 

of all MG cases (2). These patients have been associated with a bulbar 
phenotype of the disease and with increased severity and 
refractoriness to other immunosuppressive treatments and 
intravenous immunoglobulin. This has been highlighted in studies 
showing a higher proportion of patients in the MuSK positive group 
requiring second-line immunosuppressive therapies such as 
Rituximab (22).

To the best of our knowledge, in 2006 was reported the first case 
of MuSK-positive MG patient successfully treated with Rituximab 
(51). Isabel Illa et  al. published a series of 6 patients treated with 
Rituximab, highlighting a differential response between patients with 
anti-AChR antibodies and MuSK-positive, with greater and more 
sustained responses in this last group (22). In the light of these 
findings, the same group conducted a retrospective study comparing 
the results of Rituximab treatment between different serologic groups 
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in 17 MG patients, confirming the better and lasted longer response 
in the MuSK-positive group (46).

In 2014, the first meta-analysis on the use of Rituximab in 
patients with MG was published. However, in this article, although 
the authors point to better outcomes among MuSK-positive 
patients, differences were minimal (88.8% improvement in 
MGFA-PIS vs. 85.6% in anti-AChR) and did not reach statistical 
significance (19). Subsequent studies have supported this evidence, 
finding greater differences between the two groups, suggesting that 
MuSK-positive patients benefit more from rituximab therapy, 
showing a faster response, tolerate a greater reduction in oral 
immunosuppressants and corticosteroids, and take longer to relapse 
(25, 27, 36, 52).

Also, in a multicenter retrospective study of all patients treated 
with Rituximab in the healthcare system of Austria, MuSK positivity 
was identified as the only independent variable associated with 
response to Rituximab (39). This finding was subsequently confirmed 
in another similar meta-analysis (26).

Despite the lack of clinical trials specifically focusing on the use 
of rituximab in MuSK positive patients (only 2 patients were included 
in RINOMAX), evidence from observational studies supports the 
same line of findings. In a prospective multicenter, double-blind study 
comparing MuSK-positive MG patients treated with rituximab vs. 
other conventional immunosuppressants, better responses and lower 
corticosteroid doses were demonstrated in the intravenous treatment 
arm (24).

4.2.2. Recommendation of use
Currently, international consensus guidelines for the management 

of MG consider Rituximab as an early-line treatment in MuSK-
positive patients who have failed first-line immunotherapy (50).

4.3. Rituximab treatment in seronegative 
patients

4.3.1. Evidence of use
The evidence for the use of Rituximab in seronegative Myasthenia 

gravis (MG) patients is scarce and limited to the inclusion of a small 
number of patients in observational studies.

In 2015 and subsequently in 2017, two meta-analyses were 
published that included 4 and 7 seronegative patients, respectively. 
While the first meta-analysis showed an 85.6% improvement in 
MGFA-PIS scale, the second meta-analysis reported improvement in 
only one patient (19, 26). In 2018, the results of a prospective study 
on the use of rituximab in refractory MG were published, which 
included three seronegative patients. The study did not demonstrate 
improvement in the primary outcome (reduction in Manual Muscle 
Testing score), although one of the three patients was able to 
discontinue corticosteroid therapy (25). In 2019, another 
retrospective study included 4 seronegative patients, of whom 3 
showed Improvement status on MGFA-PIS after treatment with 
Rituximab. In all cases, corticosteroid-sparing therapy could 
be  discontinued, and the prednisone dose was reduced in two 
patients (40). However, in the same year, another retrospective study 
based on the Austrian healthcare population did not show clinical 
remission in any of the three seronegative patients included in the 

study and treated with Rituximab (39). Finally, the study with the 
largest number of seronegative patients included is a meta-analysis 
published in 2021, which included 20 seronegative patients treated 
with Rituximab. 40% of these patients achieved a status of minimal 
manifestations or better, compared to 51% in anti-AChR patients and 
79% in MuSK-positive patients. The reduction in the mean daily 
corticosteroid dose was also lower in this subgroup, although 
withdrawal of other immunosuppressive agents was observed in up 
to 91% of patients (27).

4.3.2. Recommendation of use
The data to date is limited and contradictory in the literature. 

Although it is not possible to establish an evidence-based 
recommendation for the use of rituximab in these patients, there are 
reported cases of improvement in seronegative patients with refractory 
MG, which supports the use of rituximab in selected cases.

4.4. Rituximab treatment in juvenile 
myasthenia gravis

Juvenile Myasthenia Gravis (JMG) is defined as the onset of the 
disease in patients younger than 18 years old. It is a rare condition with 
an incidence of around 1.5 patients per million inhabitants per year 
and represents 3%–15% of all MG cases in Europe, while in Asia, it is 
estimated to reach up to 50% (53, 54). Pure ocular forms are more 
common in female patients with prepubertal onset, especially in the 
Asian population. The rate of generalization in JMG patients varies 
depending on the studies, ranging from approximately 25 to 35%, 
which is much lower than in adult patients. Generalized forms of JMG 
typically debut in the post-pubertal period (53–55). Another 
difference compared to adult patients is the prevalence of antibodies, 
with a high rate of seronegative patients (36%–50%) (54) and a higher 
rate of seroconversion during the course of the disease compared to 
adults (55).

Regarding the treatment of JMG, corticosteroids are the first-line 
immunosuppressive therapy. However, high rates of corticosteroid 
dependence have been reported among pediatric patients (54). In 
refractory cases or when symptoms reappear and corticosteroid dose 
reduction is not possible, second-line immunomodulatory therapies 
are indicated.

4.4.1. Evidence of use
The experience with Rituximab in JMG is limited to case reports, 

generally showing favorable outcomes in patients with seropositivity 
for anti-AChR and anti-MuSK antibodies, as well as in seronegative 
patients (56–61).

Two subsequent larger studies documented the experience with 
five patients each (seven patients with anti-AChR antibodies and 
three MuSK-positive patients), all of whom showed improvement 
(54, 62). Despite the improvement, two children with anti-MuSK 
antibodies required high doses of corticosteroids to maintain their 
condition (54).

A recent multicenter retrospective study conducted in several 
French hospitals included 27 pediatric patients treated with Rituximab 
(63). The patients treated with Rituximab showed better outcomes 
compared to other conventional therapies, allowing for a reduction in 
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corticosteroid doses and withdrawal of immunosuppressants. No 
adverse events were reported during the study.

4.4.2. Recommendation of use
Currently, the evidence is limited, but the results indicate that 

Rituximab is a well-tolerated and effective option in the treatment of JMG.

5. The physiopathology behind the 
evidence

After antigen recognition by B-Cell Receptors (BCR), activated B 
cells give rise to short-lived plasmablasts and plasma cells, which are 
effectors of the initial humoral response. The sustained exposure to 
the antigen eventually leads to the development of long-lived plasma 
cells. On the other hand, antigen-activated B cells can undergo affinity 
maturation of the BCR to give rise to memory B cells, which, along 
with long-lived plasma cells, provide long-term immunity (64).

As we said before, Rituximab causes depletion of circulating B 
cells and a 70% reduction of this lineage in narrow bone, including 
plasmablasts, thus suppressing the initial humoral response. Rituximab 
also produces depletion of memory B cells, leading to repopulation of 
the periphery with naive B cells and generating an altered balance 
between different cell populations and their activity. Some evidence 
has emerged showing how administration of Rituximab also leads to 
an increased percentage of the T regulator lymphocytes (11, 65).

This abortive effect over the first humoral immunity has 
several implications:

On one side, this is probably the reason behind the differential 
response to Rituximab between MuSK and AChR-positive MG patients. 
Anti-MuSK antibodies are predominantly of the IgG4 subtype which 
are thought to be  mainly produced by short-lived B cells and 
plasmablasts, a pool of cells that requires constant replenishment from 
B cell precursors and which are depleted after Rituximab 
administration, justifying the better and sustained response in these 
patients (52).

This evidence is supported by the quick reduction in titers of 
MuSK antibody after the treatment (26, 46). Elevations in anti-MuSK 
antibody titers have also been described in patients who experience 
relapses. In a study analyzing samples from patients who had relapsed 
following initial improvement after rituximab, the presence of specific 
memory B cells against MuSK and an increase in peripheral blood 
plasmablasts were demonstrated, as well as an increase in anti-MuSK 
antibody titers compared to patients who remained in complete 
remission or controls (66).

The other implication of depleting the effectors of the early 
humoral response is the possible impact of disease duration in the 
response to Rituximab. It is speculated that early administration of 
anti-CD20 therapies in autoimmune diseases may abort the process 
of forming autoantibody-secreting plasma cells, maintaining sustained 
therapeutic response (64, 65, 67).

This could explain the differences between the two clinical trials 
in MG, since in RINOMAX, the included patients had 12 months or 
less of disease duration, while in BEAT-MG, there was no limit on 
disease duration (mean disease duration was 5.5  years). This is 
consistent with previous studies in which disease duration is the only 
factor correlated with a faster response to rituximab (19, 67).

6. Regimen of administration

There is no clear consensus regarding the appropriate administration 
regimen of Rituximab for patients with MG. The most commonly used 
guidelines are those indicated for patients with B-cell lymphoma, which 
consist of either weekly doses of 375 mg/m2 for 4 consecutive weeks or 
two doses of 1 g, with a 2-week interval between them (27).

In recent years, several authors have started to suggest the use of 
lower doses of Rituximab in patients with autoimmune diseases, as the 
lymphocyte burden is lower compared to patients with hematological 
neoplasms. These lower dose regimens have already proved efficacy in 
other autoimmune diseases (68). In MG, a meta-analysis by Li and 
colleagues reported that up to 34% of patients receive these reduced-
dose regimens, which can vary greatly: two doses of 500 mg separated 
by 2 weeks, a single induction dose of 600 mg, two weekly doses of 
375 mg/m2, etc. (69). However, results are contradictory. A meta-
analysis comparing MG patients with anti-AChR antibodies who had 
received the standard dose vs. a reduced dose found no differences in 
clinical response, reduction in corticosteroid dosage, or withdrawal of 
conventional immunosuppressants (69). These findings are in line 
with previous studies, which also did not observe differences in the 
need for reinfusion (19, 26, 39). In contrary, another meta-analysis 
including 196 refractory MG patients showed a higher rate of Minimal 
Manifestations MGFA-PIS between the high-dose group of Rituximab 
(84% vs. 39%) (30). In another retrospective multicenter study of 
patients with anti-MuSK MG, a higher risk of relapse and shorter time 
to relapse were observed in patients who had received two weekly 
doses of 1 gram compared to patients who had received 6 doses of 
375 mg/m2, with no differences in safety between both regimens (42).

Since the evidence reported to date are controversial, the question 
about the adequate dosage of Rituximab for MG patients remains 
still unclear.

7. Monitorization after treatment

Regarding maintenance therapy, there is no established protocol 
for the need for reinfusion. Several monitoring strategies have been 
proposed based on analytic markers. Since anti-AChR and anti-MuSK 
antibodies have a pathogenic role in the disease (22), monitoring titers 
of antibodies has been postulated as a possible option.

As for the AChR antibodies, neither of the two clinical trials 
conducted so far, proved a significant reduction in antibody titers after 
Rituximab treatment (49). Other observational studies did report a 
reduction in titers, although none of them demonstrated a correlation 
with clinical improvement, so monitoring these antibodies is not 
indicated as a predictor of the patient’s clinical course (26, 48).

In contrast to anti-AChR antibodies, anti-MuSK antibody titers 
do closely correlate with disease severity (47), with reductions of up 
to 90% in titers being described in patients who respond to rituximab 
administration (26, 46). Elevations in anti-MuSK antibody titers have 
also been described in patients who experience relapses compared to 
those who remained in complete remission (66).

As Rituximab treatment induces B cell depletion, B cell counts in 
peripheral blood has also been used to monitor in some studies and 
seems to have a better correlation with the clinical response than the 
antibodies titer (69). In several autoimmune diseases, including MG, 
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monitoring CD20 cells have proved its value as a predictor of clinical 
relapses (70, 71). However, Choi and colleagues reported B-cell 
recovery appeared to be in parallel with clinical relapse on the group 
level, although it was not a good predictor at the individual-level, with 
B-cell repopulation observed only at 57% of clinical relapses (37).

In recent years, the levels of CD27+ cells, corresponding to 
memory B cells, have been described as possible monitoring marker, 
with a stronger correlation than antibody titers or total B lymphocytes. 
In a study by Lebrun et al., no patients with low levels of CD27+ cells 
experienced relapses, while an increase in the levels of these cells 
correlated with the appearance of symptoms in all cases (72). Using this 
marker to guide re-treatment decreased the number of annual cycles 
without a higher number of relapses. However, other authors have 
noted that, despite of a good sensitivity as a risk of relapse marker, only 
a 21% of patients with levels of CD27+ cells above threshold manifested 
a clinical worsening, which could lead to an overtreatment (71). The 
applicability of this marker in clinical practice is not yet well defined.

In literature, in most studies and reported cases, the decision to 
administer a new cycle is based on the reappearance of symptoms or 
the count of CD20+ cells in peripheral blood, while a minority of cases 
administered Rituximab on a periodic basis (39, 42, 69).

8. Safety profile

As previously mentioned, experience with Rituximab dates back 
to the last two decades, so there is abundant evidence regarding the 
drug’s safety.

In 2015, safety results of over 3,000 patients with rheumatoid 
arthritis treated with Rituximab were published, following an 11-year 
follow-up. The results showed that Rituximab does not pose a higher 
risk of serious adverse effects, including severe infections, 
cardiovascular events, or neoplasms (73).

In MG, the rate of adverse events reaches 15%–20% depending on 
the studies. In most cases, these are mild events that occur within the 
first 6 months of treatment and are related to infusion reactions, 
which can present as flushing, flu-like symptoms, fever, etc. (26, 27).

Another concern regarding the use of Rituximab is infections. In 
MG patients, a risk of serious infections of 0.05/100 patient-years has 
been reported, including respiratory and gastrointestinal infections, 
erysipelas, or herpes zoster reactivation. No increased risk of 
infections has been demonstrated with Rituximab compared to 
placebo (4).

Rituximab has been associated with the induction of 
hypogammaglobulinemia, which is associated with a higher risk of 
serious infections (73, 74). In a retrospective multicenter study of 
Rituximab-treated MG patients with anti-AChR and anti-MuSK 
antibodies, it was observed that 37% of patients developed 
hypogammaglobulinemia, of which 70% was mild. However, no 
association was demonstrated between hypogammaglobulinemia and 
the development of serious infections (74).

An infection that deserves special attention due to its poor 
prognosis is progressive multifocal leukoencephalopathy (PML), an 
opportunistic infection of the central nervous system caused by the 
John Cunningham (JC) virus. PML infection has been associated with 
the use of Rituximab with a frequency of 1 in 20,000 treated patients 
(16). To date, three confirmed cases of PML have been reported in MG 

patients associated with the use of Rituximab, although all of them had 
previously received other conventional immunosuppressive therapies 
(21, 74, 75).

On the other hand, resistance to Rituximab mediated by inhibitory 
human anti-chimeric antibodies has been described in 1% of patients 
with hematological malignancies. As far as we know, only one case of 
resistance to Rituximab have been reported in MG patients to date. A 
28 years old female patient who was tested for these antibodies due to 
absence of response after the third infusion of Rituximab (26, 74).

In summary, Rituximab is considered a safe alternative in MG 
patients, with a complication rate similar to other 
immunosuppressants (27).

9. Discussion

Since the first use of Rituximab in a patient with MG in 1999, a 
large number of studies have shown benefits of this therapy over the 
past 20 years. However, results between studies have often been 
inconsistent, and it has been suggested that the treatment’s efficacy 
depends on the patient’s serotype.

Currently, the benefit of Rituximab therapy in MuSK-positive 
patients seems clear. Although no clinical trials have been conducted 
in this patient subgroup, accumulated evidence from observational 
studies and meta-analyses over the past few decades has been 
consistent and has shown a positive effect not only in the clinical 
improvement of these patients but also as a steroid-sparing and other 
immunosuppressive medications, making Rituximab a therapeutic 
option even ahead of conventional immunosuppressants (27, 36, 
46, 50).

The situation is different, however, for AChR-positive seropositive 
patients. The high variability in the results of observational studies is 
evident in systematic reviews, which have shown benefits ranging 
from 30% to 54% to negative results (6, 26, 27). In addition, two 
recently published randomized clinical trials have been conducted in 
these patients. The first trial, BEAT-MG, concluded with a treatment 
futility outcome. The second trial, the RINOMAX trial, has generated 
controversies because, despite achieving the primary endpoint, the 
baseline populations of both arms were significantly different in terms 
of age, corticosteroid dose, and disease severity. Furthermore, this trial 
was negative in the secondary outcomes (49).

Therefore, with the available evidence to date, it is not possible to 
ascertain a clinical benefit of Rituximab in AChR-positive patients, 
and in our opinion, the use of Rituximab in these patients should 
be restricted to refractory cases and after individualized therapeutic 
decision-making.

Another issue yet to be clarified is the appropriate administration 
regimen in these patients. Although most studies have been conducted 
following classical treatment guidelines (375 mg/m2 × 4 weekly doses 
or 1 g × 2 fortnightly doses), in recent years, an increasing number of 
authors have suggested that lower doses of Rituximab achieve the 
same clinical effect with a better safety profile and cost-effectiveness 
(26, 39, 69).

This uncertainty in the administration regimen also applies to the 
re-infusion schedule, and there is an increasing need for a marker that 
guides monitoring and retreatment before clinical relapse occurs. 
Unlike anti-AChR antibody titers, it is clear that anti-MuSK antibody 
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titers have a good correlation with patient symptomatology and can 
predict relapses in the majority of cases (26, 46). Other markers that 
have been proposed as promising in recent years are the count of 
CD27-positive memory B cells (72). However, in neither case are there 
guidelines that apply this correlation in clinical practice.

Finally, Rituximab appears to be a safe long-term therapy for 
patients with MG. In general, most adverse effects are related to 
infusion reactions, and there has been no demonstrated increase 
in the risk of serious infections or neoplasms in these patients (27).

Despite the extensive experience accumulated over 20 years of 
using this treatment, many questions remain unresolved. In our 
opinion, new clinical trials are needed to clarify the question of 
efficacy in anti-AChR-positive patients, conducted with a stratification 
process that ensures similarity between both arms of the trial, as well 
as new guidelines that standardize the use of Rituximab regimen 
among different studies and centers and allow the implementation of 
new markers in the monitoring of these patients.
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Myasthenia gravis is a prototypic neuroimmune disorder with autoantibodies 
targeting the acetylcholine receptor complex at the neuromuscular junction. 
Patients present with mainly ocular muscle weakness and tend to have a generalized 
muscle weakness later in the clinical course. The weakness can be severe and fatal 
when bulbar muscles are heavily involved. Acetylcholine receptor antibodies are 
present in the majority of patients and are of IgG1 and IgG3 subtypes which can 
activate the complement system. The complement involvement plays a major 
role in the neuromuscular junction damage and the supporting evidence in the 
literature is described in this article. Complement therapies were initially studied and 
approved for paroxysmal nocturnal hemoglobinuria and in the past decade, those 
have also been studied in myasthenia gravis. The currently available randomized 
control trial and real-world data on the efficacy and safety of the approved and 
investigational complement therapies are summarized in this review.
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1. Introduction

Myasthenia gravis (MG) is a neuroimmunological disorder where the autoantibodies target 
the nicotinic acetylcholine receptor (AChR) complex at the postsynaptic membrane of the 
neuromuscular junction (NMJ) of various skeletal muscles.

The incidence varies from 1.7–21.3 per million person-years for all myasthenia types and 
4.3 to 18 per million person-years for AChR MG and an estimated United Kingdom (UK) 
prevalence of 15 per 100,000 population (1, 2).

Clinical presentation arises from the fatigability of various skeletal muscles. At the onset, it 
is limited to extraocular muscles in about 85% of patients, giving rise to symptoms such as 
diplopia, blurred vision, and ptosis. The muscles involved will become generalized in about 80% 
of such patients, mainly within 2 years from onset (3). Neck, limb, bulbar, and respiratory 
muscles can be involved with various presentations such as head drop, dysarthria, dysphagia, 
dyspnoea, and limb weakness. About 40% of patients have severe muscle weakness involving 
the bulbar and respiratory muscles. One in five patients with severe muscle weakness require 
ventilator support with endotracheal intubation. With the lack of such ventilation assistance in 
the past, respiratory failure and pneumonia used to be the causes of almost 100% mortality in 
the earlier centuries. Despite the advances in ventilator support, mortality remains around 5% 
to 10% (3).

MG is a prototypic T-cell dependent B-cell mediated autoimmune disorder and anti-AChR 
antibody is elevated in 90% of patients with generalized MG and 50% with localized ocular MG 
(3). Muscle specific kinase (MuSK) antibody is found to be positive in about 70% of AChR 
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antibody-negative patients (4). In about 8% of double seronegative 
patients, low-density lipoprotein receptor-related protein 4 (LRP4) 
antibody is positive (5–7).

Among the different antibodies identified in myasthenia gravis, 
AChR antibody is of IgG1 and IgG3 subtype and can activate the 
complement system. In this article, we will only review AChR-MG 
with the focus on the role of the complement system in the 
pathogenesis and its therapeutic potential.

2. Role of complement in AChR-MG

2.1. Proposed pathogenic mechanisms of 
AChR antibody

AChR is of the larger ligand-gated ion channel gene superfamily 
and the best-known nicotinic AChR of the family. It is a 
transmembrane glycoprotein structure and composed of five 
homologous subunits α2βγδ as fetal AChR, and in the adult type, the 
γ subunit is replaced by the ε subunit.

The AChR is a very potent immunogen (8). The ability to induce 
experimental autoimmune MG in several animal models either 
actively by heterologous or homologous AChR or its parts or passively 
by polyclonal or monoclonal AChR antibodies has been shown in 
several studies (9, 10).

Over half of the autoantibodies were observed to bind to the α 
subunit of AChR, especially to the major immunogenic region (MIR) 
formed by overlapping epitopes in the Extracellular domain of the α 
subunit (α 67–76). Autoantibodies can bind all AChR subunits, 
including the γ subunit in fetal AChR. However, α subunit binding 
antibodies were found to be more pathogenic (8, 11, 12).

Three pathogenic mechanisms of AChR antibodies have been 
proposed in the literature and are schematically presented in Figure 1.

The first proposed mechanism is the direct AChR blockade, where 
anti-AChR binds to and directly inhibits AChR function. Various 
groups have explored this hypothesis using human, mice and rat cells, 
transfected cell lines and intact neuromuscular junctions however 
such studies failed to show a unanimous neurotransmission failure 
(13). At the physiological NMJ, AChRs are densely packed at around 
9,000 receptors per square micrometre (14) and perhaps the results 
may have been consistent if this had been taken into consideration. 
Cetin et al. (13) exploited this and demonstrated that by mimicking a 
physiological NMJ by clustering AChRs using rapsyn in CN21 cell 
line, AChR antibody sera from patients were able to rapidly and more 
potently block AChR currents than in the cell line with 
unclustered AChRs.

However, the magnitude of AChR antibody bound to AChR at the 
post-synaptic membrane was observed to be directly proportionate to 
the AChR index (residual AChR) and the mini-end plate potential in 
the muscle biopsies from myasthenic patients. This suggested that 
direct antibody blockade may not be the most important mechanism 
and the receptor depletion mechanisms may play a larger role for 
neurotransmission failure (15).

The AChR population at the post synaptic membrane is rather 
dynamic due to internalization and either recycling or degradation 
and replacement with new receptors (16). Engel at al demonstrated 
that this process was accelerated in EAMG rats compared with healthy 
control ones however this was also compensated by increased 

synthesis and release of AChR in mild or subclinical EAMG rats (15). 
Heinemann et al. (17) demonstrated similar findings in rat diaphragm 
using anti-AChR rat sera in rat diaphragm and Dranchman et al. (18) 
by patient-derived immunoglobulins in rat muscle cell cultures. This 
antigenic modulation by anti-AChR antibody seems to be mediated 
by its receptor cross-linking ability (19, 20).

In most severely affected EAMG mice, junctional folds were 
however destroyed and shedding of labelled AChR into the synaptic 
space was seen and Engel et al. inferred that this cannot by explained 
purely by an increased AChR internalization mechanism (15).

In the muscle biopsies of myasthenic patients, similar 
ultrastructural changes were also observed such as widening of 
primary synaptic clefts with significant debris of junctional folds in 
the synaptic clefts, simplification of junctional folds (by shallowing 
and widening or reduction in the number of secondary synaptic 
clefts), remodeling of the endplate and moving away of the nerve 
terminal from the destroyed endplate to an adjacent region where a 
new endplate region was formed (illustrated in Figure 1) (15, 21, 22). 
Such NMJ loss suggested complement involvement in the pathogenesis 
of myasthenia gravis.

2.2. Complement in myasthenia gravis

Complement system is part of innate immune response and 
central functions include inducing acute inflammation, killing 
microbes by opsonization for phagocytosis and osmotic/colloidal lysis 
and removing apoptotic host cells. It can help solubilize or remove 
antigen-antibody complexes from circulation. It is also involved in 
adaptive immune response by helping regulate T and B cell activation 
(23–25).

It is an integrated system of nearly 50 proteins present abundantly 
in blood but not in normal extravascular tissues. Complement is 
activated on cell surfaces of mainly microbes and damaged host cells 
and autoimmunity is suppressed by complement regulators present at 
the intact cell surfaces (see below for a further review in relation to 
MG pathogenesis). It operates in a cascade via a series of proteolytic 
cleavages after activation. IgM and IgG are major immunoglobulins 
that can activate the complement cascade via the classical pathway. 
IgG can diffuse into normal extravascular tissues. In contrast IgM can 
only enter those with increased vascular permeability induced by 
tissue inflammation.

There are three pathways to activate the complement cascade 
however only the classical pathway is the most relevant in this review, 
and it will be described.

2.2.1. The classical pathway
Multivalent C1q can either be activated by direct binding to 

microbes or by antigen antibody complexes and subsequent 
enzymatically active C1r and C1s are generated. C1s cleaves C4 to 
C4a and C4b. C1r, C1s and C4b in combination cleaves C2 to C2a 
and C2b. C4b2a complex (C3 convertase) cleaves C3 to C3a and 
C3b. C3C4b2a3b forms C5 convertase and initiates terminal 
complement pathway by cleaving C5 into C5a and C5b. C3a, C4a 
and 5a are anaphylatoxins, which are proinflammatory and 
responsible for increased vascular permeability, smooth muscle 
contraction and leucocyte recruitment. C5b subsequently exposes 
a binding site for C6 and C5bC6 reversibly binds to the cell surface 
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and forms the foundation for membrane attack complex (MAC). 
C7 binds to C5bC6 to form C5bC6C7, which subsequently induces 

transmembrane insertion of C8α and C8β, forming unstable pores. 
C9 binds to C8α and attracts polymerization of multiple C9 

FIGURE 1

Pathogenic mechanisms of AChR antibody in myasthenia gravis: (1) direct AChR blockade, (2) antigenic modulation and increased AChR internalization, 
and (3) complement activation leading to complement mediated NMJ destruction (widening of primary synaptic cleft (space between motor nerve 
terminal and muscle end plate), destruction of junctional folds with simplification of secondary clefts (fewer and wider clefts), increased AChR, AChR 
IgG and complement bound junctional fold debris in the primary synaptic cleft) and remodeling of nearby motor end plate region (motor nerve 
terminal moving away from the damaged muscle end plate area with formation of a new end plate in a nearby region). Image created with the help of 
©BioRender.com.
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molecules to stabilize the pores with a maximum diameter of 
10 nm. This C5bC6C7C8C9 forms MAC, which lyses the cell via 
several mechanisms (25). The classical pathway is illustrated in 
Figure  2 alongside the approved and investigational 
therapeutic targets.

2.2.2. Telltale of NMJ destruction by the 
complement system

The possibility of the complement system involvement in the 
pathogenesis of myasthenia was first considered in 1960s when sera 
from myasthenic patients were able to cause cytolytic destruction of 
frog sartorius muscle fibers correlating with serum complement levels 
outside a normal range in most patients (26).

Studies have demonstrated that antibodies binding AChR leads to 
complement deposition at the NMJ (27, 28). In the muscle biopsies of 
patients with myasthenia, IgG and C3 deposition were localized at the 
identical sites such as the post-synaptic membrane, synaptic cleft 
debris and on disintegrating junctional folds suggesting that the 
complement pathway had been activated by anti-AChR and it had 
been completed to C3 phase (15). C9 is one of the major components 
in assembling the final and stable membrane attack complex, which is 
responsible for destruction of neuromuscular junction in case of 
myasthenia gravis. As definitive evidence of destruction of NMJ by the 
complement system, Engel et al. (15) demonstrated that deposition of 
C9 was seen at the MG end plate regions however the most intense 
depositions were observed in association with the most abnormal 
looking and destroyed neuromuscular junctions. Such findings were 
also reflected in EAMG models (29).

In myasthenic patients with high AChR antibody concentrations, 
the evidence of consumption of complement was also observed and 
C3 levels were inversely correlated with clinical severity in AChR-MG 
patients (30, 31). The electrophysiological tests often correlate with in 
vitro serum complement-fixing ability of clustered AChR ab (32).

The essential role that the complement plays in the pathogenesis 
of AChR-MG was also supported by prevention of murine EAMG 
either by depleting the complement with cobra venom factor or by 
knocking out C3, C4, C5 or C6 (33–36). In all of these studies, despite 
visualization of antibodies attached to AChR at NMJ, neither 
complement deposition nor NMJ destruction were observed.

2.2.3. How anti-AChR IgG could trigger 
complement cascade

In the classical pathway, IgM, a natural pentamer in blood, when 
bound to an antigen, can strongly active the complement cascade. 
However, it is not relevant to AChR-MG as the most specific antibody 
is IgG. Unlike the pentameric IgM, IgGs in oligomers, can bind C1q 
with a sufficient avidity to activate the complement system (37, 38). 
Among IgG subclasses, IgG 1 and 3 are known to be the strongest 
complement activators.

Six IgG monomers can form a hexamer via Fc:Fc interactions and 
are able to bind and activate C1q and subsequently the downstream 
complete cascade (39–41). For lateral recruitment model on a sparsely 
antigenic surface, IgG must be  monovalent to be  able to form 
hexamers as bivalent binding seems to suppress oligomerization by 
lateral collision, however with vertical recruitment from the solution, 
IgGs can be bivalent (41). For high density antigenic expression like 

FIGURE 2

Classical complement pathway in myasthenia gravis and the approved and investigational therapeutic targets in the complement system Image 
created with the help of ©BioRender.com.
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nicotinic NMJ AChRs, the former model is not important (41). This 
has been illustrated in a few studies but not in myasthenia. Such Fc:Fc 
interactions can be  modified by Fc mutations or Fc domain 
deglycosylation (39, 40).

AChR antibodies are of bivalent IgG1 and 3 subtype and can 
cross-link the receptors with antibodies against the major 
immunogenic region being the most potent (11). It can be deducted 
that densely populated AChRs with an estimated distance of a mere 
10 nm between them favour a very close clustering of Anti-AChR 
monomers, formation of hexamers via the vertical pathway mentioned 
above and thereby a multivalent binding of C1q multivalent head. 
However, the direct visualizable evidence of how the complement 
cascade is triggered by AChR IgGs in AChR-MG is yet to 
be investigated.

2.2.4. Complement regulators
Complement regulators are present at host cell surfaces to prevent 

autologous destruction by the complement system (42). Decay 
accelerating factor 1 (DAF1) or CD55 inhibits C3 and C5 convertases 
and accelerates their decay (43). Membrane cofactor protein (CD46) 
is a cofactor of cleavage of C3b and C4b, which form C3/4 convertases 
(44). Complement receptor 1 accelerates the decay of C3/5 convertases 
and degradation of C3b/4b (45). Membrane attack complex inhibitory 
protein (MAC-IP) or CD59 inhibits the formation of membrane 
attack complex (46, 47).

Mice that are deficient in DAF1 alone or both DAF1 and CD59 
were observed to be  much susceptible to EAMG with significant 
receptor loss, muscle weakness and NMJ damage, with the double 
knockout mice showing a significantly worse EAMG even leading to 
crisis (48, 49).

Complement regulator activities (mRNA and protein expression) 
were observed to be  lower at extraocular muscles (EOM) than 
diaphragm at baseline or after EAMG induction in mice. This supports 
increased predilection of EOM involvement in AChR-MG 
patients (50).

2.2.5. Complement system as therapeutic targets

2.2.5.1. High dose intravenous immunoglobulin
Among the established immunomodulatory therapies for MG, 

intravenous immunoglobulin (IVIg) appears to inhibit the 
complement system by neutralization of C3a and C5a and at high 
concentrations, by inhibiting the uptake of C3b and C5b onto the cell 
surface and subsequent complement mediated tissue damage (51, 52).

2.2.5.2. FDA approved anti-C5 therapies

2.2.5.2.1. Eculizumab
Eculizumab is a recombinant humanized monoclonal antibody 

against C5. It binds to C5 and prevents its breakdown to C5a and C5b, 
thereby reducing inflammatory cells recruitment and membrane 
attack complex formation. United  States Food and Drug 
Administration (U.S. FDA) first approved its use in paroxysmal 
nocturnal hemoglobinuria (PNH) in 2007 and atypical haemolytic 
uremic syndrome (aHUS) in 2011, where uncontrolled complement 
activation is largely responsible for the pathogeneses.

It was then studied in 2 neurological conditions such as 
myasthenia gravis and aquaporin-4 (Aqp-4) antibody positive 

neuromyelitis optica spectrum disorder (NMOSD), where 
complement involvement is seen but less well-delineated. Phase 3 
randomized controlled trial (RCT) data for Aqp-4-positive NMOSD 
(PREVENT, prevention of relapses in neuromyelitis optica; 
NCT01892345) showed a remarkable 94% relative risk reduction of 
relapses (53) however the benefits were less clear in the RCT 
data for MG.

It is the first complement therapy investigated in MG. Fourteen 
patients with severe refractory generalized MG (gMG) were 
studied for 16 weeks with a crossover in a phase 2 randomized, 
double blind placebo-controlled trial. A clinically meaningful 
response was produced with 86% achieving primary end point of 
three-point reduction in QMG score and a significant overall QMG 
score reduction between treatment and placebo group 
(p = 0.0144) (54).

Encouraging results from phase 2 RCT led to a multinational, 
randomized, placebo-controlled, double-blind phase 3 study 
(REGAIN, safety and efficacy of eculizumab in AChR positive 
refractory generalized myasthenia gravis; NCT01997229) in a similar 
population as the phase 2 study (55). One hundred twenty-five AChR-
antibody positive refractory severe generalized MG patients from 
North America, Latin America, Europe and Asia were enrolled into 
the study. Eligibility criteria were myasthenia gravis-activities of daily 
living (MG-ADL) score of 6 or more, myasthenia gravis foundation of 
America (MGFA) class II–IV disease, vaccination against Neisseria 
meningitides, and previous treatment with at least two 
immunosuppressive therapies (IST) or one immunosuppressive 
therapy and chronic IVIg or plasma exchange (PLEX) for 12 months 
without symptom control. Exclusion criteria were history of thymoma 
or thymic neoplasms, thymectomy within 12 months before screening, 
or use of IVIg or PLEX within 4 weeks before randomization, or 
rituximab within 6 months before screening. Patients had either 
intravenous (IV) eculizumab or placebo 900 mg on day 1, weeks 1, 2 
and 3 and 1,200 mg in week 4 for induction phase, and thereafter 
maintenance dose of 1,200 mg every 2 weeks up to 26 weeks.

Primary endpoint was the change in MG-ADL score from baseline 
to week 26 using worst-rank ANCOVA (analysis of covariance) and 
REGAIN failed to reach a statistical significance (p = 0.0698). It was 
likely attributed by the use of worst-rank analysis that assigned 
patients who discontinued eculizumab regardless of the reason to the 
lowest ranks. Three out of seven patients who discontinued 
eculizumab due to adverse events rather than worsening of myasthenia 
were given the lowest ranks despite a clinically meaningful benefit. 
However, pre-specified secondary efficacy endpoints showed 
statistically significant benefits. The changes in quantitative 
myasthenia gravis (QMG) and myasthenia gravis quality of life 
15-item scale (MGQoL-15) scores using worst-rank ANCOVA from 
the baseline met statistical significances at p = 0.0129 and p = 0.0281 
but the changes in myasthenia gravis composite (MGC) scores did 
not. Prespecified responder analyses of MG-ADL and QMG showed 
that eculizumab group had a higher proportion of patients with a 
clinically meaningful improvement than the placebo group. In 
prespecified sensitivity analysis of all 4 scores (MG-ADL, QMG, 
MGQoL-15 and MGC), treatment group had significantly lower 
scores than the placebo group, which were sustained throughout from 
week 1 to 26. Hence the authors inferred that the use of derived rank 
rather than the actual change in the scores affected the primary end 
point outcome negatively and all the evidence from both primary and 
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secondary endpoint analyses should be  considered in the 
interpretation of REGAIN trial outcome (55).

The commonest adverse events identified were headache, upper 
respiratory infection and nasopharyngitis which were of mild to 
moderate severity. The commonest serious adverse events were 
infections. There were no statistically significant differences between 
the treatment and placebo groups in terms of the adverse events. 
Complement system plays a major role in killing Neisseria meningitidis 
and hence meningococcemia is one serious risk considered with 
eculizumab, although no patients in REGAIN developed 
Meningococcal infection. Fewer patients in the eculizumab group 
experienced exacerbations and needed rescue therapy (55).

One hundred seventeen patients from the double-blind phase of 
REGAIN 56 from the blinded eculizumab group (eculizumab/
eculizumab) and 61 from the blinded placebo group (placebo/
eculizumab) were enrolled into the open label extension (OLE) phase 
for a maximum of 4 years. After a blinded induction phase (active 
drug provided as 1,200 mg every 2 weeks for previous eculizumab 
group and 900 mg on day 1 and weekly for 3 weeks for the previous 
placebo group), all patients were administered 1,200 mg every 2 weeks. 
Compared with the pre-REGAIN baseline, overall myasthenic 
exacerbations were reduced by 75.2% and the rate of MG related 
hospitalizations by over 80%. In the eculizumab/eculizumab group, 
the improvement in all 4 scores were sustained throughout the OLE. A 
rapid and significant improvement in all 4 scores was also observed in 
the placebo/eculizumab group from REGAIN: over 50% of 
improvement was seen in the first 3 months and the improvements 
were sustained for 30 months (56).

The safety profile from REGAIN OLE also matched with the 
current safety profile for generalized MG and post marketing safety 
profile of eculizumab in PNH and aHUS (56).

A retrospective analysis by Howard et  al. (57) looked at the 
responder subgroup from RCT and OLE phases of REGAIN. Early 
and late responders were defined by clinically meaningful 
improvements in MG-ADL reduction by ≥3 points from the baseline 
or QMG reduction by ≥5 points from the baseline before week 12 or 
after week 12. 67.3% and 56.1% from eculizumab group of RCT phase 
were identified as early responders by MG-ADL and QMG 
improvements, respectively, but with longer duration of the treatment, 
more responders were increasingly identified. The response to 
eculizumab treatment was sustained until the end of the OLE as 
indicated by 84.7% and 71.4% responder proportion in MG-ADL 
and QMG.

Another post-hoc analysis of REGAIN looked at the proportion 
of patients who attained minimal symptom expression (MSE) as 
defined by MG-ADL scores 0–1 or MGQoL-15 scores 0–3. A 
significantly higher number of patients in the eculizumab group 
achieved MSE at week 26 of REGAIN than in the placebo group 
[MG-ADL: 21.4% vs. 1.7%; 95% confidence interval (CI) 8.5, 31.0; 
p = 0.0007; MGQoL-15: 16.1% vs. 1.7%; 95% CI 4.3, 24.6; p = 0.0069] 
(58). At week 130 of OLE phase, the proportion of patients with MSE 
in placebo/eculizumab group significantly increased (MG-ADL: 1.7 
to 27.8%; MG-QoL15: 1.7 to 19.4%) and in eculizumab/eculizumab 
group, MSE was maintained at similar proportions to the RCT 
phase (58).

The response of immunosuppressive therapies in myasthenic 
patients are assessed with MGFA post intervention status (MGFA-PIS) 
and the consensus therapeutic efficacy goal is aimed at MGFA-PIS 

minimal manifestations (MM), which is defined as having no 
symptoms of functional limitations but with some weakness on 
examination or better. At week 26 of REGAIN RCT phase, a higher 
proportion of eculizumab group achieved better MGFA-PIS than the 
placebo group [improved (60.7% vs. 41.7%) or MM (25.0% vs. 13.3%); 
common OR: 2.3; 95% CI: 1.1–4.5]. In the OLE at week 130, 88% 
achieved improved status and 57.3%, MM status (59).

A small number of patients needed regular IVIg use for at least 
12 months (17 patients) or rituximab (14 patients) prior to REGAIN 
and constituted the extreme spectrum of refractory MG, not dissimilar 
to real-world clinical practice (60, 61). A sufficient washout period of 
at least 4 weeks for IVIg and 6 months for rituximab was given before 
enrollment into REGAIN, to minimize bias.

IVIg subgroup had a higher exacerbation rate at pre-REGAIN 
baseline than the overall REGAIN cohort (150.0 versus 102.4 
exacerbations/100 patient-years). At week 26 of REAGIN RCT phase, 
eculizumab treated group attained a clinically meaningful response 
(reduction of MG-ADL scores ≥3 points and QMG scores ≥5 points) 
in 75% compared with only one-fifth (in terms of QMG) to one-third 
(in terms of MG-ADL) improvement in the placebo group. Such 
improvements were also sustained in eculizumab/eculizumab group 
at 71% at the interim analysis at week 52 during OLE phase. Placebo/
eculizumab group showed a rapid and sustained improvement at OLE 
phase. Compared with pre-REGAIN baseline, at 18 months, overall 
hospitalization rate was reduced by 68% however it was not statistically 
significant due to a small sample size of this subgroup. This data 
supported durable benefits of eculizumab in this sub-cohort (60).

In the rituximab subgroup in REGAIN, a significantly higher 
proportion had an exposure to ≥4 ISTs, which could reflect a super-
refractory nature of this sub-cohort with the possibility of an increased 
cumulative risk from several ISTs. However, the safety profile and the 
efficacy of eculizumab use in this subgroup were comparable to the 
non-rituximab group (61).

A rapid and significant clinical improvement with the use of 
eculizumab was also reported in a case series of ventilator-dependent 
AChR-MG patients, who had been refractory to 3 or 4 
immunotherapies. Two patients achieved MGFA-PIS MM within 4 to 
6 weeks from the initiation of eculizumab with a sustained 
improvement. The third patient had a slow and partial but sustained 
improvement, and he was able to remain on intermittent non-invasive 
ventilation at week 40 of eculizumab therapy (62). Severe bulbar 
weakness in a refractory myasthenic crisis rapidly improved as early 
as 1 week with a complete resolution of bulbar symptoms within 
10 weeks of eculizumab initiation (63).

The benefits and tolerability of eculizumab from REGAIN was 
also reflected in the evidence from real-world studies (64, 65). Fifteen 
treatment-refractory AChR-MG patients treated with eculizumab in 
a real-world study showed that a clinically meaningful reduction of 
mean MG-ADL score was seen as early as 3 months with further 
reduction at 6 and 12 months. Mean exacerbations per patient per year 
was reduced by 2.33 from the baseline. Burden from concomitant use 
of ISTs was also reduced with use of eculizumab: mean prednisolone 
dose was reduced by 23.33 mg/day and all 6 patients on IVIg were able 
to wean off from IVIg successfully. Nine out of fifteen patients also 
discontinued pyridostigmine at 12 months of eculizumab therapy (65).

Rituximab is a monoclonal anti-CD20 B-cell depletion therapy, 
and it is considered in a multi-IST refractory AChR-MG in a case-
by-case basis as the response rates were not as consistent as in 
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anti-MuSK MG. Nelke et al. (65) compared the responses in 57 MG 
patients treated with rituximab with those in 20 with eculizumab in 
a real-world retrospective 24 months observational study. A better 
treatment outcome was associated with eculizumab than with 
rituximab in terms of QMG score reduction from the baseline and 
MGFA-PIS MM state were more frequently achieved by the 
eculizumab cohort, although the risk of myasthenic crisis did not 
differ in both groups.

Successful uses of eculizumab in seronegative, paediatric and 
thymoma associated MG patients have also been reported (66–69).

REGAIN (RCT, OLE and various post-hoc subgroup analyses), 
real-world data and case reports mentioned above have consistently 
shown the rapid and sustained clinical improvement by eculizumab 
but its role as a first-line agent and duration of therapy are yet to 
be investigated with further studies. Eculizumab is currently approved 
for use in generalized AChR-MG (USA, 2017), refractory AChR-MG 
(EU) and AChR-MG unresponsive to IVIg/PLEX (Japan). Currently, 
it remains one of the most expensive medicines in the world and an 
estimated annual cost of over half a million U.S. dollars has thus been 
a major hindrance for a wider use (70).

2.2.5.2.2. Ravulizumab
Ravulizumab is another recombinant human monoclonal 

antibody against C5 with a similar mechanism of action to eculizumab 
but with a longer half-life hence intravenous infusion are less frequent 
for maintenance (8 weekly as opposed to 2 weekly for eculizumab).

In phase 3 CHAMPION-MG randomized, placebo-controlled 
study (NCT03920293), 175 patients with AChR antibody positive 
gMG were randomly assigned 1:1 to receive ravulizumab versus 
placebo. A single loading dose on day one was administered at weight-
dependent dosage of 2,400 mg for ≥40 to <60 kg, 2,700 mg for ≥60 to 
<100 kg and 3,000 mg for ≥100 kg, followed by maintenance doses of 
3,000 mg, 3,300 mg and 3,600 mg respectively, every 8 weeks starting 
from day 15. The primary endpoint of significant mean change in 
MG-ADL in treatment vs. placebo groups was achieved (−3.1 vs. −1.4; 
p < 0.001) (71). A significantly higher proportion in the treatment 
group than in the placebo group was observed to attain a clinically 
meaningful response as defined by reduction of QMG scores by ≥5 
points (30.0% vs. 11.3%, p = 0.005) (71). A rapid improvement was 
seen within 1 week of treatment initiation in ravulizumab group (71). 
Adverse events rates were comparable between the two groups. The 
open label extension phase of this study up to 60 weeks showed a 
sustained improvement (72). U.S. FDA approved Ravulizumab for use 
in MG in April 2022.

2.2.5.3. Other anti-C5 therapies, which have just finished 
phase 3 clinical trial or on ongoing phase 3 trial

2.2.5.3.1. Zilucoplan
Zilucoplan, a subcutaneously (SC) administered small macrocyclic 

peptide is another terminal complement inhibitor acting via two 
mechanisms. Its binding to C5 prevents its cleavage and the binding 
to the existing C5b prevents C5b’s attachment to C6. The advantages 
of zilucoplan are (1) patients can self-administer and thus it can 
be more convenient, (2) a good NMJ penetration is more likely due to 
its small size and (3) as it is not an antibody like eculizumab or 
ravulizumab, it can be co-administered either with IVIg or neonatal 
Fc receptor (FcRN) inhibitors (73).

Safety and efficacy of zilucoplan in patients with generalized 
myasthenia gravis (RAISE; NCT04115293) is a multinational 
randomized placebo-controlled phase 3 trial. One hundred seventy-
four patients with anti-AChR positive gMG were assigned 1:1 to 
treatment and placebo groups and participants self-administered 
either zilucoplan 0.3 mg/kg or matched placebo once daily for 
12 weeks. Primary efficacy endpoint was met with a significant 
improvement in the change of MG-ADL scores from the baseline to 
week 12 in zilucoplan group compared with the placebo group [least 
squares mean change −4·39 (95% CI −5·28 to −3·50) vs. −2·30 (−3·17 
to −1·43); least squares mean difference −2·09 (−3·24 to −0·95); 
p = 0·0004] (74). Treatment emergent adverse events (TEAEs) were 
comparable in both groups and the commonest TEAE was injection 
site bruising (74). An OLE phase is currently ongoing.

2.2.5.3.2. Pozelimab and/or cemdisiran
Pozelimab is a fully humanized IgG4 monoclonal antibody 

targeting C5 and cemdisiran is a small interfering ribonucleic acid 
(siRNA) which interferes with mRNA for C5 and decreases its hepatic 
synthesis and hence the circulating level of C5. With a loading dose of 
15 mg/kg IV followed by four SC doses of 400 mg once weekly, 
pozelimab was able to inhibit complement activation in healthy 
volunteers (75). Co-administration of pozelimab with cemdisiran 
allowed lower and less frequent doses as compared to individual 
agents given separately in animal studies (76). A phase 3 randomized 
controlled trial of the combination (intravenous pozelimab loading 
followed by 4 weekly subcutaneous injections along with cemdisiran 
subcutaneous 4 weekly) versus placebo in generalized MG is ongoing 
(NCT05070858).

2.2.5.4. Future investigational complement inhibition 
therapies

Currently, several newer therapies are being investigated at 
different phases of clinical trials for MG and other complement 
mediated disorders. These include ANX005 (anti-C1q), sutimlimab 
(anti-C1s), cinryze, berinert and ruconest (C1-esterase inhibitors), 
compstatins (a group of cyclic peptides, which bind and interfere with 
the function of C3), tesidolumab, crovalimab, zimura, gefurulimab 
and nomacopan (all target C5), SKY59 (anti-C5 as well as FcRn 
inhibitor), avacopan (anti-C5aR1) and danicopan (anti-factor D) (77, 
78). Avacopan and danicopan are orally administered. A summary of 
the main complement therapies in MG is given in Table 1.

2.2.6. Safety of complement therapies
Eculizumab is the first U.S. FDA approved complement therapy 

for its use in PNH since 2007 and has been in the market for the 
longest duration among all complement therapies. It is generally well 
tolerated with the commonest side effects being headache, upper 
respiratory tract infections and nasopharyngitis. Membrane Attack 
Complex is primarily responsible for killing gram negative bacteria 
especially Neisseria species and the use of eculizumab is associated 
with 1,000 to 2,000 times increased risk of meningococcal disease 
(79). Thus U.S. FDA approved prescribing information includes a 
boxed warning with regards to an increased risk of meningococcal 
infection in patients on eculizumab (79). Meningococcal vaccinations 
are recommended at least 2 weeks before eculizumab is initiated. The 
Advisory Committee on Immunization Practices (ACIP) recommends 
that eculizumab recipients receive both quadrivalent meningococcal 
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conjugate (MenACWY) and serogroup B (MenB) meningococcal 
vaccines (80). Despite prior meningococcal vaccination, there have 
been reports of invasive and even fatal meningococcal diseases in 
patients on eculizumab therapy (81–83). Thus anti-microbial 
prophylaxis is also recommended by clinicians and public health 
agencies while the patient is on eculizumab therapy and for 3 months 
after discontinuation (81). However, neither vaccination nor anti-
microbial prophylaxis cannot eliminate the risk of severe 
meningococcal infections and in addition, patients may not show 
typical meningitis features. Thus, it is essential that health care 
providers and patients have a high index of suspicion for 
meningococcal infection. Fluoroquinolones and macrolides can block 
neuromuscular transmission and clinicians should avoid them to 
minimize the risk of myasthenic exacerbations.

Data on less than 300 pregnancy outcomes showed no increased 
risk of foetal malformation or foetal-neonatal toxicity. However, as a 
human IgG, it may cross the placenta and appear in foetal circulation. 
The level of eculizumab in the breast milk is undetectable or negligible. 
However, due to the limited data, European medicines agency 
recommended an individual risk benefit analysis before eculizumab 
is used during pregnancy or lactation (84). If complement therapy is 
used in children in the future, ACIP guidelines recommended 
additional vaccinations against Streptococcus pneumoniae and 

Haemophilus infleunzae type B (84). Clinically significant neutralizing 
antibodies have not been reported so far.

2.2.7. Prediction of complement therapy 
responders

Unlike some conditions, validated biomarkers are currently 
unavailable for myasthenia gravis to assess the disease severity. Nature 
of the disease makes it difficult to develop such markers for 
myasthenia. Some investigational assays are also being developed to 
assess anti-AChR mediated complement activation. Obaid et al. (85) 
developed an assay where an HEK293T cell line with modified 
expression of the complement regulator genes was used to measure 
AChR autoantibody-mediated MAC formation through flow 
cytometry. Although it was rather specific, the sensitivity was not 
strong enough with 59.7% detection of MAC (83 out of 139 anti-
AChR positive patients) and mean fluorescence intensity of MAC and 
clinical severity also showed a modest positive association (85). Using 
humanized mouse anti-AChR antibody, mouse diaphragm and 
normal human serum, Plomp et al. (86) were able to visualize anti-
AChR driven NMJ-restricted complement damage, complement 
deposition at NMJ, which correlated with electrophysiological findings.

RCT data showed that not every patient who received complement 
therapy achieved the desirable response and hence the biomarkers 

TABLE 1  Complement therapies: U.S. FDA approved or on ongoing clinical trials for myasthenia gravi.

Drug Specific targets in the 
complement system

Studied group Regimen RCT evidence

Eculizumab Recombinant humanized IgG2/4 

monoclonal antibody against C5

AChR+ gMG IV; induction of 900 mg 

weekly for 4 weeks followed by 

1,200 mg maintenance every 

2 weeks

Phase 3 RCT results: QMG: eculizumab 

vs. placebo = 54.7 vs. 70.7 (p = 0.0129); 

MG-QoL-15: eculizumab vs. 

placebo = 55.5 vs. 69.7 (p = 0.0281) 

(REGAIN, NCT01997229) U.S. FDA 

approved for treatment of adults with 

AChR+ gMG

Ravulizumab Long-acting recombinant 

humanized monoclonal antibody 

against C5

AChR+ gMG IV; weight-based dose. A 

single loading dose of 2,400–

3,000 mg followed by 

maintenance doses of 3,000–

3,600 mg every 8 weeks

Phase 3 RCT results: MG-ADL from 

baseline in treatment vs. placebo = −3.1 

vs. −1.4 (p < 0.001) (CHAMPION MG, 

NCT03920293) U.S. FDA approved for 

treatment of adults with AChR+ gMG

Zilucoplan Macrocyclic peptide binding C5 and 

C5b

AChR+ gMG SC; once daily dose of 0.3 mg/

kg

Phase 3 study showed positive results. 

MG-ADL from baseline in treatment vs. 

placebo = least squares mean change 

−4·39 (95% CI −5·28 to −3·50) vs. −2·30 

(−3·17 to −1·43); least squares mean 

difference −2·09 (−3·24 to −0·95) 

(p = 0·0004) (RAISE, NCT04115293)

Pozelimab Fully humanized IgG4 monoclonal 

antibody inhibiting C5 complement

AChR+ or LRP4+ gMG SC; alone or in combination 

with cemdisiran

Phase 3 study is ongoing 

(NCT05070858)

Cemdisiran siRNA suppressing hepatic C5 

synthesis

AChR+ or LRP4+ gMG SC; alone or in combination 

with pozelimab

Phase 3 study is ongoing 

(NCT05070858)

Gefurulimab (ALXN1720) Anti-C5 humanized bi-specific 

VHH antibody (nanobody)

AChR+ gMG SC; weight-based dose once 

weekly

Phase 3 study is ongoing 

(NCT05556096)

Danicopan (ALXN2050) Small molecule complement 

pathway factor D inhibitor

AChR + gMG Oral; 120 mg or 180 mg Phase 2 study is ongoing 

(NCT05218096)

AChR, acetylcholine receptor; MG, myasthenia gravis; MG-ADL, myasthenia gravis activities of daily living score; MGC, myasthenia gravis composite score; MG-QoL-15, myasthenia gravis 
quality of life 15-item scale; gMG, generalized myasthenia gravis; LRP-4, low-density lipoprotein receptor related protein 4.
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either to predict or monitor the treatment response are much needed 
for a personalized medicine approach for cost effectiveness and 
minimization of unnecessary drug exposure and the related side 
effects in patients. Serological analysis of complement components 
and activation products such as C3a, C5a and soluble C5b9 and in 
vitro complement function assay such as haemolytic assays CH50 for 
classical pathway could reveal evidence of complement consumption, 
abnormal activation of the complement system and patient specific 
complement activation status and can be  useful to monitor 
complement function during disease exacerbation (87). C3 levels were 
reported to be inversely correlated with disease severity in terms of 
QMG in AChR-MG patients (31). Combinations of drug levels, C5 
function and complement haemolytic CH50 can be  potential 
therapeutic monitoring assays for eculizumab in PNH and aHUS. In 
an aHUS study, a composite marker C3:CH50 changes significantly 
during induction and maintenance phases of eculizumab and 
correlates with disease markers (88) CH50 assay has been adopted in 
generalized myasthenia gravis studies. A case report described that 
eculizumab administration in an AChR gMG patient was able to 
decrease CH50 levels in line with a clinical improvement (89). CH50 
assay was also used to define zilucoplan dose for optimal complement 
inhibition in a phase 2 trial (90). In vitro complement activity assays 
such as CH50 are haemolytic assays and the optimal assay for 
myasthenia gravis should be  looking at the in-vitro direct 
neuromuscular junction damage by the complement. In fact, Fichtner 
et al. (91) showed that there was no correlation between CH50 and 
AChR antibody levels or disease severity in AChR antibody-positive 
patients. Hence, MG researchers have yet to fully explore and develop 
in vitro complement functional assays specific to MG.

Complotypes are genetic variants affecting complement activity 
and hence responsible for complement mediated diseases, differences 
between disease severities between individuals and treatment response 
(92). A few rare variants have been identified in PNH patients who did 
not respond to eculizumab. (Missense C5 heterozygous variants 
preventing its binding to eculizumab, HindIII polymorphism of the 
complement regulatory gene CR1) (92, 93).

3. Conclusion

We have described the available evidence of the complement system 
involvement in the pathogenesis of AChR-MG although the direct 
evidence of how complement system could be initiated specifically by 
anti-AChR IgGs is not available yet. We have summarized approved 
complement therapies backed with RCT, OLE and real-world experience 
data on efficacy and safety and briefly mentioned developing 

complement therapies in the pipeline. Biomarkers are still needed to 
be able to ultra-stratify MG patients into potential specific complement 
therapies responder group or groups so that a personalized approach 
could be provided to the patients in future.
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Introduction: Research on myasthenia gravis (MG) has undergone 
rapid development in recent years. This article aimed to elucidate the 
characteristics of MG publications over the past 20  years and analyze 
emerging trends using bibliometric methods.

Methods: Information on MG articles was obtained from the Web of Science 
Core Collection and stored in Excel for quantitative analyses. Bibliometric 
analyses were performed using CiteSpace and VOSviewer to visualize 
publications according to countries/regions, institutions, journals, and 
authors.

Results: A total of 3,610 publications were included in the analysis. The 
USA had the highest number of publications (NP) and H-index. Among the 
institutions, the University of Oxford had the highest NP, followed by the 
University of Toronto and Duke University. Close cooperation was observed 
among countries and institutions. The most productive author was Renato 
Mantegazza, followed by Jan J. Verschuuren, and Amelia Evoli. Muscle 
& Nerve published the most articles on MG, followed by the Journal of 
Neuroimmunology and Neuromuscular Disorders. The keyword with the 
highest strength is “neuromuscular transmission,” followed by “safety” and 
“rituximab.” Co-citation analysis includes 103 publications cited at least 65 
times, categorized into four clusters. Additionally, 123 keywords cited more 
than 40 times were analyzed and divided into five clusters.

Conclusion: This bibliometric analysis shows the framework of research 
over the past 20  years by mapping the scholarly contributions of various 
countries or regions, institutions, journals, and authors in MG. The analysis 
also explores future trends and prospective directions, emphasizing 
individualized treatment based on subtypes, novel immunotherapeutic 
approaches, and thymectomy.
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1 Introduction

Myasthenia gravis (MG) is an autoimmune disease characterized 
by skeletal muscle weakness and fatigability. It is caused by antibodies 
directed against proteins at the neuromuscular junction, including the 
acetylcholine receptor (AChR), muscle-specific kinase (MuSK), 
lipoprotein-related protein 4 (LRP4), and the postsynaptic membrane 
(1). The prevalence of MG is estimated to be 100 to 350 cases per 1 
million people, with increasing trends likely due to improved 
diagnostics, aging populations, and the number of systematic 
epidemiological studies conducted over the past decade (2–4).

Bibliometric analysis has become an internationally recognized 
tool since 1958 that not only contributes to important decisions about 
government budgets (5), but more significantly, also helps understand 
new research areas in rapidly advancing fields. By analyzing the 
relationships between journals, citations, keywords, and scholars, it 
enables the creation of visual maps to represent publications and 
academic networks. MG research has expanded substantially in recent 
years. The aim of this study was to use bibliometric techniques to 
characterize patterns in MG publications over the past 20 years and 
elucidate trends in this growing area of inquiry.

2 Methods

2.1 Data acquisition and search strategy

Data were collected from the Web of Science Core Collection, and 
the search period was set between 1 January 2003 and 31 December 
2022. A literature search was conducted on 9 June 2023. The search 
terms were as follows: ts = “myasthenia gravis” (ts = topic), and 6,898 
publications were identified. The articles and reviews in English were 
analyzed after removing the meeting abstracts, letters, editorial materials, 
proceedings, corrections, early accesses, news items, retractions, 
biographical items, book chapters, and retracted publications. A total of 
3,130 articles and 480 reviews were included in the analysis. The 
collected data included the journal titles, authors, keywords, countries 
or regions, institutions, and cited references, and the downloaded data 
were screened by S.Y. Peng to identify the relationships on the topic. The 
strategy for accessing and searching for articles is shown in Figure 1.

2.2 Data analysis

A quantitative analysis of the number of publications (NP) and 
citations (NC) in the most productive countries, authors, journals, and 
affiliations was conducted using Microsoft Office Excel 2013. VOSviewer 
(Centre for Science and Technology Studies, Leiden University, Leiden, 
the Netherlands) is a computer program used to create scientific maps 
for co-citation analysis, co-occurrence of keywords, and co-authorship 
analysis of authors, affiliations, and countries (6). CiteSpace was used to 
visualize and analyze bursts of references and keywords (7).

3 Results

3.1 Annual trends in the number of 
publications

An annual analysis of NP directly reflects trends in a specific 
research field over a given period. The annual publications of MG 
generally showed a steady growth trend, peaking in 2021, as shown in 
Figure 2.

3.2 National research status and 
international cooperation

Figure 3 displays the world distribution map based on the NP in 
different countries. In this figure, the depth of the color represents the 
magnitude of NP. The top 10 countries in NP are presented in Table 1. 
It is evident that the USA had the highest NP over the past two 
decades in MG research, followed by China, Japan, the UK, and Italy. 
The USA had the highest number of total citations after removing 
self-citations, followed by the UK, Italy, China, and Japan, with 
H-indices of 68, 49, 45, 37, and 38, respectively. H-indices reflect the 
general quality of a country’s literature. Figure 4 present a bubble chart 
of the yearly publications of the top 10 countries in NP is shown in 
Figure 4, demonstrating an annual increase from 2003 to 2022. The 
USA led in yearly publications until 2014, after which China took the 
lead and continued until 2022.

In the co-authorship analysis (Figure  5), 55 countries with a 
minimum of five publications were included. Countries were divided 
into eight clusters of different colors. Bold lines between countries 
indicate closer collaborations, and the node size reflects the centrality 
and influence of the country on associations. Owing to the diversity 
of scientific research foundations and resources in other countries or 
regions, a specific collaborative network structure was observed at the 
national or regional scale. According to this map, cooperation between 
most countries was close. The USA, China, Japan, the UK, Italy, 
France, and Canada were the central countries in cooperation, with 
the USA being the most influential.

3.3 Analysis of institutions

The top 10 institutions in the total NP in this research area are 
listed in Table  2. Oxford University had the highest NP, with 94 
publications, followed by the University of Toronto (62) and Duke 
University (61). One hundred sixty institutions with 10 or more 
publications were included in VOSviewer for co-authorship analysis. 
As shown in Figure 6A, the affiliations were divided into nine clusters. 
Close collaborations among Oxford University, Leiden University, and 
Duke University were apparent. Meanwhile, Fudan University, 
Istanbul University, University of Toronto, University of Bergen, and 
Chiba University were the centers of the collaboration clusters. 
However, because to geographical distance, a lack of cooperation 
between several institutions from different countries was observed, 
whereas cooperation was closer within each cluster because the 
institutions in a cluster were from the same countries. We  also 
visualized the time overlay for the co-authorship institutional analysis 
using VOSviewer. As shown in Figure 6B, the institutions were divided Abbreviations: NC, Number of citations; NP, Number of publications.
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into different colors according to the average year of publication; the 
institutions in yellow were active later than those in blue. The 
University of Toronto, Capital Medical University, and Shandong 
University recently appeared more in cooperation, indicating that they 
were more active in MG research and full of potential in 
international cooperation.

3.4 Analysis of journals

The influence of a journal is expressed not only by the NP, but also 
by the NC. In Table 3, we summarized the top 10 journals with the 
highest NP in MG research. The journal with the highest NP was 
Muscle & Nerve (n = 224), followed by the Journal of Neuroimmunology 

FIGURE 1

Flowchart of literature screening.

FIGURE 2

Current status of global publications.
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(n = 117) and Neuromuscular Disorders (n = 98). Nine of the top 10 
journals had an impact factor exceeding 3 and were mostly focused 
on neuromuscular diseases, neuroimmunology, and neurology.

3.5 Author analysis

One hundred five authors with at least 13 publications were 
included in the co-authorship analysis. The authors were divided into 
10 clusters based on their co-authorship, and cooperation among 
authors was close, as shown in Figure  7A. Based on density 
visualization (Figure  7B), the central authors were Amelia Evoli, 
Renato Mantegazza, Vera Bril, Henry Kaminski, Sonia Berrih-Aknin, 
and Huan Yang. As shown in Table 4, the author with the highest NP 
was Renato Mantegazza (64), followed by Jan J. Verschuuren (63), and 
Amelia Evoli (61). Renato Mantegazza is an Italian researcher who has 
studied a wide range of myopathies and participated in a randomized 

clinical trial of efgartigimod for the treatment of generalized MG (8). 
Notably, the author with the highest NC was Amelia Evoli (4,216), 
followed by Jan J. Verschuuren (3,925) and Angela Vincent (3,865). 
Amelia Evoli is also from Italy, and by assessing cognitive dysfunction 
in muscle-specific tyrosine kinase antibody seropositive (MuSK+) 
passive transfer MG mice, she suggested that recognition memory in 
the perirhinal cortex of MuSK+ patients with MG could be affected 
(9). Her team also focuses on immunotherapy in MG (10) and 
detection methodologies of antibodies in MG (11).

3.6 Co-citation analysis

The co-cited references were analyzed in VOSviewer, with a 
threshold of at least 65 co-citation counts, incorporating 103 
publications (Figure 8). The NC serves as the most objective and direct 
measure of a publication’s significance (12). In the figure, the highly 

FIGURE 3

The geography distribution map manifested the number of publications in distinct countries.

TABLE 1  The top 10 most productive countries.

Rank Country Np Nc H-index Average citations

1 China 747 7,736 37 10.36

2 the United States 767 20,097 68 26.20

3 Japan 375 7,369 38 19.65

4 Italy 269 8,236 45 30.62

5 England 271 9,220 49 34.02

6 Germany 169 5,503 38 32.56

7 France 142 4,898 40 34.49

8 Canada 135 3,939 29 29.18

9 Turkey 142 1787 21 12.58

10 Netherlands 116 5,607 38 48.34
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cited literature is divided into four clusters corresponding to four 
colors: red, yellow, blue, and green. The red cluster consists of 34 
publications, primarily reviews, that laid the foundation for theory 
and were conducted before 2010. These contributions standardized 

the clinical treatment and scientific research of MG (13–15). The 
green category consists of 27 publications focused on the pathogenic 
autoimmune antibodies in patients with MG and the 
immunopathogenesis of MG, providing ideas for therapeutic drug 

FIGURE 4

The bubble chart of yearly publications of countries.

FIGURE 5

Cooperations among countries or regions.
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development (16–18). The blue category consists of 24 publications 
focused on introducing clinical treatment protocols for MG and 
standardizing management of patients with MG (19–21). The yellow 
category consists of 18 publications focused on assessing the 
conditions of patients with MG, such as the design and application of 
scales, and establishing the clinical assessment and diagnostic criteria 
of MG (22–24).

3.7 Analysis of keywords

The co-occurrence analysis of keywords within the publications 
was performed using VOSviewer. A minimum occurrence of 40 was 
set, resulting in 123 keywords for visualization and analysis out of a 
total of 7,857 keywords (Figure 9A). Cluster analysis of keywords can 
identify popular research topics that can guide future directions. In 
the figure, larger circles represent a higher number of keyword 
occurrences. The lines connecting the circles indicate the frequency 

of co-occurrence, with different cluster colors signifying distinct 
research directions. The yellow cluster mainly focuses on thymectomy, 
featuring keywords such as “thymoma,” “thymectomy,” and “surgery.” 
The red cluster is associated with the pathogenesis of MG, including 
keywords such as “acetylcholine receptor,” “b-cells,” and “thymus.” The 
blue cluster, with keywords such as “autoantibodies,” “musk,” and 
“protein 4,” explores autoantibodies in patients with MG, revealing the 
relationship between autoantibodies and MG diagnosis. The green 
cluster is dominated by therapeutic aspects of MG, featuring keywords 
such as “rituximab,” “patient,” and “efficacy.” The purple cluster, with 
keywords such as “prevalence,” “epidemiology,” and “classification,” 
reflects its theme as epidemiology in MG. Representative terms in MG 
research, such as “myasthenia gravis,” “thymectomy,” “autoantibodies,” 
“acetylcholine-receptor,” and “disease,” constitute larger circles in each 
cluster. Figure 9B depicts the temporal characteristics of keyword 
co-occurrence from blue to yellow, representing the chronology from 
2003 to 2022, with “rituximab,” “safety,” “classification,” “COVID-19,” 
and “clinical characteristics” as recent research hotspots.

TABLE 2  The top 10 most productive institutions.

Rank Affiliations Country Np Nc H-index Average citations

1 University of Oxford UK 120 6,073 38 50.61

2 Udice—French Research Universities France 109 4,123 36 37.83

3 University of Texas System the US 84 2,250 23 26.79

4 Catholic University of the Sacred Heart Italy 78 4,144 28 53.13

5 IRCCS Policinivo Gemelli Italy 77 4,127 28 53.60

6 Institut National de la Sante et de la Recherche Medicale Inserm France 72 3,018 29 41.92

7 Sorbonne University France 70 2,559 29 36.56

8 University of Toronto Canada 70 1,668 21 23.83

9 Leiden University Netherlands 67 3,893 27 58.10

10 Duke University the US 64 4,615 34 72.11

11 IRCCS Istituto Neurologico Besta Italy 64 2,647 28 41.36

12 University of Bergen Norway 64 3,937 32 61.52

13 University of California system the US 64 2,872 23 44.88

FIGURE 6

Network visualization of cooperations among institutions. (A) Visualization of institutions divided into nine clusters. (B) Visualization of the institutions 
network according to the average years of publication.
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The keyword “outbreak analysis” highlights a sudden growth 
in keyword citations during a specific period, indicating research 
hotspots. Figure  10 presents the top  25 keywords with the 

strongest citation analysis. The red line indicates the time of the 
outbreak, whereas the blue line indicates the period. Keywords 
that burst earlier included “acetylcholine receptor antibody,” “IFN 

TABLE 3  The top 10 most productive journals.

Rank Journals IF (2022) Np Nc H-index Average citations

1 Muscle & Nerve 3.852 224 5,755 39 25.69

2 Journal of Neuroimmunology 3.221 177 3,252 32 18.37

3 Neuromuscular Disorders 3.538 98 1,253 18 12.79

4 Frontiers in Neurology 4.086 90 637 13 7.08

5 Journal of the Neurological Sciences 4.553 82 1,520 22 18.54

6 European Journal of Neurology 6.288 72 1,697 24 23.57

8 Neurological Sciences 3.830 68 649 15 9.54

7 Neurology 11.800 67 4,383 35 65.42

9 Journal of Neurology 6.682 64 1746 24 27.28

10 Journal of Clinical Neuroscience 2.116 45 461 12 10.24

FIGURE 7

Network visualization of authors. (A) Visualization of authors divided into 10 clusters. (B) Density overlay visualization of the authors network.

TABLE 4  The top 10 most productive authors.

Rank Author Country Np Nc H-index Average citations

1 Mantegazza, Renato Italy 64 2,628 28 41.06

2 Verschuuren, Jan J. Netherlands 63 3,925 27 62.30

3 Evoli, Amelia Italy 61 4,216 28 69.11

4 Vincent, Angela England 59 3,865 33 65.51

5 Berrih-aknin, Sonia France 56 3,044 32 54.36

6 Bril, Vera Canada 53 1,671 20 31.53

7 Kaminski, Henry J. the United States 48 2,232 21 46.50

8 Punga, Anna Rostedt Sweden 41 772 18 18.83

9 Barnett, Carolina Canada 41 737 16 17.98

10 Utsugisawa, K. Japan 40 1,438 19 35.95

11 Antozzi, Carlo Italy 40 1,628 22 40.70

12 Le Panse, Rozen France 40 1,536 24 38.40
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FIGURE 9

Network visualization of co-occurrence keywords. (A) Visualization of keywords divided into five clusters. (B) Time overlay visualization of the 
keywords network.

gamma,” “lymphocytes,” “alpha subunit,” and “neuromuscular 
transmission.” Keyword bursts in 2010–2015 that remained in the 
outbreak period were “safety,” “rituximab,” “efficacy,” 
“classification,” “eculizumab,” “case report,” “generalized 
myasthenia gravis,” “neuromuscular disease,” and “prognosis.” The 
shift in the burst keywords of MG reflects changing research 
interests in recent years, with “neuromuscular transmission” being 
the keyword with the highest strength (13.51), followed by “safety” 
(12.65) and “rituximab” (11.05). These represent current 
research hotspots.

3.8 Citation burst analysis

Figure 11 shows the citation burst analysis of the top 25 cited 
papers using CiteSpace. This analysis aimed to identify 
heightened interest during specific periods within the research 
area, accomplished by examining the temporal characteristics of 
the cited articles. Over the past two decades, the earliest articles 
contributing to the burst period were written by W. Hoch, 
A. Vincent, and A. Jaretzki. Hoch et al. explored the role of MuSK 
antibodies in MG pathogenesis (16), whereas Vincent et  al. 

FIGURE 8

Network visualization of co-cited references.
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provided an overview of the diagnosis and treatment of MG (25). 
Jaretzki et al. suggested the standardization of clinical trials for 
MG (13). Publications during the burst phase included articles by 
G.I. Wolfe, D.B. Sanders, J.F. Howard, and N.E. Gilhus. Sanders 
et  al. made significant contributions to the management of 
patients with MG (21). Gilhus and colleagues conducted an 
updated systematic review of MG (26, 27). Additionally, both 
G.I. Wolfe (28) and J.F. Howard (29) conducted randomized 
controlled clinical trials that provided substantial evidence 
supporting thymectomy and eculizumab as effective interventions 
for MG, respectively.

4 Discussion

In this study, we used bibliometrics to visualize publication 
trends in MG research from 2003 to 2022. We analyzed 3,610 
eligible publications using VOSviewer and CiteSpace, exploring 
patterns in citations, contributing countries and regions, 
institutions, authors, journals, keywords, and co-citations. 

Specific bibliometric techniques, including burst hotspot, cluster, 
and keyword analyses, were conducted to determine the research 
status and future directions of MG research.

4.1 Knowledge base

The analysis of the change in annual NP indicated an overall 
upward trend. The analysis of the top 10 countries in terms of NP 
revealed that the USA had the highest NP and H-index, which 
indicates a higher quantity and quality of research in this field. The 
annual NP in China increased rapidly and exceeded that of the USA 
in 2014, indicating China’s rapid development in MG research. 
However, China’s lower citation ranking suggests a need for improved 
research quality and global impact. Intercountry cooperation is 
crucial, as seen in the visualization, with most countries collaborating 
closely. Countries at the periphery face challenges such as geographic 
distance, and they must strengthen cooperation with other countries, 
enhance research capacity, and delve into key scientific issues in 
the field.

FIGURE 10

The top 25 keywords with the strongest citation bursts.
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Identifying institutions with a solid research base influences 
the selection of long-term work and cooperation among 
researchers. In a visual analysis of publishers and institutional 
collaborations, Oxford University and Duke University stand out, 
and research institutions must keep pace with these leaders to 
enhance capacity and explore deeper research. The time overlay 
analysis revealed that the University of Toronto, Capital Medical 
University, and Shandong University are up-and-coming 
institutions in MG research. Hence, it is prudent for government 
sectors to consider increasing the financial support for 
these institutions.

According to the visualization of co-authorship, cooperation 
among authors was close, enhancing research quality. Moreover, 
authors who play a crucial part in cooperations may have higher 
quality of research. The core authors of this cooperation were Amelia 
Evoli, Renato Mantegazza, Vera Bril, Henry Kaminski, Sonia Berrih-
Aknin, and Huan Yang. Renato Mantegazza and Amelia Evoli are the 
most productive and most cited authors, respectively, showing 
significant influence of their study and outstanding contribution to 
this field of research. Researchers should read and refer to the 
publications of these scholars to identify the pivotal and renewed 
points of MG.

Muscle & Nerve, the Journal of Neuroimmunology, and 
Neuromuscular Disorders published the most articles, making 

them suitable outlets for the publication and dissemination of 
research in this field. Researchers could consider submitting their 
articles to these journals, and scholars can consult publications 
from these journals to obtain the latest information on MG.

In the co-citation science map, larger circles indicate articles 
with more citations, pointing to greater influence. The largest 
circle features Jaretzki et al.’s article, titled “Myasthenia Gravis: 
Recommendations for Clinical Research Standards” (13), 
published in Neurology and cited 918 times. This article addressed 
challenges in MG clinical trials, including refining the Myasthenia 
Gravis Foundation of America (MGFA) clinical classification and 
establishing the Quantitative Myasthenia Gravis (QMG) score, 
which remains a global scientific standard. Their efforts 
systematically organized critical details, facilitating uniformity in 
MG’s clinical research and management processes, explaining the 
enduring recognition and referencing of this article. The 
understanding of the MG knowledge base unfolds through the 
exploration of relevant research domains visualized in the science 
map generated by the VOSviewer. The four clusters in Figure 7 
include topics ranging from the underlying pathogenesis to 
intricate clinical management and from foundational theoretical 
aspects to their practical applications. This comprehensive 
development is reflective of the extensive research conducted on 
MG from 2003 to 2022.

FIGURE 11

The top 25 references with the strongest citation bursts.
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4.2 Research hotspot

Upon reviewing citations and keywords, the continuous 
improvement of precise therapeutic approaches for diverse patient 
profiles emerged as the hotspot of MG research. This can 
be  categorized into three aspects: MG antibody-related subtype 
therapy, novel immunotherapeutic approaches, and thymectomy.

4.2.1 Treatment strategies for different MG 
subtypes

The treatment options for MG include cholinesterase inhibitors, 
thymectomy, immunosuppressive or immunomodulatory 
medications, and plasma exchange. However, the increasing 
prevalence of MG demands more effective therapeutic approaches. 
The keyword “classification” stands out in recent research, especially 
during the burst period. Notably, an article published in 2015  in 
Lancet Neurology (19) covering autoantibodies, epidemiology, clinical 
presentation, and comorbidities holds the highest burst strength 
(68.11) in reference citation burst detection. It summarizes potential 
treatments for MG and suggests a future research direction of 
exploring new immunosuppressive drugs and drug combinations 
tailored to MG subgroups. This article plays a crucial role in subgroup 
classification and provides valuable insights for future research in 
MG. The emphasis on burst keywords and references underscores 
researchers’ keen interest in MG with different antibodies, 
emphasizing the crucial role of autoantibodies in MG diagnosis, 
understanding patient features, and personalizing treatment 
approaches. Most patients with MG have antibodies targeting AChRs, 
with fewer having antibodies against MuSK or LRP4 (30). A 
multicenter study showed that patients with antibodies against LRP4 
and/or agrin exhibit more generalized symptoms (69%) than 
antibody-negative patients, but most of them responded favorably to 
standard MG therapy (31). This showcases how studying the clinical 
characteristics of MG with specific antibodies can significantly 
improve diagnosis and management. MuSK, as an antibody, differs 
from classic AChR antibodies, impacting clinical manifestations and 
treatment responses, thus posing challenges to accurate diagnosis and 
management. MuSK antibody-positive MG is prevalent among 
females (32), affecting muscles not typically weakened in non-MuSK 
antibody-positive MG, with increased respiratory weakness in this 
subgroup (33). Cholinesterase inhibitors often yield unsatisfactory 
results; therefore, early rituximab administration is recommended (34, 
35). Future research will likely focus on treatments for patients with 
MG who have other specific autoimmune antibodies.

4.2.2 Novel immunotherapeutic approaches
In 1996, a soluble recombinant form of human complement 

receptor 1 was demonstrated as an additional therapeutic approach 
for MG (36), suggesting that complement inhibition may be  a 
potential therapeutic approach for MG. A phase 3, randomized, 
double-blind, placebo-controlled, multicenter study evaluating the 
efficacy and safety of eculizumab in AChR-positive refractory 
generalized MG was conducted during the burst period (29). 
Eculizumab, the first complement-specific drug clinically used for the 
treatment of paroxysmal nocturnal orphan disease and 
hemoglobinuria, has bolstered confidence in therapeutic complement 
inhibition (37) and has gained market approval in countries such as 
the USA, Japan, and China. As reported in a retrospective study, 

patients treated with eculizumab were more likely to achieve minimal 
manifestations than those treated with rituximab, but the risk of crisis 
was not reduced (38). Eculizumab has also been confirmed to benefit 
refractory AChR-MG in a real-world experience (39), but one patient 
reported acute worsening after discontinuation of eculizumab (40). 
Moreover, the optimal duration of treatment remains unclear. 
Therefore, further studies are needed on safety and treatment 
duration. Research to identify biomarkers predicting the response to 
eculizumab is also necessary. Eculizumab was also a keyword in the 
burst period, indicating attention to selective immunosuppressants in 
MG treatment. Ravulizumab is a monoclonal antibody complement 
inhibitor approved by the Food and Drug Administration (FDA) in 
April 2022 for AChR-Ab-generalized MG. A phase 3, randomized, 
double-blind, placebo-controlled, multicenter trial in patients with 
AChR-Ab-generalized MG indicated improved clinical outcomes for 
patients treated with ravulizumab, and the drug was well tolerated 
(41). The latest pharmacokinetics and pharmacodynamics research 
based on the data from this phase 3 study supports dosing every 
8 weeks for immediate, complete, and sustained inhibition of terminal 
complement C5, and it could reduce the burden on patients (42).

Targeting the neonatal fragment crystallizable receptor (FcRn) is 
another novel therapeutic approach considered for generalized MG 
that has failed standard treatment. Meanwhile, efgartigimod, a human 
IgG1 antibody that reduces IgG recycling and increases IgG 
degradation by outcompeting endogenous IgG binding (43), was 
approved by the FDA in July 2022 for the treatment of AChR-Ab-
generalized MG in adult patients. A phase 3, randomized, double-
blind, placebo-controlled trial in generalized MG revealed better 
clinical improvement in the efgartigimod arm than in the placebo arm, 
whereas most patients had AChR-MG (44). A meta-analysis found that 
anti-FcRn has an advantage in improving the QMG score than 
complement treatments in patients with generalized MG, and they also 
proposed the high probability of efgartigimod and rozanolixizumab 
being the most effective treatment in generalized MG (45).

Rituximab, a keyword with high citation strength and more recent 
citations, is a monoclonal antibody directed against CD20 antigen on 
B cells that has been used for years. The clear benefit of refractory 
MuSK antibody-positive MG has been demonstrated; however, its 
efficacy in AChR-MG remains controversial (46). A systematic review 
of 13 studies proposed that the small number of patients with 
AChR-MG in previous studies may have caused bias in efficacy 
evaluation and suggested that dosages for different subtypes of MG 
should be considered in future studies (47). In addition, due to the 
off-label use of rituximab and the inherent risk of infection associated 
with continuous B-cell depletion, safety is a crucial factor and should 
be the focus. For example, infection is the most common side effect of 
this treatment. A retrospective study of adverse events in treatment of 
refractory MG with rituximab found that infection was associated 
with hypogammaglobulinemia and proposed that a standardized 
monitoring scheme of IgG is necessary (48). To ensure the safety of 
rituximab in patients with MG and enhance risk control, high-quality 
randomized controlled trials with large samples should be conducted.

4.2.3 Thymectomy
Thymectomy is inevitable in thymomatous MG (49). Moreover, a 

multicenter, randomized, single-blind trial comparing thymectomy 
combined with prednisone to prednisone alone, published in the New 
England Journal of Medicine in 2016 (28), provided a conclusive 
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outcome that thymectomy benefits patients with MGFA clinical class 
II to IV disease with non-thymomatous AChR-MG. These authors 
extended the study up to 2 years to investigate the durability of the 
treatment associated with thymectomy, published in 2019, further 
affirming the advantages of thymectomy and reversing the treatment 
decision trends for this procedure (50). Both aforementioned studies 
were still in the burst period, indicating sustained interest in 
thymectomy studies. However, the prognosis of thymectomy in certain 
outcomes can be observed in the worsening or relapse of MG, even 
after thymectomy. This may be associated with patient heterogeneity, 
autoantibody profiles, thymic pathology, operation-associated factors, 
perioperative care, and disease conditions, among other factors (51). 
To better guide the decisions between conservative treatments or 
surgery, the pivotal mechanisms of clinical thymectomy in MG need 
to be elucidated, which may be a promising topic for future research.

4.3 Advantages and limitations

The present research has some novel contributions to this field. 
First, this is the first bibliometric study that not only systematically 
analyzed research of MG but also paid special attention to research 
hotpots, especially MG treatment. Therefore, it will be beneficial to 
scholars who are interested in this subject as well as neurologists who 
want to catch up with recent advances in a visual manner. Second, 
based on our study, we proposed some rational recommendations for 
potential project sponsor and related government sector. Resource 
integration could be  further enhanced, which may stimulate the 
development of MG research.

This bibliometric analysis has several limitations. First, the NC of 
recently published articles may not fully reflect their quality, 
potentially introducing bias into our qualitative assertions (52). 
Second, as this study exclusively included publications in English, 
articles in other languages were omitted, potentially introducing bias.

4.4 Conclusion

Using VOSviewer and CiteSpace, this study has dynamically 
clarified the trajectory of MG research, revealing its developmental 
nuances, hotspots, and future trends. Notably, the USA had the 
highest NP and NC. Nevertheless, there is potential for more 
collaboration among countries and institutions. Current MG research 
shows enthusiasm, especially for individualized treatments based on 
subtypes, novel immunotherapeutic approaches, and thymectomy. 
These facets collectively shape ongoing and future research into the 
intricacies of MG.
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Case report: Recovery from 
refractory myasthenic crisis to 
minimal symptom expression 
after add-on treatment with 
efgartigimod
Keiko Watanabe 1, Shinichi Ohashi 2, Takuya Watanabe 1, 
Yuki Kakinuma 1 and Ryuta Kinno 1*
1 Division of Neurology, Department of Internal Medicine, Showa University Northern Yokohama 
Hospital, Yokohama, Japan, 2 Respiratory Disease Center, Showa University Northern Yokohama 
Hospital, Yokohama, Japan

Myasthenic crisis, a life-threatening exacerbation of myasthenia gravis, is a 
significant clinical challenge, particularly when refractory to standard therapies. 
Here, we described a case of myasthenic crisis in which the patient transitioned 
from refractory myasthenic crisis to minimal symptom expression after 
receiving add-on treatment with efgartigimod, a novel neonatal Fc receptor 
antagonist. A 54  years-old woman who was diagnosed with anti-acetylcholine 
receptor antibody-positive myasthenia gravis experienced respiratory failure 
necessitating mechanical ventilation. Despite aggressive treatment with 
plasmapheresis, intravenous immunoglobulins, and high-dose corticosteroids, 
her condition continued to deteriorate, culminating in persistent myasthenic 
crisis. Efgartigimod was administered as salvage therapy. Remarkable 
improvement in neuromuscular function was observed within days, allowing 
for successful weaning from mechanical ventilation. Over the subsequent 
weeks, the patient’s symptoms continued to ameliorate, ultimately reaching a 
state of minimal symptom expression. Serial assessments of her serum anti-
acetylcholine receptor antibody titer showed a consistent decline in parallel 
with this clinical improvement. This case highlights efgartigimod’s potential as 
an effective therapeutic option for refractory myasthenic crisis, offering new 
hope for patients facing this life-threatening condition.

KEYWORDS

myasthenic crisis, efgartigimod, minimal symptom expression, intravenous 
immunoglobulins, plasmapheresis

Introduction

Myasthenic crisis (MC) is the most severe, life-threatening manifestation of myasthenia 
gravis (MG), often requiring noninvasive and/or mechanical ventilation, supportive enteral 
feeding, and intensive care unit management (1). Disease-modifying treatments such as 
plasmapheresis and intravenous immunoglobulins (IVIG) can be  administered in the 
management of MC, but these treatments are not effective in all patients. IVIG and 
plasmapheresis are more likely to be combined sequentially for the refractory MC (2).

In recent years, the pathogenesis of MG has become clearer, and more targeted therapies 
are being developed (3). Monoclonal antibodies (mAbs) now offer a very attractive therapeutic 
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approach to MG because they can specifically and effectively target 
several immunopathological pathways, including the complement 
cascade, B-cell-associated differentiation group proteins, and human 
neonatal Fc receptors (FcRn). To date, the C5-directed mAb 
eculizumab and the FcRn inhibitor efgartigimod have been approved 
for the chronic treatment of anti-acetylcholine receptor (AChR) 
antibody-positive MG. However, the efficacy of these agents in MC 
remains unknown. We present a case of MC in which the patient 
transitioned from refractory MC to minimal symptom expression 
(MSE), defined as a MG activities of daily living (MG-ADL) scale of 0 
or 1, after she receiving add-on treatment with efgartigimod. This case 
suggests that efgartigimod may be a viable treatment option for MC.

Case presentation

At 5 months prior to the present event, the patient (a 54 years-old 
Japanese woman) had been diagnosed with anti-AChR antibody-
positive MG. She had a history of lumbar disc herniation but was not 
receiving treatment for it. Her initial presenting symptoms were 
drooping eyelids and double vision. A thymectomy was performed for 
her non-invasive thymoma (Type B1, Masaoka stage II) 2 months 
prior to her presentation. Treatment with oral steroid therapy 
(prednisolone 5 mg/day), tacrolimus (3 mg/day), and pyridostigmine 
(60 mg 3×/day) resulted in complete resolution of her clinical 
symptoms [MG-ADL scale: 0; MG composite (MGC) scale: 0]. Serum 
anti-glutamic acid decarboxylase (GAD) antibody was measured for 
possible comorbid stiff-person syndrome (SPS) but was negative 
(<5.0 U/mL).

During her routine clinic follow-up, she noticed weakness in her 
neck muscles, along with a recurrence of drooping eyelids and double 
vision. She was admitted to our hospital due to progressive neck-
muscle weakness (day 0). On admission, percutaneous oxygen 
saturation was recorded at 97% (room air); all other vital signs were 
normal. She exhibited drooping eyelids, double vision, dysarthria, 
dysphagia, and hypernasality. Manual muscle test scores were 2 for 
neck flexion and extension, and 3 for shoulder abduction. The 
MG-ADL and MGC scale results were 17 and 32, respectively. Blood 
sample testing was positive for anti-AChR antibodies (28.0 nmol/L) 
and negative for anti-muscle-specific tyrosine kinase (MuSK) 
antibodies (<0.02 nmol/L). Blood gas analysis showed normal findings 
(PaO2: 74.3 mmHg; PaCO2: 39.0 mmHg).

After admission (Figures 1, 2), the patient required tube feeding 
due to severe dysphagia. Unfortunately, there was no way to administer 
tacrolimus via a feeding tube in our setting, and the patient’s 
tacrolimus medication was discontinued. In accord with the 
recommendation of the Japanese guidelines (4), we  decided to 
perform the first-acting treatments. We initiated plasma exchange 
therapy. Following the first plasma exchange, the patient experienced 
anaphylactic shock, leading to the implementation of 
immunoadsorption plasmapheresis. However, after six plasmapheresis 
sessions the patient’s clinical symptoms showed no improvement, and 
limb muscle weakness had developed. On day 15, we also administered 
IVIG therapy (0.4 g/kg/day × 5 days), but the patient’s clinical 
symptoms worsened, resulting in respiratory failure (MG-ADL scale: 
20; MGC scale: 32).

On day 24, we  commenced the first cycle of intravenous 
efgartigimod (10 mg/kg/week, 4 infusions per cycle) as 

immunosuppressive therapy. To intensify the immunosuppressive 
therapy, we suggested increasing the dose of oral prednisone, but the 
patient refused to increase the dose beyond 10 mg. On day 29 (15 days 
after the IVIG), her respiratory failure worsened (PaO2: 93.0 mmHg; 
PaCO2: 73.6 mmHg), necessitating mechanical ventilation. The first 
cycle of efgartigimod was limited to three infusions due to ventilator-
associated pneumonia. Following the intravenous efgartigimod 
therapy, the patient’s limb muscle weakness and neck muscle weakness 
gradually resolved on days 42 and 48, respectively.

On day 66, the second cycle of intravenous efgartigimod was 
administered. The patient’s dyspnea gradually improved after the 
second cycle of treatment, and on day 84, she was successfully weaned 
from mechanical ventilation. She was able to walk approx. 50 meters 
on her own. On day 105 (39 days after the second cycle of intravenous 
efgartigimod), she noticed muscle weakness in her neck and upper 
limbs. Considering the possibility of prolonged effects of the initial 
IVIG for her initial improvement, we  initiated the second IVIG 
treatment (0.4 g/kg/day × 5 days), which proved ineffective. 
Intravenous corticosteroids (1 g/day × 5 days), which was standard 
therapy for MC, were also ineffective. Based on the above data, 
we considered for the first time that efgartigimod could be effective 
for improving the clinical symptoms of MC. We thus initiated the 
third cycle of intravenous efgartigimod on day 143. After completing 
three cycles of intravenous efgartigimod, the patient’s dysphagia 
gradually improved, and she was able to tolerate oral intake very well.

She was discharged on day 182. Serial assessments of her serum 
anti-AChR antibody titers showed a consistent decline in parallel with 
her clinical improvement. In addition, her serum IgG concentration 
was decreased after both plasmapheresis and intravenous 
efgartigimod, whereas anti-AChR antibodies were decreased after 
intravenous efgartigimod only (Figure  3). Based on this clinical 
course, we consider this a case of refractory MC that responded well 
to efgartigimod. At the first outpatient visit after discharge (on day 
196), the patient had maintained the MSE status. Follow-up chest 
computed tomography (~6 months after the tumor removal) showed 
no evidence of recurrence of the thymoma.

Discussion

This patient, a 54 years-old woman, presented with severe 
weakness and promptly underwent the disease-modifying therapies 
considered standard first-line treatments for MG exacerbation, 
including plasmapheresis and IVIG (5). However, her clinical 
symptoms did not resolve following these interventions. A response 
to treatment is typically observed within 2 days of plasmapheresis and 
within 4–5 days of IVIG (6). In the case of IVIG, it has been noted that 
the therapeutic effect may appear over a relatively long period of 
time — as long as 28 days (7). In our patient’s case, MG exacerbation 
persisted even after 2 weeks of IVIG, ultimately leading to 
MC. Moreover, her ventilator management continued until day 85. 
These clinical observations suggest that (i) the patient had refractory 
MC, and (ii) standard first-line therapies alone were inadequate for 
her treatment.

Intravenous efgartigimod is the first FcRn antagonist therapy 
approved in several countries worldwide for the chronic management 
of MG (8, 9). FcRn plays a central role in IgG homeostasis by rescuing 
IgGs from lysosomal degradation. Efgartigimod disrupts this IgG 
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recycling process by binding to the FcRn, thereby reducing the levels 
of IgG, including anti-AChR antibodies, in the blood. Improvement 
can typically be observed within the first 1 to 2 weeks after injection. 
Because of this relatively immediate effect, it is thought that 
efgartigimod may be effective against MC (1). Improvement in our 
patient’s MC was noted about 12 days after the first intravenous 
efgartigimod administration, suggesting the effectiveness of this 
therapy for MC. This clinical progress aligned with the serial 
assessments of the patient’s serum anti-AChR antibody titers, further 
supporting the efficacy of this therapy for her case. Moreover, her 
status transitioned from MC to MSE after three cycles of intravenous 

efgartigimod, indicating the potential effectiveness of multi-cycle 
therapy for the treatment of MC. The interval before the third cycle 
was slightly longer because it took time to determine whether 
efgartigimod was effective for improving the symptoms of MC. The 
reduced time in the cycle may improve the efficacy of the drug.

The patient’s serum anti-AChR levels decreased after the 
intravenous efgartigimod treatment, in contrast to the standard first-
line treatment (Figure 3), and this correlated with the improvement in 
her clinical symptoms (Figures 1, 2). These findings suggest that the 
addition of intravenous efgartigimod was effective and rapid in 
reducing IgG in this patient compared to the standard first-line 

FIGURE 1

The patient’s clinical course after admission as assessed by the myasthenia gravis-activities of daily living (MG-ADL) scale. The timing of each therapy, 
the MG-ADL results, and the titer of anti-AChR antibody (anti-AChR Ab) are shown. Day 0: the day of hospital admission. Note that serial assessments 
of the patient’s serum anti-AChR antibody titers paralleled the clinical improvement assessed by the MG-ADL scale after efgartigimod administration. 
IVIG, intravenous immunoglobulin; IVMP, intravenous methylprednisolone; PE, plasmapheresis; PSL, prednisolone.

FIGURE 2

The patient’s clinical course after admission as assessed by the myasthenia gravis composite (MGC) scale. Note that the serial assessments of the 
patient’s serum anti-AChR antibody titers paralleled the clinical improvements assessed by the MGC scale after efgartigimod administration.
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treatment alone, such as plasmapheresis or IVIG. Regarding the 
patient’s plasmapheresis, it is surprising that the plasmapheresis was 
ineffective while efgartigimod was effective, despite their similar 
mechanisms of action.

Therapeutically, plasmapheresis works by filtering circulating 
proteins and antibodies, whereas efgartigimod accelerates the 
catabolism of IgG (10). The anti-AChR antibodies belong to the IgG1–
IgG3 class (11), and the depletion of IgG constitutes the primary 
objective of therapies designed to mitigate the pathophysiological 
repercussions of IgG autoantibodies binding to their targets. The 
efficacy of plasmapheresis in successfully depleting pathogenic targets 
hinges on various factors, including the size and half-life of the target 
molecule, its distribution within compartments (intravascular vs. 
extravascular), and the volume and frequency of plasma exchange 
(12). Due to the diminutive size and protracted half-life of IgG, 
multiple plasmapheresis procedures are imperative to eliminate IgG 
from the circulation and the extravascular space, with an estimated 
requirement of approx. six procedures to achieve a reduction in 
circulating IgG levels by ~60%–70% (12). Such procedures induce a 
precipitous decline in circulating IgG autoantibodies, potentially 
triggering an augmented production of autoantibodies (i.e., an anti-
AChR antibody overshoot) following therapeutic plasmapheresis (13), 
leading to a resurgence of disease activity.

It is established that the increase in antibody levels observed after 
plasmapheresis likely reflects a reduction in catabolism, coupled with 
an unchanged rate of synthesis occurring in the extravascular space 
(e.g., spleen) (14). Moreover, when performing plasmapheresis, an 
invasive procedure is required for vascular access, and there are 
non-negligible problems associated with venous access, such as 
cardiovascular adverse events and infections (15). In contrast, 
treatment with FcRn inhibitors requires minimally invasive 
intervention and may be  less contingent on the compartmental 
localization of IgG, effectively targeting both intravascular and 
extravascular IgG for lysosomal degradation, due to the nearly 
ubiquitous expression of FcRn (16). In addition, since the plasma 
concentrations of therapeutic antibodies persist for long periods of 

time (17), IgG depletion may be more sustained than the short-term 
effects of plasmapheresis. Another possibility is that only the anti-
AChR antibodies in the intravascular space are removed by 
plasmapheresis, leading to an overshoot in the production of anti-
AChR antibodies. In our patient’s case, the intravenous efgartigimod 
may have affected the extravascular space, resulting in a comprehensive 
reduction of serum anti-AChR antibody levels, which in turn 
contributed to the clinical improvements.

IVIG requires a minimally invasive procedure, similar to 
efgartigimod. However, a problem with IVIG is the lack of volunteer 
blood donors, since IVIG is a product of plasma processing. IVIG has 
limited availability and relies on blood donors, which contributes to 
supply challenges (18). The limited availability is also because IVIG is 
used for many other indications (chronic inflammatory demyelinating 
polyneuropathy, hematology, etc.). In this respect, efgartigimod has 
an advantage over IVIG because it does not require blood from 
a donor.

A recent study described excellent results regarding MG 
complicated by SPSs successfully treated with efgartigimod; these 
patients experienced very large reductions in MG-ADL scores (19). 
This evidence opens the possibility of treating patients affected by 
anti-GAD antibody-related diseases, which are also often found in 
SPS. Since our patient also showed a decrease in the MG-ADL scale 
(Figure 1) and MGC scale (Figure 2), the coexistence of autoimmune 
diseases may need to be considered. Since our patient did not have 
anti-GAD antibodies and did not have the typical clinical 
manifestations of SPS such as progressive and fluctuating muscle 
rigidity (20), the possibility that SPS was at least a complication is 
negative. Nevertheless, clinicians should suspect SPS when a patient 
improves rapidly with efgartigimod, as in the present case, because of 
the risk of the underdiagnosis of SPS in patients with MG.

It should be noted that the effect of efgartigimod observed in our 
patient’s case may be  an “add-on” effect to other conventional 
therapies. Especially considering the duration of the effect onset of 
IVIG (7), it is difficult to interpret the course of our patient’s case as 
an effect of efgartigimod alone. In addition, it must be emphasized 

FIGURE 3

The serial data of the IgG concentration and anti-AChR antibody. Note that the serum IgG concentration was decreased after both plasmapheresis and 
intravenous efgartigimod, whereas anti-AChR antibodies were decreased after the intravenous efgartigimod only.
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that the report presented here is a single case study; comprehensive 
investigations involving larger patient cohorts and experimental 
studies are needed to elucidate the underlying mechanisms and to 
develop this potential new therapeutic strategy for managing 
MC. Nonetheless, the observations from this case have promising 
implications for clinicians encountering cases of refractory MC.
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Are the minimally invasive 
techniques the new gold standard 
in thymus surgery for myasthenia 
gravis? Experience of a reference 
single-site in VATS thymectomy
Juan Carlos Trujillo Reyes 1,2*, Elisabeth Martinez Tellez 1,2, 
Josep Belda Sanchis 1,2, Georgina Planas Canovas 1, 
Alejandra Libreros Niño 1, Mauro Guarino 1, 
Jorge Hernández Ferrandez 1 and Antonio Moral Duarte 2,3

1 Department of Thoracic Surgery, Hospital de la Santa Creu I Sant Pau, Barcelona, Spain, 2 Department 
of Surgery, Faculty of Medicine, Autonomous University of Barcelona, Bellaterra, Spain, 3 Department 
of General Surgery, Hospital de la Santa Creu I Sant Pau, Barcelona, Spain

The thymus is the primary lymphoid organ responsible for the maturation 
and proliferation of T lymphocytes. During the first years of our lives, the 
activation and inactivation of T lymphocytes occur within the thymus, 
facilitating the correct maturation of central immunity. Alterations in the 
positive and negative selection of T lymphocytes have been studied as the 
possible origins of autoimmune diseases, with Myasthenia Gravis (MG) being 
the most representative example. Structural alterations in the thymus appear to 
be involved in the initial autoimmune response observed in MG, leading to the 
consideration of thymectomy as part of the treatment for the disease. However, 
the role of thymectomy in MG has been a subject of controversy for many 
years. Several publications raised doubts about the lack of evidence justifying 
thymectomy’s role in MG until 2016 when a randomized study comparing 
thymectomy via sternotomy plus prednisone versus prednisone alone was 
published in the New England Journal of Medicine (NEJM). The results clearly 
favored the group of patients who underwent surgery, showing improvements 
in symptoms, reduced corticosteroid requirements, and fewer recurrences over 
3  years of follow-up. In recent years, the emergence of less invasive surgical 
techniques has made video-assisted or robotic-assisted thoracoscopic (VATS/
RATS) thymectomy more common, replacing the traditional sternotomy 
approach. Despite the increasing use of VATS, it has not been validated as a 
technique with lower morbidity compared to sternotomy in the treatment of 
MG. The results of the 2016 trial highlighted the benefits of thymectomy, but 
all the patients underwent surgery via sternotomy. Our hypothesis is that VATS 
thymectomy is a technique with lower morbidity, reduced postoperative pain, 
and shorter postoperative hospital stays than sternotomy. Additionally, VATS 
offers better clinical improvement in patients with MG. The primary objective 
of this study is to validate the VATS technique as the preferred approach for 
thymectomy. Furthermore, we aim to analyze the impact of VATS thymectomy 
on symptoms and corticosteroid dosage in patients with MG, identifying factors 
that may predict a better response to surgery.
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1 Introduction and objectives

The thymus gland, also known as the thymus, is the primary 
lymphoid organ responsible for the maturation of T lymphocytes, the 
proliferation of mature T lymphocyte clones, and the control of self-
reactive T lymphocytes. During the early years of our lives, within the 
gland, the activation and, most importantly, the inactivation of T 
lymphocytes occur, leading to the correct maturation of central 
immunity (1, 2).

Surgical removal of the thymus, known as thymectomy, is a classic 
technique first described in 1912 by Ferdinand Sauerbruch, who 
performed a transcervical thymectomy along with thyroidectomy in 
a patient with hyperthyroidism and MG. Years later, in 1936, Blalock 
recommended the exploration of the mediastinum and the 
performance of a thymectomy in patients with severe MG.

One of the most significant aspects of thymus function is its 
relationship with autoimmunity. The theories attempting to explain 
the changes or alterations that cause autoimmune disorders appear too 
simplistic, especially considering the complexity of the maturation 
process that takes place in the thymic cortex (3). Currently, there are 
two scenarios in which thymectomy may be indicated:

	‐	 The first scenario is when a thymic tumor is diagnosed. Surgery 
is the primary treatment, whether or not the tumor is associated 
with the presence of MG. At the end of 2015, the World Health 
Organization (WHO) published the 4th edition of the 
classification of thoracic tumors, where, for the first time, all 
thymic tumors of malignant etiology are considered (4). This 
represents a significant advancement in our understanding of 
thymic tumors and their classification. Fundamental fact when 
considering treatment, with surgical resection indicated even in 
advanced stages.

	‐	 A second scenario in which thymectomy may be  indicated 
involves selected patients with MG who do not have an 
associated thymic tumor. The role of thymic surgery in MG has 
been a subject of debate for many years. A publication by 
Jaretzki and Sonett in 2008 highlighted the lack of randomized 
trials supporting the role of thymectomy in patients with MG 
(5). Another example of this debate occurred in 2010 (6) after 
the publication of guidelines on the treatment of 
neuromuscular pathologies, which pointed out the lack of 
consistent selection criteria and assessments of response 
after thymectomy.

This controversy surrounding the role of surgery led to a 
prospective, randomized, multicenter trial, the results of which were 
published in the NEJM in 2016 (7). This study compared two groups: 
the first group underwent transsternal thymectomy in addition to 
prednisone treatment, while the second group received prednisone-
only treatment. The results clearly favored the group of patients who 
underwent surgery, showing improvements in symptoms, reduced 

need for corticosteroid therapy, and a lower number of recurrences at 
three years of follow-up.

Following the publication of these results, the role of the thoracic 
surgeon as part of the multidisciplinary treatment of MG regained 
importance. The findings from the NEJM publication and the new 
WHO classification reaffirmed the role of thymectomy both in the 
treatment of MG patients and in those diagnosed with thymic tumors.

From a surgical perspective, one of the recent advancements has 
been the progressive and successful implementation of minimally 
invasive techniques. Initially, VATS and later RATS surgery have 
become the preferred techniques for most thoracic procedures. 
However, have we truly validated these techniques in thymus surgery, 
and what advantages do they offer over the traditional choice 
of sternotomy?

1.1 The thymus and self-tolerance

1.1.1 Functions of the thymus in self-tolerance
The thymic gland plays an essential role in T cell differentiation, 

establishing central tolerance. While both B and T cells recognize 
antigens specifically, they follow different pathways. T cells are 
incapable of recognizing antigens in their natural form and require 
maturation within antigen-presenting cells. There are two types of T 
cells: CD4 and CD8, each with distinct functions and development. 
CD4 cells assist in antibody formation and are involved in delayed-
type hypersensitivity, recognizing antigens strictly in association with 
MHC class II. Conversely, CD8 cells play a role in viral infection 
defense, tumor rejection, and graft rejection, recognizing antigens in 
association with MHC class I.

The thymus is where the T cell receptor repertoire is generated, 
along with T lymphocyte maturation. During this differentiation 
process, a critical step is immune tolerance to self, which is 
relevant to MG.

Within the thymic cortex, the enabling environment for T-cell 
differentiation is created. As T cells migrate to the deep cortical areas, 
they express both CD4 and CD8. During their maturation, they 
develop into mature CD4+, CD4-, CD8+, and CD8- cells (8).

1.1.2 The relationship between the thymus and 
MG

The role of the thymus in the pathogenesis of MG has been a 
subject of debate for many years and has undergone numerous studies. 
Structural changes in the thymus appear to be involved in the initial 
autoimmune response observed in MG. Autopsy analysis suggests that 
the thymus exhibits abnormalities in 80–90% of MG patients (9).

1.1.2.1 Follicular lymphoid hyperplasia
Follicular lymphoid hyperplasia may be present in up to 70% of 

MG patients. It is frequently observed in women with early disease 
onset (age at onset less than 50 years with thymic hyperplasia). The 
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architecture of the hyperplastic thymus remains intact. What stands 
out is the increased number of germinal centers in the medulla, 
similar to those observed in lymph nodes.

In follicular lymphoid hyperplasia, we can find B and T cells, 
plasma cells, and myoid cells. Myoid cells are the only cells 
capable of expressing antigenic determinants of the main 
immunogenic region of RACh (10). Thymocytes in culture can 
generate anti-RACh antibodies (AChR-Abs), supporting the 
disease’s pathogenesis (11).

1.1.2.2 Normal thymus or thymic remnants
These are very common in cases of MG with late onset (age at 

onset greater than 50 years with thymic atrophy. Thymoma-associated 
MG. MG with anti-MuSK antibodies) and do not have a clear causal 
relationship or mechanism.

1.1.2.3 Thymic tumor and thymoma
Approximately 10% of MG patients will present with a thymoma. 

They typically have AChR-Abs and exhibit more severe clinical 
manifestations but a similar prognosis to other MG patients (12).

In addition to MG, thymic tumors are associated with other 
autoimmune disorders. This can be explained by the fact that tumor 
cells present autoantigens, leading to the disruption of lymphocyte 
selection (13). A deficiency in AIRE gene expression and the 
selective loss of regulatory T cells have been described as the causes 
of negative selection and the upregulation of autoreactive T 
cells (14).

As previously mentioned, thymic tumors have been classified as 
malignant since the 2015 WHO classification (4). The treatment of 
thymic tumors should be  individualized and approached from a 
multidisciplinary standpoint. Thymic tumor follow-up should 
be conducted for at least 10 years due to the tumor’s biology. This 
follow-up should run concurrently with that of MG, as MG 
exacerbations can sometimes result from tumor recurrence and 
should always be ruled out.

1.1.3 Current evidence for surgery in MG
The ongoing controversy regarding the role of surgery led to a 

prospective, randomized, multicenter trial, the results of which were 
published in the NEJM journal in 2016 (7). The results were decidedly 
favorable in the group of patients who underwent surgery, showing 
improvements in symptoms, reduced reliance on corticosteroid 
therapy, and a lower number of recurrences at the three-year 
follow-up.

After the publication of these results, the role of the thoracic 
surgeon within the multidisciplinary treatment of MG regained 
significance. The findings from the NEJM publication, along with the 
new WHO classification, further emphasize the importance of 
thymectomy in the management of MG patients and those diagnosed 
with thymic tumors.

1.2 Types of surgical approach and 
recommended extent of thymectomy

1.2.1 Types of surgical approach
Transcervical approach: As mentioned earlier, the inclusion of 

mediastinoscopy by Carlens (15) led to the resurgence of the 

transcervical approach in thymic gland resection. Zielinski et al. (16) 
have one of the largest published series of maximum thymectomies 
performed transcervically using the TEMLA (Transcervical Extended 
Mediastinal Lymphadenectomy) technique.

Trans-sternal approach: This category encompasses partial, total, 
or transverse sternotomy approaches. Through sternotomy, access is 
provided to both pleural cavities.

Cervical and trans-sternal approach: Combining both approaches 
allows us to explore the cervical area to rule out the presence of 
supernumerary thymic gland poles.

1.2.2 Recommended extent of thymectomy
It’s essential to consider the anatomy of the thymic gland, being 

aware of its extrathoracic locations where supernumerary thymic 
gland poles can be found.

As mentioned previously, regardless of the approach chosen, a 
more extensive thymectomy yields better results, as described by 
Zielinski et al. (17).

Therefore, it is recommended to perform maximum thymectomy 
in both cases with associated thymic tumors and cases without them. 
A maximum extension is advised, avoiding thymomectomy, even in 
cases where there is no associated MG or other paraneoplastic 
syndromes, due to the non-negligible percentage of secondary tumor 
foci in other poles of the thymic gland.

1.2.3 The emergence of thoracoscopic surgery in 
thymus surgery for MG

The introduction of thoracoscopic surgery in thymus surgery 
for MG marks a significant development. From a surgical 
perspective, one of the notable recent advances has been the 
gradual and successful integration of minimally invasive 
techniques in the field of thoracic surgery. Initially, VATS and 
subsequently RATS surgery have become the preferred techniques 
for most thoracic procedures.

1.2.4 A critical issue in thymic surgery
One of the critical issues in thymic surgery is whether 

thoracoscopy can achieve the recommended resection and effectively 
remove most of the thymic gland.

Mantegazza (18) compared patients operated on for MG 
without associated thymic tumors, with 159 cases operated on using 
VATS versus 47 operated on with sternotomy. He  focused on 
analyzing morbidity and mortality, observing a reduction compared 
to sternotomy. This study continued to address the concerns of 
critics of MG surgery, as the results of the 2016 study were not 
yet available.

Years later, in 2018, following the publication of the 2016 study in 
NEJM, Salim (19) presented a series of 50 patients, with 25 operated 
on using thoracoscopy and 25 using ministernotomy. The objective 
was to assess an even greater improvement in disease severity in MG 
in the thoracoscopy-operated group.

1.2.5 The lack of comprehensive studies on 
thoracoscopic thymic gland surgical procedures

The scarcity of studies involving a substantial number of 
thoracoscopic thymic gland surgical procedures has prompted the 
initiation of the present project. The aim is to analyse our series of 
thymectomies conducted via thoracoscopy in comparison to those 
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performed through sternotomy. This project seeks to contribute to the 
validation of the technique and to observe its impact on MG, 
specifically assessing how it affects symptomatology and the use of 
immunosuppressive treatments.

In this current study, we aim to analyse our series of thoracoscopic 
thymectomies and compare their outcomes with those of patients who 
underwent sternotomy. Additionally, we  intend to assess the 
therapeutic outcomes on MG and thymic tumors in patients who 
underwent surgery, whether they had MG alone or in association with 
a thymic tumor.

1.3 Study hypotheses

	•	 VATS thymectomy is a safe technique that results in reduced 
morbidity compared to sternotomy.

	•	 VATS thymectomy is comparable to sternotomy in terms of 
improving the clinical condition and the need for 
corticosteroids in the medium and long term in patients with 
MG or other PNS.

	•	 The presence of a concomitant thymic tumor in MG is a negative 
predictor for the MG’s progression.

2 Methodology

To validate our hypothesis, we designed an observational study 
conducted at a single-center referral center for MG. This study 
included 113 patients who had undergone thymectomy. Data were 
collected as follows: From 1990 to 2016, we retrospectively collected 
data from 40 patients who underwent sternotomy. From 2017 to 2021, 
we  prospectively collected data from 73 patients who underwent 
VATS. In each group, we analyzed the following variables: surgical 
complications within 30 days, postoperative pain, and the duration of 
hospitalization. Additionally, for patients diagnosed with MG, 
we assessed the occurrence of myasthenic crises after surgery, the 
clinical response to thymectomy based on physical examination, and 
the impact on corticosteroid treatment at one, six, and twelve months 
following surgery.

2.1 Study population

2.1.1 Selection of cases

2.1.1.1 Retrospective cases
We identified cases from the databases of the Thoracic Surgery 

and Pulmonary Allergy departments at Santa Creu i Sant Pau Hospital, 
where thymectomy had been performed for the excision of 
mediastinal masses.

2.1.1.2 Prospective cases
All patients diagnosed with MG who underwent VATS and those 

who underwent VATS or sternotomy with a diagnosis of mediastinal 
masses associated with MG or other paraneoplastic syndromes were 
prospectively included. Patients with a diagnosis of MG or other 
paraneoplastic syndromes not associated with thymic tumors were 
exclusively included in the prospective study.

Once the anatomopathological results were confirmed, and patients 
did not meet any exclusion criteria, they were included in the study.

2.2 Inclusion and exclusion criteria

2.2.1 Inclusion criteria
	•	 Patients diagnosed with a thymic tumor and associated 

paraneoplastic syndromes (MG or other) undergoing 
VATS thymectomy.

	•	 Patients diagnosed with a thymic tumor and associated 
paraneoplastic syndromes (MG or other) undergoing 
sternotomy thymectomy.

	•	 Patients diagnosed with MG or other paraneoplastic syndromes 
undergoing VATS thymectomy.

	•	 Age between 16 and 85 years.
	•	 Patients with thymic tumors without extrathoracic metastases.
	•	 Patients who do not meet exclusion criteria.

2.2.2 Exclusion criteria
	•	 Patients with comorbidities that prevent them from undergoing 

surgical treatment.
	•	 Patients with thymic tumors and extrathoracic metastases.
	•	 Patients diagnosed with MG who do not meet the criteria for 

surgical indication.

The data search was conducted with a specific focus to achieve the 
established objectives.

In the primary cohort, the following data are recorded:

Preoperative characteristics: This includes information such as sex, 
age, the preoperative diagnosis that prompted the surgical 
intervention, and the surgical technique used for thymectomy. For 
patients diagnosed with MG or other paraneoplastic syndromes, the 
titration of autoantibodies in peripheral blood and whether or not 
corticosteroids were taken before surgery are recorded. If 
corticosteroids were taken, their doses in milligrams are also recorded.

Postoperative characteristics: These encompass the number of days 
of hospital stay and postoperative pain assessed using the VAS scale at 
discharge and one month after discharge.

Surgical specimen: This includes the definitive anatomopathological 
result. For patients with confirmed thymic tumors, the tumor stage 
according to the 8th TNM classification and the status of the 
neoplastic disease according to the last thoracic CT scan performed 
before the end of follow-up are also documented.

Patients with a diagnosis of MG: For these patients, data recorded 
include clinical worsening immediately after the intervention and the 
clinical assessment of the disease at the last recorded visit. For both 
variables, fatigue and muscle weakness were documented using the 
MG-ADL scale (20) described above in the study variables. The 
MG-ADL scale analyses the degree of difficulties that has the patient 
doing activities of daily living such as talking, chewing, swallowing, 
breathing, impairment of ability to brush teeth, or comb hair, 
impairment of ability to arise from a chair, double vision and eyelid 
droop. According to the results, the MG-ADL scale classifies the 
degree of MG from 0 to 3, being 0 a clinical situation with minimal 
symptomatology and being 3 severe symptomatology.
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Postoperative complications: This section comprises details 
regarding mortality data, the reasons for patient exits during the entire 
follow-up period, the conversion rate in the VATS group, and 
complications associated with surgery within the initial 30 days post-
surgery. Furthermore, a bivariate and multivariate analysis was 
conducted to identify independent predictors of complications 
following thymectomy, irrespective of the surgical approach used.

2.3 Analysis by subgroups

2.3.1 Subgroup of patients according to the route 
of approach (VATS vs. sternotomy)

In this subgroup, the following characteristics were analyzed:

	•	 Preoperative characteristics: Recording the median age in both the 
VATS group and the sternotomy group.

	•	 Postoperative characteristics: Documentation of the number of 
days of hospital stay, levels of postoperative pain, and any 
postoperative complications.

2.3.2 Subgroup of patients with a diagnosis of MG 
or other paraneoplastic syndromes (PNS)

Within this subgroup, the following characteristics are examined:

	•	 Preoperative characteristics: Noting the surgical approach used 
and the titers of MG-specific autoantibodies in peripheral blood 
(AChR-Abs and anti-MuSK autoantibodies).

	•	 Postoperative characteristics: Recording the duration of 
hospitalization, any changes in the dose of corticosteroid therapy 
if taken before surgery, any worsening of MG after surgery, and 
a clinical assessment at the last visit based on the MG-ADL scale.

2.3.3 Subgroup of patients with a diagnosis of MG 
or other PNS

In this subgroup, the analysis includes the definitive 
anatomopathological diagnosis according to the pathology report and 
its relationship with clinical improvement according to the MG-ADL 
scale as a postoperative variable.

2.3.4 Subgroup of patients with a diagnosis of 
thymic tumor

This subgroup includes the following:

	•	 Preoperative characteristics: The surgical approach route used.
	•	 Postoperative characteristics: The tumor stage and the status of the 

neoplastic disease at the last visit are documented.

The characteristics of the information source, the storage and 
database and the statistical analysis used are detailed below:

2.4 Sources of information

For this study, specific information in the variables section 
was collected from the medical records of the patients who 

consented to participate. This data was extracted from the SAP 
patient software, SAP Logon 7.40 CA ES x86N4, which has been 
in use at the Hospital de la Santa Creu i Sant Pau since 2011.

Patients who underwent surgery before 2011 had their medical 
records obtained in paper format from the hospital’s 
documentation department.

2.5 Data storage and processing

Throughout the study and during the targeted search for patient 
history information, the collected data were recorded on a designated 
form. These data were then entered into an Excel spreadsheet for 
storage and evaluation. Each patient was assigned an 
identification code.

The data were subsequently imported from the Excel 
spreadsheet and stored in the IBM SPSS program, version 22.0, for 
further analysis.

2.6 Expected sample size

No formal sample size calculation was conducted for this study. 
Since it is a retrospective and prospective descriptive study, all patients 
who underwent thoracic surgery and met the inclusion criteria during 
the estimated time frame were included. The last patient was included 
in December 2021 to allow for a two-month follow-up period for 
data analysis.

2.7 Statistical analysis

The statistical analysis was conducted by Sail Biometria – Research 
and Logistics Consulting Services1 and was funded by resources from 
the Thoracic Surgery Service at the Hospital de la Santa Creu i Sant 
Pau in Barcelona.

All study variables are summarized using descriptive statistics. For 
quantitative variables, the following statistics are presented: mean, 
standard deviation (SD), 95% confidence interval (95% CI) of the 
mean, median, range, and interquartile range. For qualitative variables, 
the summary includes absolute frequency (n) and relative frequency 
(%), categorized accordingly.

The distribution type of the variables was assessed, and their 
adherence to a Gaussian distribution was evaluated using the 
Kolmogorov–Smirnov test.

Homogeneity was examined among the following cohorts:

	•	 Global sample (N = 113)
	•	 VATS thymectomy vs. sternotomy
	•	 30-day post-surgery complications (No vs. Yes)
	•	 Sample with MG or SPN
	•	 Without thymic tumor (TmT) vs. with thymic tumor (TmT)
	•	 With clinical improvement vs. without clinical  

improvement

1  https://www.sail-biometria.com
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	•	 Preoperative corticosteroids vs. corticosteroids at 1-year 
follow-up

Statistical significance (value of p) was calculated using the 
appropriate statistical tests as follows:

	•	 Fisher’s exact test for binary variables
	•	 Chi-square test for variables with more than two  

categories
	•	 Student’s t-test for continuous variables that follow a 

normal distribution
	•	 Mann–Whitney test for continuous variables that do not follow 

a normal distribution
	•	 Spearman’s correlation for ordinal variables

2.8 Ethical aspects

2.8.1 Benefit–risk assessment of the research
Through this project, we  hope to derive indirect benefits for 

patients who undergo this intervention:

	o	 Awareness of the reduced morbidity associated with 
VATS thymectomy.

	o	 Direct impact on MG or other paraneoplastic syndromes (PNS) 
in terms of clinical improvement and reduced 
immunosuppressant usage after surgery.

	o	 Assessment of the therapeutic impact of VATS thymectomy at the 
oncologic level.

2.8.2 Ethical, subject information, and informed 
consent considerations

The study was conducted in strict accordance with international 
ethical guidelines for medical research involving human subjects. The 
investigator ensured that the study adhered to the principles outlined 
in the Declaration of Helsinki.

Before beginning the study, the Ethics Committee of the Hospital 
de la Santa Creu i  Sant Pau approved the study protocol, the 
information provided to the subjects, and the informed consent 
form used.

The investigator or a designated representative explained the 
study’s objectives, methods, and potential risks to the subject or their 
legal guardian or family member.

2.8.3 Considerations on the treatment of 
biological samples

No biological samples were collected for this study.

2.8.4 Data confidentiality
Regarding the confidentiality of study data, we adhered to the 

provisions outlined in Organic Law 15/1999 of December 13, 1999, 
concerning the “Protection of Personal Data.”

2.8.5 Conflicts of interest
It is hereby declared that there are no conflicts of interest 

associated with the conduct of this research, whether  

by the principal investigator, directors, tutors, or other  
collaborators.

3 Results

3.1 Reference study population cohort

Between July 1990 and December 2021, a total of 113 
thymectomies were performed at the Thoracic Surgery Service of the 
Hospital de la Santa Creu i Sant Pau. These surgeries were carried out 
either as treatment for mediastinal masses suspected of being tumors 
or as treatment for MG.

3.1.1 Preoperative characteristics

3.1.1.1 Sex and age
The majority of the patients who underwent surgery were women 

(n = 64; 56.6%). The median age of these patients was 53 years, with a 
range from 17 to 84 years.

3.1.1.2 Preoperative diagnosis
Out of the 113 cases operated on (Figure 1):

	•	 MG: clinically, 68 patients (60%) had a diagnosis of MG.
	•	 Other paraneoplastic syndromes (PNS): Nine patients (8%) had 

PNS other than MG, including systemic lupus erythematosus 
(SLE), rheumatoid arthritis (RA), bullous pemphigoid, 
and polyneuropathy.

3.1.1.3 Anatomical findings
From an anatomical perspective, CT imaging revealed some form 

of anatomical alteration in thymic cells in 100 patients (90%).

FIGURE 1

Percentage of patients diagnosed with PNS in the entire series.
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3.1.1.4 Surgical technique
The majority of patients underwent VATS (n = 73; 64.6%), with 

the right unilateral approach being the most commonly used (n = 52; 
71.2%) (Figure 2).

3.1.1.5 Corticosteroid treatment
Out of the group of patients with MG or other PNS, 47 patients 

(61%) were receiving corticosteroid treatment before surgery. 
Preoperative corticosteroid doses were recorded.

3.1.1.6 Peripheral blood antibodies
In patients with MG or other PNS, peripheral blood was tested for 

AChR-Abs and anti-MuSK antibodies. These antibodies were found 
to be positive in 71 out of 77 patients (92%).

3.1.2 Postoperative characteristics

3.1.2.1 Anatomopathologic diagnosis
The anatomopathologic diagnosis after surgery yielded the 

following results:

	•	 Thymic hyperplasia: A total of 23 patients (20.4%) underwent 
surgery with a diagnosis of thymic hyperplasia. All of these cases 
were patients who had a preoperative diagnosis of MG.

	•	 Primary thymic tumor: Out of the total patients, 66 (58%) had a 
preoperative suspicion of a thymic tumor, and this diagnosis was 
confirmed after surgical resection. Among the patients with 
thymic tumors, 37% (n = 42) had MG or other associated PNS.

	•	 Other lesions: In 11 cases (9.7%), the anatomopathological 
diagnosis after surgical resection confirmed a different diagnosis, 
including thymolipoma, thymic cysts, and ectopic 
parathyroid gland.

3.1.2.2 Days of hospital stay
The median number of days of hospitalization after thymectomy 

in our series was 2 days, with a range from 1 to 40 days.

3.1.2.3 Postoperative pain
Postoperative pain was assessed using the Visual Analog Scale 

(VAS). When analyzing the entire patient cohort, 43.8% of the patients 
classified their pain as mild at the time of discharge, and this 

percentage increased to 71.4% one month after the operation. Only 
4.5% of the patients (n = 5) rated their pain as severe (VAS 8–10) one 
month after surgery.

3.1.2.4 Treatment with corticosteroids after surgery
Regarding the reduction of corticosteroid treatment, 

approximately 50% of the patients who underwent surgery were able 
to progressively reduce their corticosteroid doses.

3.1.2.5 Clinical assessment in specific consultation for MG 
or other associated NPS

Among the patients diagnosed with MG or other NPS, the 
majority experienced clinical improvement (n  = 41; 53.2%) or 
clinical stability (n = 27; 35.1%) during follow-up consultations. 
Only 9 patients (11.7%) showed worsening of their condition 
after surgery.

3.1.3 Postoperative complications

3.1.3.1 Mortality
Out of the entire series of 113 patients, the mortality rate during 

follow-up was 9.7% (n = 11). Among these, one patient (9.1%) died in 
the immediate postoperative period (on the 3rd day).

3.1.3.2 Conversion rate
The conversion rate was analyzed only in the VATS group. Among 

these patients, only 2 cases were converted to sternotomy, which 
corresponds to 2.7% of the VATS cases. In both cases, the cause of 
conversion was bleeding from a large vessel.

3.1.3.3 Complications associated with surgery at 30  days 
post-surgery

The complication rate in the entire series was 24.8% (n = 28). The 
most frequent complication was phrenic nerve injury (n = 5; 17.9%), 
followed by hemothorax (n = 4; 14.3%) and pneumothorax (n = 4; 
14.3%). There was only one empyema in the entire series associated 
with surgical intervention (3.6%).

Bivariate analysis identified two predictors of complications after 
thymectomy: the surgical approach and the presence of a 
thymic tumor.

3.1.3.4 Presence of thymic tumor
Although the result was not statistically significant (p = 0.0751), 

there was a 21% increase in complications when the intervention was 
performed for the excision of a thymic tumor.

After multivariate analysis, it was observed that the two factors 
acting as predictors of complications were the surgical approach and 
the presence of preoperative MG, whereas the presence or absence of 
a thymic tumor was not statistically significant (Figure 3).

	 1	 Surgical approach: Patients undergoing VATS have a lower risk 
of complications (OR = 0.239; p  =  0.0027) than patients 
undergoing sternotomy. In other words, patients operated by 
sternotomy are 4.2 times more likely (=1/0.239) to have more 
complications than patients operated by VATS.

	 2	 Presence of MG: Patients with a preoperative diagnosis of MG 
have 3.5 times more risk of complications than patients without 
MG (p = 0.0283).

FIGURE 2

Total patients and percentage relative to the total cohort, depending 
on the surgical technique used.
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3.2 Patient cohorts according to the route 
of approach (VATS vs. sternotomy)

3.2.1 Preoperative characteristics

3.2.1.1 Age
The median age in both groups is similar (VATS = 52.6 [17.5; 

84.1]; sternotomy = 54.1 [28.2; 81.8]), and this difference is not 
statistically significant.

3.2.2 Postoperative characteristics

3.2.2.1 Days of hospital stay
In the sternotomy thymectomy group, the median number of days 

of hospital stay was significantly higher (p < 0.0001) than in VATS 
patients (2.0 vs. 6.5, respectively).

3.2.2.2 Postoperative pain
Patients who underwent VATS had less pain at discharge and one 

month after surgery, and this difference was statistically significant 
(p < 0.0001). Up to 62% of the VATS patients had mild pain at the time 
of discharge, whereas this percentage was only 7.7% in those who 
underwent sternotomy.

3.2.3 Postoperative complications

3.2.3.1 Complications associated with surgery at 30  days 
post-surgery

The rate of complications at 30 days post-surgery was significantly 
lower in patients operated by VATS (p < 0.0112). Among those who 

underwent sternotomy, 40% presented complications, with surgical 
wound infection (n = 8) being the most frequent. Forty percent of the 
patients in whom thymectomy was performed by sternotomy 
presented complications, the most frequent being surgical wound 
infection (n = 8). In the VATS group the most frequent complication 
was pneumothorax (n = 4) (Figure 4).

3.3 Cohort of patients with MG

The results of the cohort of patients with a preoperative diagnosis 
of MG are presented below. Of the total number of patients who 
underwent surgery (n = 113), 60% had a preoperative diagnosis of 
MG (n = 68; 60.1%).

The results of the variables that help us to assess the impact on the 
evolution of MG according to the type of approach by which 
thymectomy is performed are presented.

3.3.1 Preoperative characteristics
	•	 Approach: Among the patients diagnosed with MG (n = 68), 45 

(66%) underwent VATS, and 23 (34%) underwent sternotomy.
	•	 Peripheral blood antibody title (AChR-Abs and anti-MuSK Abs): Most 

of the patients operated on with a diagnosis of MG had positive 
antibodies in peripheral blood regardless of the approach, with no 
statistically significant differences in both groups.

3.3.2 Postoperative characteristics
	•	 Worsening of MG after surgery: After surgery, there was a 

significantly greater increase in muscle weakness in patients who 

FIGURE 3

Predicators of post-surgery complications – multivariate logistic regression. In red, the higher probability of complications is marked in case of having 
MG or undergoing thymectomy by sternotomy.
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underwent sternotomy (48%) compared to those who underwent 
VATS (Table 1).

	•	 Myasthenic crisis: There were no cases of myasthenic crisis in 
either group, regardless of the approach.

	•	 Clinical assessment in specific neuromuscular pathology 
consultation: Patients who underwent VATS thymus excision 
showed a greater clinical improvement in their MG compared to 
those who underwent sternotomy, and this difference was 
statistically significant (p < 0.0044).

	•	 Change in corticosteroid dose preoperatively vs. one year after 
surgery: We analyzed how many of the patients who were taking 
corticosteroids pre-surgery reduced their corticosteroid dose at 
one year. We  observed that there was no statistically 
significant difference.

	•	 Days of hospital stay: The data indicates that patients with an 
improvement in MG symptoms after the intervention had a 
shorter hospital stay (median 2.0 [1.0;13.0]).

A multivariate analysis was attempted to determine which factors 
might be predictors of a better response after thymectomy in MG 
patients. However, this analysis was inconclusive due to the limitation 
of the sample size (n number).

3.4 Cohort of patients with MG or other 
syndrome associated with THYMIC lesion

The following are the results of the cohort of patients with a 
preoperative diagnosis of MG or other SPN, who also present a thymic 
lesion confirmed after anatomopathological study.

The results of the variables that help us to assess the impact on 
the evolution of MG according to the thymic lesion present 
are presented.

3.4.1 Postoperative characteristics
In the cohort of 77 patients with MG or other PNS, 23 cases 

showed The presence of thymic hyperplasia, 42 cases showed The 
presence of a thymic tumor, and The remaining 12 cases showed other 
thymic lesions or a normal thymus (Table 2).

	•	 Diagnosis of thymic hyperplasia: Patients whose thymectomy 
confirmed the diagnosis of thymic hyperplasia had a better 
clinical evolution of MG.

	•	 Thymic tumor: Among the patients who underwent surgery and 
had a thymic tumor confirmed after thymectomy, the clinical 
evolution of MG was worse.

3.5 Population cohort of patients 
diagnosed with THYMIC tumor

The results of the cohort of patients diagnosed with thymic 
tumors, confirmed by anatomopathologic results, are presented below. 
Among the analyzed cohort of patients (n = 103), 66 patients were 
diagnosed with thymic tumors.

3.5.1 Preoperative characteristics

3.5.1.1 Approach
Of the 66 patients diagnosed with thymic tumor, 26 (39%) were 

operated by VATS and 40 (61%) by sternotomy.

FIGURE 4

Percentage of complications depending on the surgical approach.

TABLE 1  Worsening of MG after surgery according to the surgical 
approach.

VATS Sternotomy p-value

Worsening of MG after surgery

N 45 22

No 45 (100%) 11 (50%) <0.0001

Yes 0 (0%) 11 (50%)

TABLE 2  Relationship between the presence of hyperplasia and the 
clinical evolution of MG.

MG or 
other 
PNS

Improvement: 
No

Improvement: 
Yes

p-
value

Pathological results

N 37 40

No 

hyperplasia

3 (8%) 9 (22.5%) 0.0050

Hyperplasia 7 (19%) 16 (40%)

Thymic tumor 27 (73%) 15 (37.5%)
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3.5.2 Postoperative characteristics

3.5.2.1 Thymic tumor staging
We observed that most of the tumors presented a pT1N0 stage, 

both in the group operated by VATS (n = 29; 63%) and those operated 
by sternotomy (n = 11; 52.4%), with no statistically 
significant differences.

3.5.2.2 Neoplastic disease status
There were statistically significant differences (p < 0.0001) in terms 

of local or distant recurrence depending on the approach. In patients 
operated by VATS with a diagnosis of thymic tumor (n = 26), there was 
no evidence of local or distant recurrence. In the cases operated by 
sternotomy (n = 39), 46.2% presented local or distant recurrence.

4 Discussion

Thymectomy is one of the most common surgical procedures in 
thoracic surgery departments and has been widely used for various 
diseases. It is likely one of the earliest procedures in thoracic surgery 
to adopt minimally invasive techniques. After the initial positive 
publications, the trend of minimally invasive surgery in thoracic 
procedures, including thymus surgery, has continued to grow.

However, despite the early favorable reports, some researchers 
have raised questions about the quality of VATS thymectomy. They 
have pointed to limitations in the size and heterogeneity of published 
series, leading to ongoing debates in the field.

These debates primarily revolve around three key issues:

	•	 The validity of VATS thymectomy vs. sternotomy: The 
effectiveness and safety of VATS thymectomy compared to the 
traditional sternotomy approach have been a subject 
of contention.

	•	 The controversy over thymectomy for MG without thymic 
tumors: The role of thymectomy as a treatment for MG, especially 
in patients without thymic tumors, remains a topic of debate.

	•	 The oncologic radicality achieved with VATS thymectomy: 
Concerns have been raised about whether VATS thymectomy can 
provide the same level of oncologic completeness as sternotomy, 
particularly for thymic tumors.

In light of these ongoing debates, our study was designed to 
investigate these issues by examining our patient cohort and providing 
insights into the current state of thoracic surgery.

4.1 Representativeness

Our study cohort includes a group of patients who underwent 
thymectomy at our medical center. While it is a study conducted in a 
single medical facility, it is important to note that our center specializes 
in the treatment of MG. This specialization means that we receive a 
higher number of patients requiring thymectomy evaluation 
compared to other centers. However, due to the relatively low 
prevalence of both MG and thymic tumors, the total number of 
patients included in our study, collected over a span of 30 years, is only 
113 cases. This highlights the challenges in recruiting a larger sample 

size. Nevertheless, it’s worth noting that the sample size in our study 
is comparable to or even larger than other published reference 
series (19).

Another crucial aspect to consider within our series is that the 
cases treated with sternotomy belong to the earlier series. 
Consequently, the outcomes observed should not be solely attributed 
to the quality of the surgical technique but should also take into 
account the advancements in perioperative care processes that patients 
have undergone over time.

4.2 Validity of VATS thymectomy compared 
to sternotomy

In the early 2000s, numerous publications highlighted the 
advantages of VATS over sternotomy for thymus resection (21, 22). 
Due to the relatively small number of patients included in each of 
these series, several meta-analyses were conducted to assess the 
quantity and quality of the evidence available.

In the first meta-analysis by Yang et al. published in 2015, they 
analyzed 14 publications out of more than 200, which met the 
necessary quality criteria for drawing conclusions regarding the 
comparison of both techniques. These 14 publications encompassed a 
total of 1,087 patients, with 587 undergoing VATS and 400 undergoing 
sternotomy. Their results demonstrated that VATS led to a reduction 
in hospital stay, decreased intraoperative blood loss, and a lower rate 
of complications, all of which were statistically significant (23).

A year later, in 2016 (24), a new meta-analysis was conducted. 
This analysis examined 12 articles selected from a pool of 162 (with 
only two being prospective studies) that compared both techniques. 
In this meta-analysis, it is again apparent that patient recruitment is 
limited, with the longest series being published by Julissa et al. in 2013 
(25). They conclude that in those who underwent VATS there was a 
reduction in intraoperative blood loss, a shorter hospital stay and an 
overall reduction in complications. On the other hand, no statistically 
significant differences were found in the rate of postoperative infections.

Although the advantages of VATS thymectomy over sternotomy 
seem apparent, a study by Orsini et al. (26) in 2015, involving 278 
patients from the EPITHOR database in France, presented a different 
perspective. Among these patients, 161 underwent sternotomy, and 
116 underwent VATS thymectomy. This study stands out for its 
relatively large sample size but reaches conclusions that emphasize the 
challenges of making definitive claims about the superiority of one 
technique over the other due to the inherent heterogeneity between 
the two groups. Despite the growing adoption of VATS, this study 
could not conclusively demonstrate its clear superiority.

Upon analyzing our own series of patients, several postoperative 
variables clearly favored VATS thymectomy:

	•	 Hospital stay: VATS patients experienced a remarkable reduction 
in hospital stay, with a median of only 2 days. This figure is 
notably lower than in other VATS series, where the median stay, 
although shorter than sternotomy, typically averaged around 
4 days (26).

	•	 Postoperative pain: VATS was associated with reduced 
postoperative pain, both immediately after surgery and one 
month after discharge. A significant finding was the decreased 
need for opioid pain relief in the first 24 h post-surgery.
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	•	 Complications at 30 days post-surgery: The rate of complications 
was significantly lower in the VATS group. It’s important to note 
that the existing literature does not consistently report a 
reduction in complications, which can be  attributed to the 
heterogeneity among patient groups in different studies (23, 
26, 27).

In an effort to identify potential predictors of complications, a 
multivariate logistic regression model was applied. This analysis 
revealed that, apart from the surgical approach where VATS clearly 
had an advantage, the presence of preoperative MG, regardless of 
the approach, acted as a predictor of complications. This 
association is logical, as many of these patients are under 
pharmacological immunosuppression, making them more 
susceptible to post-surgery infections. In our series, contrary to 
the findings in the meta-analysis by Kang Qi et  al. (24), the 
infection rate was significantly higher in the sternotomy group. 
This was attributed not only to the higher prevalence of MG in this 
group (58%) but also to the increased infection risk associated 
with sternotomy.

To eliminate potential selection biases favoring these results, 
we examined whether there were significant age differences between 
both groups. It was found that both groups had a similar median age.

It’s important to emphasize that the outcomes related to the 
variables mentioned above are not solely determined by the surgical 
technique itself. In the current medical landscape, there is a growing 
trend toward the integration of prehabilitation programs. These 
programs aim to optimize various preoperative factors, leading to a 
reduction in complications, improved pain management, and earlier 
discharge. Such programs are increasingly becoming a standard 
practice in the field of surgery, contributing significantly to the overall 
patient care and recovery process.

4.3 Thymectomy in MG

4.3.1 Indication
The use of thymectomy in the treatment of MG has been a subject 

of ongoing debate, particularly when there is no associated tumor. In 
2000, Grohnset et al. (28) conducted an analysis of 28 non-randomized 
studies comparing outcomes between thymectomized and 
non-thymectomized MG patients. While the study concluded that 
thymectomy had a beneficial effect on clinical improvement in MG 
patients, it faced criticism due to the non-randomized nature of the 
trials and the heterogeneity of the groups being compared.

This controversy was reflected in the 2010 guidelines for the 
treatment of neuromuscular disorders, which excluded thymectomy 
from therapeutic recommendations due to inconsistent selection 
criteria and variability in response assessment criteria following 
the procedure.

Despite the trend toward discontinuing thymectomy in MG, 
Kauffman et al. (29) published the results of a retrospective series of 
over 1,000 MG cases in 2016, demonstrating a 47% improvement in 
symptoms following thymectomy.

To address ongoing uncertainties, the first prospective, 
randomized, multicenter trial, known as the MGTX Trial, was 
designed to compare two groups: one group underwent transsternal 
thymectomy in addition to prednisone treatment, while the second 

group received prednisone treatment alone. The results favored the 
surgical group.

The analysis of the results from our series, which included 77 
patients diagnosed with MG who underwent surgery, aligns with the 
findings of the MGTX Trial. It appears that patients who underwent 
thymectomy experienced positive outcomes in terms of MG symptom 
improvement and remission, consistent with the trial’s conclusions. 
Showed an improvement in MG symptoms regardless of the 
approach used.

On the other hand, we  could not demonstrate a significant 
reduction in corticosteroid intake. Probably the limited number of 
patients treated with corticosteroids and the short follow-up time have 
influenced the outcome with respect to corticosteroid therapy.

4.3.2 Impact according to the approach route
Once the importance of thymectomy in treatment was 

reestablished, a new debate emerged regarding the surgical approach. 
In the MGTX Trial, all patients underwent sternotomy, leaving 
uncertainty about whether VATS could achieve comparable results. 
Concerns were based on findings from a study by Kaufman et al., 
which noted that only patients who underwent sternotomy showed 
clinical improvement.

Studies like the one published by Evoli et al. (30) indicated that, in 
addition to the improvements in morbidity associated with the 
technique, the impact of VATS thymectomy in MG was similar to 
results obtained with sternotomy.

In contrast, a recent study by Raja et al. (31) concluded that more 
information is needed to confirm that the reduced morbidity 
associated with VATS translates into an improvement in MG 
symptoms. Beyond debates about the surgical approach, Jaretzki and 
Sonett suggested that the crucial factor lies not in the approach itself 
but in the extent of resection, recommending excision of the cervical 
poles of the thymus to avoid leaving up to 25% of the gland behind.

Based on our results, it appears that thymectomy has a more 
significant impact on MG symptoms in patients undergoing 
VATS. Clinical assessments showed greater symptom improvement in 
this group. However, it’s important to acknowledge potential selection 
bias when interpreting these results. All patients in our series who 
underwent sternotomy with a diagnosis of MG also had a concurrent 
diagnosis of another autoimmune disease, potentially influencing the 
outcome. Thymic tumor. When analyzing the predictors of response 
we  will see that the presence of thymic tumor acts as an 
unfavorable predictor.

On the other hand, there was no significant difference in the 
reduction of corticosteroids one year after the intervention.

4.3.3 Predictors of MG response to thymectomy
Several predictors of a positive response to thymectomy in 

patients with MG have been identified. Reviewing the literature, 
factors associated with a better response include:

	•	 Younger age at the time of surgery.
	•	 Shorter duration of MG symptoms before thymectomy.
	•	 Presence of thymic hyperplasia or thymoma as opposed to 

normal thymus.
	•	 Positive AChR-Abs status.
	•	 Lack of severe bulbar symptoms.
	•	 Lower prednisone dose at the time of surgery.
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	•	 Preoperative Osserman stage I or II.
	•	 Female gender.

In our series, we have identified a selection bias that prevents us 
from determining whether the presence of certain factors acts as 
predictors of a positive response or not. For instance, regarding the 
levels of ACs (antibodies) in peripheral blood, over 90% of our 
patients had positive values before surgery. This was because it was 
already a selection criterion for surgery. Most of the patients, whether 
they had MG associated with a thymic tumor or not, tested positive 
for these antibodies. Only two patients underwent surgery with 
negative ACs, and their outcomes were favorable. However, this result 
was not statistically significant due to the small sample size of 
two cases.

In terms of the age of the cohort of MG patients without associated 
thymic tumors, their median age was 42 years. Here, too, there is a 
selection bias since this criterion was considered before referral to 
our office.

We have been able to confirm that the presence of thymic 
hyperplasia, as confirmed in the definitive anatomopathological study, 
is a favorable factor for a positive response. This finding is 
statistically significant.

The presence of a thymic tumor, according to existing literature, 
tends to be an unfavorable factor in MG patients. This concomitance 
often occurs at an older age and is associated with a worse prognosis 
in terms of MG progression (32).

Our analysis of 42 patients who had both MG and thymoma 
confirms that the presence of a thymic tumor acts as an unfavorable 
factor. These patients tend to have a more challenging clinical course, 
requiring a progressive increase in immunosuppressive medication to 
manage their symptoms. Furthermore, when you  examined the 
relationship between thymic tumor size and patient outcomes, 
you  found that patients with larger pTNM tumors had a 
worse prognosis.

It’s worth noting the association between tumor recurrence and 
the worsening of MG. You  observed that the timing of disease 
recurrence coincided with MG deterioration or an increased need for 
corticosteroids. Therefore, in patients with thymoma who experience 
MG worsening, it’s crucial to investigate the possibility of tumor 
recurrence through imaging. In some cases, this recurrence may 
manifest in extrathoracic locations.

4.4 Oncologic outcomes by route of 
approach

From the oncological point of view, the use of new minimally 
invasive techniques such as VATS should not reduce the 
guarantees of the oncological quality of the resection (33). The 
application of new techniques should follow the same oncological 
principles and also, if possible, offer a reduction in the 
associated morbidity.

Different authors support the fact that there may be a higher rate 
of recurrence in cases operated by VATS for two main reasons (34):

	‐	 Excessive manipulation of the tumor due to the reduction of the 
operative field, which can cause capsular rupture, especially in 
large tumors.

	‐	 The excision of the specimen through small incisions must 
be  careful since it can produce compression of the tumor, 
capsular rupture, and as a consequence tumor dissemination.

Our results do not agree with these critical statements regarding 
VATS. We observed that during follow-up, more than 40% of patients 
who underwent sternotomy had local or distant recurrence, whereas 
in patients who underwent VATS the rate was 0%.

The first reason we can associate with the difference in oncologic 
outcomes is that the tumors operated on by VATS corresponded to 
smaller tumors. However, upon analyzing the results, we observed that 
there were no differences in terms of pathologic TNM staging in 
both groups.

Multiple factors may explain this difference, but we  want to 
highlight the following:

	 1	 After the update in the WHO classification published in 2015, 
all thymic tumors are now considered malignant tumors. This 
change led to a shift in our overall approach to the diagnosis 
and treatment of these tumors, particularly regarding surgical 
treatment. In the past, the erroneous classification of these 
tumors as benign meant that more extensive surgery was not 
always considered. Instead, suboptimal thymus resections were 
often offered, which may not have been oncologically ideal 
point of view.

Currently, we  understand that one of the primary prognostic 
factors for thymic tumors is achieving a complete resection during 
surgery. En bloc resections, involving the removal of the tumor along 
with potentially infiltrated structures, are considered the minimum 
acceptable approach to avoid suboptimal treatment. Due to the low 
prevalence of these tumors and the evolving approach to their 
diagnosis and treatment, the idea of creating homogeneous, 
multicenter, international databases has gained momentum. In 2010, 
the ITMIG group proposed such a database with the goal of assisting 
in the reorientation of diagnostic and therapeutic protocols for thymic 
tumors. The ITMIG database is now recognized as the most extensive 
thymic tumor-specific database globally, with more than 10,800 
registered cases. Until relatively recently, the assessment of thymic 
tumor treatment did not involve multidisciplinary committees. 
Instead, it was divided into surgical treatment for potentially resectable 
cases and oncologic treatment for unresectable cases. However, our 
current understanding emphasizes the importance of precise diagnosis 
and preoperative staging. We must also recognize that, in some cases, 
chemotherapy and radiotherapy will play a crucial role in treatment, 
in addition to surgery.

This underscores the necessity for specialized reference units 
equipped with specific multidisciplinary committees. These 
committees should be  led by professionals experienced in the 
diagnosis and treatment of thymic tumors, as emphasized in the 
guidelines published by the National Comprehensive Cancer Network 
(NCCN) (35).

	 2	 Despite being classified as malignant tumors, thymic tumors 
exhibit slow growth rates due to their unique biology. 
Consequently, it is recommended to extend the follow-up period 
to 10 years to minimize the chances of local or distant recurrence. 
Considering this factor, it’s important to note that our prospective 
series has not yet reached the recommended minimum follow-up 
period. The first VATS thymectomy case in our series was 
performed in 2017. Therefore, further research will be necessary 
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to validate the observed recurrence rates in our VATS series. 
Recognizing the limitations of the population studied, the results 
obtained from our study lead us to conclude that, based on our 
experience, VATS thymectomy is a safe technique associated with 
a reduced incidence of postoperative complications compared to 
sternotomy. In our working group, we can confidently state that 
performing thymectomy using minimally invasive techniques is 
both safe and effective.

5 Conclusion

	•	 VATS thymectomy demonstrates a lower rate of intraoperative 
and postoperative complications, reduced morbidity, and a 
shorter postoperative length of stay when compared to 
sternotomy thymectomy.

	•	 VATS thymectomy leads to a favorable impact on MG symptoms.
	•	 Patients with MG who undergo sternotomy experience 

greater postoperative muscle weakness than those 
undergoing VATS.

	•	 Patients with MG undergoing VATS achieve better long-term 
control of myasthenic symptoms than those 
undergoing sternotomy.

	•	 These results underscore the importance of continuing 
thymectomy using minimally invasive techniques due to their 
superiority in our series. Additionally, they emphasize the need 
for enhancements in perioperative care programs.

	•	 The presence of thymic hyperplasia in the definitive pathology 
results has been identified as a favorable predictor of clinical 
improvement. Therefore, diagnosing thymic hyperplasia via CT 
should serve as a selection criterion when considering 
thymectomy for MG patients.

	•	 Conversely, the presence of thymic tumors negatively affects the 
clinical course of MG.

	•	 Patients undergoing VATS have lower rates of local and distant 
recurrence compared to those undergoing sternotomy.

5.1 Limitations of the study

	•	 The study has limitations due to the low prevalence of both MG 
and primary thymic gland tumors.

	•	 The non-homogeneity of the series is another limitation, attributed 
to the incorporation of new surgical approaches, changes in the 
global approach to treating MG and thymic tumors, and 
improvements in perioperative care in recent years. Each of these 
factors can independently influence the results obtained.

	•	 Interpretation of oncologic results for VATS thymectomy should 
be approached cautiously, as these tumors require long-term 
follow-up due to their distinct biology.

5.2 Future prospects

We must increase the number of randomized trials with 
homogeneous groups of patients that will allow us to improve the 
knowledge of both pathologies within the medical society. This will 

lead to better diagnostic and therapeutic management at an early stage 
of the disease. To achieve this objective, it is necessary to create 
reference, multicenter and international groups that allow the creation 
of databases of a greater number of patients.

The lines of work should be focused on research in both the 
experimental and clinical (diagnostic and therapeutic) fields. The 
choice of surgical approach is simply a small grain of sand on a vast 
beach of ignorance.
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Background: Myasthenia gravis (MG) is a rare autoimmune disease characterized 
by fatigable weakness of the voluntary muscles and can exacerbate to life-
threatening myasthenic crisis (MC), requiring intensive care treatment. Routine 
laboratory parameters are a cost-effective and widely available method for 
estimating the clinical outcomes of several diseases, but so far, such parameters 
have not been established to detect disease progression in MG.

Methods: We conducted a retrospective analysis of selected laboratory 
parameters related to inflammation and hemogram for MG patients with MC 
compared to MG patients without MC. To identify potential risk factors for MC, 
we  applied time-varying Cox regression for time to MC and, as a sensitivity 
analysis, generalized estimating equations logistic regression for the occurrence 
of MC at the next patient visit.

Results: 15 of the 58 examined MG patients suffered at least one MC. There 
was no notable difference in the occurrence of MC by antibody status or sex. 
Both regression models showed that higher counts of basophils (per 0.01 
unit increase: HR  =  1.32, 95% CI  =  1.02–1.70), neutrophils (per 1 unit increase: 
HR  =  1.40, 95% CI  =  1.14–1.72), potentially leukocytes (per 1 unit increase: 
HR  =  1.15, 95% CI  =  0.99–1.34), and platelets (per 100  units increase: HR  =  1.54, 
95% CI  =  0.99–2.38) may indicate increased risk for a myasthenic crisis.

Conclusion: This pilot study provides proof of the concept that increased 
counts of basophils, neutrophils, leukocytes, and platelets may be associated 
with a higher risk of developing MC in patients with MG.

KEYWORDS

myasthenia gravis, myasthenia, myasthenic crisis, hemogram, laboratory parameters, 
inflammation, risk prediction
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Introduction

Myasthenia gravis (MG) is a rare autoimmune disease caused 
by an antibody-mediated disturbance of signal transduction at 
the neuromuscular endplate. The main symptoms are fatigable 
weakness of the voluntary muscles, worsening with exertion, and 
fatigue (1). In 70–80% of all patients, MG is caused by pathogenic 
autoantibodies directed against the acetylcholine receptor 
(AChR) at the neuromuscular junction (2–4). The loss of 
functional AChR leads to a reduced amplitude of the endplate 
potential and, thus, impeded neurotransmission at the 
neuromuscular endplate (5, 6). MG manifests at the extraocular 
muscles, leading to ptosis or double vision, and by generalized or 
bulbar weakness affecting limb muscles or oropharyngeal muscles 
at manifestation or as the disease progresses.

Critical exacerbation of these symptoms can lead to life-
threatening myasthenic crisis (MC), which often requires 
intensive care treatment with non-invasive or even invasive 
ventilation and invasive therapy (7). An MC often occurs within 
the first few years of the disease and can be the first manifestation 
of MG (8). The lifetime prevalence of MC is 15–20% for patients 
with MG (9, 10). MC-associated mortality is commonly reported 
between 5 and 12% (10–13), but mortality up to 22% has also 
been reported (14, 15). Furthermore, it is established that 
antibody status or clinical treatment protocols are associated with 
outcomes after MC (10, 13, 16, 17).

Although it is known that certain drugs, inadequate treatment, 
surgery, infection, sepsis, and pregnancy can trigger MC (9, 18, 19), 
the prediction of severe exacerbation of MG or ultimately MC based 
on laboratory parameters is currently not possible. To this end, so far 
only a few studies have investigated the relationship between 
hemogram or inflammation-related laboratory parameters and the 
disease progression of MG (20–22).

Thus, we  hypothesized that certain laboratory parameters 
could be  used to evaluate disease activity in MG even before 
clinically obvious exacerbations and to identify patients at risk of 
progressing to MC. We  studied highly granular laboratory 
parameters related to inflammation and hemogram in patients 
suffering from MC prior to the event, compared to MG without 
MC to investigate if changes in these parameters could 
be indicative of the development of MC. This retrospective case–
control study with a small number of subjects serves as a pilot 
study, whose concept and results could later be validated in a 
larger cohort.

Materials and methods

Standard protocol approvals, registrations, 
and patient consent

This study was approved by the ethics committee at 
Charité  –  Universitätsmedizin Berlin (no. EA4/068/22). Data 
were collected retrospectively. Due to the retrospective nature, 
individual patient consent was not obtained in accordance with 
ethical approval and state and national laws. This manuscript has 
been posted as a preprint on medRxiv prior to submission to this 
journal (23).

Study design and patient selection

For this study, we evaluated clinical data from 58 MG patients 
treated at the integrated Myasthenia Center of the Department of 
Neurology at Charité – Universitätsmedizin Berlin. It is certified by 
the German Myasthenia Gravis Society and employs standardized 
workflows for patient management. The diagnosis of MG was 
established based on antibody studies, repetitive nerve stimulation, or 
clinical assessment. MC was defined as the exacerbation of myasthenic 
symptoms with bulbar or general weakness requiring mechanical 
ventilation. First, we selected 15 patients who were treated for MC at 
least once and for whom sufficiently complete medical data were 
available from all MC patients at our center between 2006 and 2016. 
MC patients were intended to be matched in a 1:3 ratio with MG 
patients treated at our center without recorded MC until 2018. 
Although data for MC patients were available after 2016, they were not 
included in the analysis to avoid hindsight bias. Matching was based 
on the criteria sex, age ± 5 years, antibody status (AChR antibodies or 
negative for AChR, MuSK, LRP4), thymectomy (yes/no), and thymus 
pathology (thymoma, thymus hyperplasia, and unremarkable). Due 
to insufficient matching partners with applicable matching criteria, 
one MC patient could only be matched with one control patient. The 
final cohort consisted of 58 subjects (15 MC, 43 non-MC patients).

In this study, we  focused on the analysis of the following 
laboratory parameters: hemoglobin, hematocrit, mean corpuscular 
hemoglobin (MCH), mean corpuscular hemoglobin concentration 
(MCHC), white blood cell count, white blood cell differential count 
(basophils, eosinophils, monocytes, lymphocytes, neutrophils, and 
granulocytes), platelet count, and C-reactive protein (CRP). Selected 
laboratory data were obtained through the Berlin Institute of Health 
at Charité Health Data Platform (HDP), which hosts up-to-date 
retrospective data on the hospital management system. For this pilot 
study, we retrieved all available data for the curated list of laboratory 
parameters of the selected patients over the entire observation period 
from 2006 to 2018. For the analysis, we only considered data obtained 
prior to the occurrence of an MC.

Statistical analysis

We descriptively display all patient characteristics used for 
matching, separately for cases and controls. Categorical variables are 
presented as absolute and relative frequencies. To summarize the 
laboratory parameters, we display the first measurement per patient 
(baseline) as well as the median value per patient measured before the 
beginning of the first MC with the median and interquartile range 
(IQR). Kaplan–Meier curves display the time to first MC stratified by 
sex (male or female) and antibody status (AChR positive or negative).

We used an Anderson–Gill model, a time-varying Cox 
proportional-hazards regression, with time to MC as the outcome. To 
account for the dependency in the data, we used robust standard 
errors. Time was modeled since the first observation, and patients 
without any further crises were censored at the time of the database 
excerpt. This model assumes that the risk of experiencing an MC 
remains the same, irrespective of whether previous events occurred or 
not. This means that after an MC has occurred, a subject is treated the 
same way as a subject who has not experienced an MC. As sensitivity 
analysis, we also performed a generalized estimating equations (GEE) 
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logistic regression model, which explains the binary outcome of a 
potential current crisis with the laboratory parameter measured at the 
prior visit.

Because of the initial matching, we do not adjust for age and sex 
in any of the models. Due to the limited number of observed events, 
all models ran for each laboratory parameter separately (univariable 
models). Using complete-case analyses, these models are therefore 
based on a different number of observations, due to the clinical 
practice of not measuring all laboratory parameters at every time 
point. Based on these models, we derived hazard ratio (HR) and odds 
ratio (OR) estimates along with 95% confidence intervals (CI). All 
analyses were performed using R [R Project for Statistical Computing 
(24)], as well as additional R packages for data handling and analysis 
(25–27).

Results

Demographics and clinical characteristics

This pilot study included 58 patients (30 female, 28 male), of 
whom 15 (26%) suffered from one or more MC (cases) and 43 never 
had an MC (controls) within the observation period. In the case 
group, 11 patients suffered one MC, 2 patients suffered two MCs, 
and 2 patients suffered three MCs. In total, there were 21 MC events 

(Table 1). Both baseline (i.e., first-ever recorded) and median values 
for all available measurements prior to MC were similar for all 
laboratory parameters in both groups. CRP differed in cases and 
controls (Table 2). The frequency of measurements per person and 
laboratory parameter varied. For the controls, the median number 
of observations was 8 (IQR: 3–26, min = 1, max = 714), and for cases 
42 (IQR: 18–67.5, min = 1, max = 101). The median number of 
measurements for the complete blood count with differential was 8 
(IQR: 2–19.5, min: 1, max: 56) and 15 (IQR: 4–33, min: 1, max: 158) 
without differential. For CRP, it was 6 (IQR: 2–15.5, min: 1, max: 
93). The median time between two measurements was 3 days (IQR: 
2–35, min: 1, max: 3135). Stratified by the outcome, for the 1944 
observations where no MC occurred in the subsequent visit, the 
median time to next visit (i.e., time to next measurement) was 3 days 
(IQR: 2–34, min: 1, max: 3135) and 39 days (IQR: 19.2–83.8, min: 1, 
max: 2196) for the 20 observations where an MC occurred. In the 
MC group, bulbar symptoms preceded the recorded MC in 17 of 21 
events (81.0%). As there is no direct comparison to this measure for 
the control group, we rely on MGFA classification (i.e., the worst 
ever recorded MGFA) to categorize patients into groups presenting 
with mainly bulbar or generalized symptoms. Control patients 
presented with bulbar symptoms in 29 of 43 cases (67.4%) and 
generalized symptoms in 10 of 43 cases (23.3%). In four cases 
(9.3%), it was not possible to unequivocally determine the 
MGFA category.

TABLE 1  Cohort demographics and clinical characteristics.

Myasthenic crisis (n  =  15) No myasthenic crisis (n  =  43)

Sex

 � Male, n (%) 7 (46.7) 21 (48.8)

 � Female, n (%) 8 (53.3) 22 (51.2)

Age

Age at diagnosis, years, mean (SD) 56 (16.5) 51 (17.2)

Early onset MG, n (%) 6 (40.0%) 16 (37.2%)

Late onset MG, n (%) 9 (60.0%) 27 (62.8%)

Number of MC per patient

 � 0 - 43

 � 1 11 (73.3%) -

 � 2 2 (13.3%) -

 � 3 2 (13.3%) -

AChR antibodies

 � Positive 10 (66.7%)* 28 (65.1%)

 � Negative for AChR, MuSK, LRP4 5 (33.3%) 15 (34.9%)

Thymectomy

 � No, n (%) 5 (33.3%) 15 (34.9%)

 � Yes, n (%) 10 (66.7%) 28 (65.1%)

Thymus pathology

Thymoma, n (%) 5 (50.0%) 14 (50.0%)

Hyperplasia, n (%) 2 (20.0%) 5 (18.0%)

Unremarkable, n (%) 3 (30.0%) 8 (29.0%)

Unknown, n (%) – 1 (4.0%)

*One MC patient was found positive for AChR and MuSK. As there were no appropriate AChR/MuSK-double positive controls, she was considered in the AChR+ group.
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TABLE 2  Hemogram and inflammation-related laboratory parameter measurements of patients.

Mysthenic crisis (n  =  15) No myasthenic crisis (n  =  43)

Basophils/nl (baseline)

 � Median (IQR) 0.03 (0.02, 0.05) 0.03 (0.02, 0.05)

 � Missing 1 (6.7%) 1 (2.3%)

Basophils/nl (median)

 � Median (IQR) 0.03 (0.02, 0.05) 0.04 (0.02, 0.05)

 � Missing 1 (6.7%) 1 (2.3%)

C-reactive protein in mg/l (baseline)

 � Median (IQR) 7.10 (4.05, 14.93) 3.50 (1.37, 8.07)

 � Missing – 19 (44.2%)

C-reactive protein in mg/l (median)

 � Median (IQR) 12.00 (4.20, 34.42) 4.35 (1.68, 8.02)

 � Missing – 19 (44.2%)

Eosinophils/nl (baseline)

 � Median (IQR) 0.06 (0.03, 0.10) 0.08 (0.03, 0.14)

 � Missing 3 (20.0%) 3 (7.0%)

Eosinophils/nl (median)

 � Median (IQR) 0.07 (0.06, 0.12) 0.08 (0.06, 0.14)

 � Missing 3 (20.0%) 3 (7.0%)

Hematocrit in l/l (baseline)

 � Median (IQR) 0.43 (0.40, 0.46) 0.42 (0.40, 0.44)

Hematocrit in l/l (median)

 � Median (IQR) 0.41 (0.37, 0.43) 0.42 (0.38, 0.43)

Hemoglobin in g/dl (baseline)

 � Median (IQR) 14.20 (13.55, 15.65) 14.10 (13.40, 14.65)

Hemoglobin in g/dl (median)

 � Median (IQR) 13.40 (12.15, 14.55) 13.80 (12.85, 14.60)

Leukocytes/nl (baseline)

 � Median (IQR) 9.20 (7.28, 13.19) 8.20 (6.06, 10.28)

Leukocytes/nl (median)

 � Median (IQR) 8.11 (6.99, 10.25) 7.60 (6.65, 8.96)

Lymphocytes/nl (baseline)

 � Median (IQR) 1.57 (1.08, 1.64) 1.52 (1.05, 1.88)

 � Missing 1 (6.7%) 1 (2.3%)

Lymphocytes/nl (median)

 � Median (IQR) 1.30 (0.88, 1.80) 1.33 (1.04, 1.71)

 � Missing 1 (6.7%) 1 (2.3%)

Mean corpuscular hemoglobin in pg (baseline)

 � Median (IQR) 30.80 (29.05, 32.00) 30.70 (29.85, 31.75)

Mean corpuscular hemoglobin in pg (median)

 � Median (IQR) 30.70 (29.45, 31.60) 30.60 (29.35, 31.80)

Mean corpuscular hemoglobin concentration in g/dl (baseline)

 � Median (IQR) 33.30 (33.05, 34.35) 33.90 (33.30, 34.50)

Mean corpuscular hemoglobin concentration in g/dl (median)

 � Median (IQR) 32.80 (32.60, 33.55) 33.60 (32.75, 34.33)

(Continued)
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Time to first myasthenic crisis stratified by 
sex and antibody status

We calculated Kaplan–Meier curves for time to the first MC since 
the first recorded laboratory parameter, stratified by AChR antibody 
status and sex. Overall, there was neither a significant difference in the 
occurrence of MC depending on antibody status (Figure 1A) nor 
between women and men (Figure 1B).

Laboratory parameters associated with 
myasthenic crisis

Both statistical models we  applied make use of the previous 
measurement to explain the occurrence of an event (MC or no MC). 
Laboratory parameter measurements from 1964 observations were 
used to explain 20 events with subsequent MC (one MC did not have 
sufficiently complete data to be  included) and 1944 observations 
without subsequent MC.

Univariable Anderson–Gill models showed that basophils, 
neutrophils, and potentially leukocytes and platelets indicate increase 
hazards for a myasthenic crisis (Figure 2). Without adjustment for 
other parameters, an increase of basophils by 0.01 units increased the 
risk of an MC 1.32-fold (95% CI: 1.02–1.70) and a 1 unit increase in 

neutrophils 1.4-fold (95% CI: 1.14–1.72). Furthermore, every unit 
increase in leukocytes increased the hazard for MC 1.15-fold (95% CI: 
0.99–1.34), and an increase of 100 units in platelets 1.54-fold (95% CI: 
0.99–2.38).

The GEE logistic regression models conducted as sensitivity 
analyses with the occurrence of an MC in the subsequent patient visit 
as the outcome also identified basophils, neutrophils, and platelets as 
potentially relevant laboratory parameters (Figure 3). The odds for 
MC in the subsequent visit were 1.27-fold (95% CI: 1.08–1.49) per 
0.01 unit increase in basophils and 1.15-fold (95% CI: 1.02–1.30) per 
1 unit increase in neutrophils. A 100-unit increase in platelets 
increased the odds for an event 1.29-fold (95% CI: 0.85–1.95), 
although this association was calculated with low precision. 
Additionally, higher values in hematocrit (per 0.01 units) and 
hemoglobin (per 1 unit) resulted in higher odds for a subsequent MC 
(OR = 1.11, 95% CI: 1.01–1.22, OR = 1.19, 95% CI: 1.01–1.39, 
respectively).

Both statistical models consider data only before the occurrence 
of an MC but differently account for time. The Anderson–Gill model 
is a time-varying Cox regression model and, as such, explores the 
relationship between the time to the occurrence of an event and the 
explanatory variables. The dependent variable here is the hazard 
function at a given time t. Therefore, the model is dependent on time, 
as the hazard of an MC occuring changes with time. The GEE logistic 

TABLE 2  (Continued)

Mysthenic crisis (n  =  15) No myasthenic crisis (n  =  43)

Monocytes absolute/nl (baseline)

 � Median (IQR) 0.59 (0.25, 0.90) 0.51 (0.42, 0.66)

 � Missing 1 (6.7%) 1 (2.3%)

Monocytes absolute/nl (median)

 � Median (IQR) 0.63 (0.47, 0.81) 0.56 (0.49, 0.69)

 � Missing 1 (6.7%) 1 (2.3%)

Neutrophils/nl (baseline)

 � Median (IQR) 6.98 (4.88, 10.75) 5.43 (3.81, 8.01)

 � Missing 1 (6.7%) 1 (2.3%)

Neutrophils/nl (median)

 � Median (IQR) 6.40 (5.41, 7.89) 5.35 (4.25, 6.31)

 � Missing 1 (6.7%) 1 (2.3%)

Platelets/nl (baseline)

 � Median (IQR) 268.00 (220.50, 324.00) 246.00 (206.50, 283.50)

Platelets/nl (median)

 � Median (IQR) 260.00 (214.50, 297.00) 249.50 (210.25, 279.50)

Immature granulocytes/nl (baseline)

 � Median (IQR) 0.04 (0.02, 0.06) 0.03 (0.01, 0.04)

 � Missing 1 (6.7%) 1 (2.3%)

Immature granulocytes/nl (median)

 � Median (IQR) 0.04 (0.03, 0.07) 0.03 (0.02, 0.05)

 � Missing 1 (6.7%) 1 (2.3%)

For each laboratory parameter, the baseline (first measurement recorded per patient) and the median of all measurements recorded within the observation period before the beginning of the 
first MC are shown. Missing data are indicated where observed.
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FIGURE 1

Kaplan–Meier curves with 95% confidence intervals (shaded areas) for time to first myasthenic crisis since the first recorded laboratory parameter 
stratified by (A) antibody status or (B) sex over the observation period. An event is defined as the first MC of a patient. The individual lines show the 
stratified survival curves, and the shaded areas present 95% confidence interval. (A) Orange lines represent the data for AChR antibody-negative 
patients and purple lines for AChR antibody-positive patients. (B) Orange lines represent the data for male and purple for female patients. Vertical bars 
indicate the censorship of an observation at that point. Additionally, the number of individuals at risk for a first MC at regular time points is shown 
below the curves.

FIGURE 2

Hazard ratio estimates with 95% confidence intervals based on Anderson-Gill models for each laboratory parameter for the occurrence of myasthenic 
crisis. Dots indicate hazard ratio estimates for each laboratory parameter, and horizontal bars indicate 95% confidence intervals (in parentheses). Units 
for each laboratory parameter are shown in Table 2.
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regression estimates the odds for an event (here the occurrence of an 
MC at the next visit) based on the explanatory variables in the model. 
Time is only taken into account by the sequence of measurements and 
the occurrence of an MC at the next visit. It is interesting to note that 
in 10 of 21 events (47.6%), patient records showed signs of (bacterial) 
infection prior to the respective MC. It is also noteworthy that 
infections prior to MC seemed to be more prevalent in male patients 
(5 of 8 events, 62.5%) than in female patients (5 of 13 events, 38.5%). 
However, CRP was not identified with increased risk for MC by either 
statistical model. Based on the results of these models, we conclude 
that increased values of basophils, neutrophils, and, with lower 
confidence, also leukocytes and platelets are associated with an 
increased risk of developing an MC.

Discussion

In this pilot study, we investigated whether routine laboratory data 
could be used to anticipate the occurrence of MC during the disease 
course in MG patients. Based on two statistical models with distinct 
assumptions, we found that from our pre-selected set of laboratory 
parameters, higher basophils, neutrophils, leukocytes, and platelets 
measured before an event (i.e., MC) were associated with a higher risk 
of developing an MC. Although baseline and median CRP as the most 
obvious laboratory markers of infection (procalcitonin was not 
determined in any of the cases reported here) before MC were elevated 

in the MC group compared to the control group, it was not identified 
as a risk to develop an MC by either statistical model.

Several risk factors for MC have previously been identified from 
retrospective analyses: infections (15, 19, 28), drugs (28), 
corticosteroid treatment (29, 30), older age (31), thymoma (15), 
bulbar symptoms (15, 32), high disease severity (15, 31), male sex (15, 
30), and the presence of additional autoimmune diseases (31, 32). 
Another risk factor for MC is surgery (15, 33), including thymectomy. 
Although some attempts to establish risk scores for the occurrence of 
postoperative myasthenic crisis have been made, the identified risk 
factors (bulbar symptoms, disease severity, decreased vital capacity, 
and thymoma) generally align with established common risk factors 
for MC (33–35). Due to the high mortality rate of MC of 5–12% (10, 
13, 16, 18), which can be  stratified by AChR (10) or MuSK (16) 
antibodies, and triple-seronegative patients (13), there is a significant 
need to establish risk scores or identify parameters that can be used to 
predict the occurrence of MC, and thus aid early intervention.

Our study provides initial indications that routine laboratory 
parameters assessed before the onset of MC could be used as risk 
predictors for MC occurrence and facilitate early interventions (e.g., 
treatment with immunoglobulins or plasma exchange), possibly 
preventing MC and mitigating the associated morbidity and mortality. 
To this end, some studies have investigated the prediction of 
in-hospital mortality in MC based on selected laboratory parameters 
(22, 36). A recent study derived a predictive score for in-hospital 
mortality of MC using the Myasthenia Gravis Foundation of America 

FIGURE 3

Odds ratio estimates and 95% confidence intervals based on generalized estimating equations and logistic regression for each individual laboratory 
parameter for the occurrence of myasthenic crisis at the subsequent visit. Dots indicate odds ratio estimates for each laboratory parameter, and 
horizontal bars indicate 95% confidence intervals (in parentheses). Estimates were derived from the generalized estimating equations (GEE) logistic 
regression. Units for each laboratory parameter are shown in Table 2.
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(MGFA) score at the onset of the MC, septic shock, and cardiac arrest 
(36). In addition, this study suggested that low serum albumin, low 
hemoglobin, and a high leukocyte count might be associated with a 
higher mortality in MC (36). The latter may corroborate our findings 
that increased leukocyte counts may be associated with an increased 
risk for an ensuing MC. Further studies described a possible 
association between infections (37) and signs of inflammation 
(leukocytosis) (22) and an increased risk of developing 
MC. Furthermore, a hemogram could provide clues to the course of 
the disease, as hematological changes have been identified as 
prognostic factors of mortality for several critical illnesses (22), e.g., 
endocarditis (38), acute kidney injury (39), and acute myocardial 
infarction (40, 41). Extreme leukocytosis and anemia have been 
described as important risk factors for increased mortality in MC (22). 
Similarly, elevated neutrophil-to-lymphocyte ratios have been 
reported to be a potential risk factor for indicating the disease severity 
of MG in children (20) and adults (21). It is interesting that, among 
others, we identified basophilia as a potential indicator for risk of 
MC. Classically, basophilia is seen in hypersensitivity reactions of the 
immediate type (type 1) (42). Basophils are thought to play a role in 
host defense against parasites (43). Consequently, associations of 
basophilia with chronic inflammation and autoimmunity have been 
described (42, 43). As such, our data might open novel opportunities 
to study biomarkers of disease activity in MG. Together with real-
world routine clinical data, inexpensive laboratory studies could allow 
risk classification for MC that goes beyond known risk factors for MC, 
such as infection, as exemplified by a recent study that used explainable 
machine learning to classify the risk for MC based on these 
parameters (44).

There are several limitations to our study. The dataset, with 58 
patients in total, is small. However, the dataset includes 21 MC events 
and several sequential laboratory measurements per patient since the 
laboratory parameters were measured frequently. This leads to an 
uneven distribution of measurements between cases and controls. It 
is possible that the elevated CRP in the MC group was not identified 
as a risk factor for MC because of the small size of our cohort. 
Approximately half of the MCs recorded here showed preceding 
infections, which is a known risk factor for MC. It is also possible that 
subgroups (e.g., males) could be more prone to developing MC after 
infection. However, our study was not designed to address such 
questions. Furthermore, there is the potential for selection bias due to 
the retrospective and monocentric design and hand-selection of cases 
and controls for this pilot study. This study did not consider further 
clinical data, such as information on infection or co-medication, 
which are known risk factors for the clinical worsening of 
MG. Similarly, steroids or steroid-sparing immunosuppression are 
standard medications in MG patients known to affect blood counts 
but were not considered confounders. We used complete-case analyses 
based on a different number of observations, as a result of clinical 
practice not to measure all laboratory parameters at every time point. 
This leads to a different number of measurements per parameter per 
patient, and thus they could only be  considered as univariate 
parameters in the models.

In conclusion, this study indicates that increased basophils, 
neutrophils, leukocytes, and platelets may be  associated with an 
increased risk for the occurrence of MC in MG patients. The results 
of this pilot study suggest that it is possible to identify predictors for 
MC risk based on routine laboratory data. Together with other 

medical data (44), routine blood biomarkers could serve to develop a 
risk prediction score to tailor individualized treatment decisions at the 
point of care. However, larger prospective studies beyond the proof of 
concept stage are necessary to verify our results.
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Introduction: Early-onset (EOMG) and late-onset (LOMG) are distinct groups of 
MG patients. It is unclear if treatment strategies and treatment-related adverse 
events may differ according to the age of MG onset.

Methods: This single-center retrospective study includes all MG patients 
followed at a tertiary center since 2007. We  reviewed the electronic clinical 
records.

Results: In total, 212 patients were identified, 142 (67.0%) females, with a median 
disease duration of 10 years. The median age of symptom onset was 42.0 (26.0–
64.5) years, with 130 (61.3%) EOMG cases and 82 (38.7%) LOMG. EOMG were 
more frequently female, had longer disease duration and often more generalized 
MG (p < 0.001). Comorbidities were significantly more frequent in LOMG (67.1%) 
compared to EOMG (53.1%) (p = 0.002). Steroid-related adverse effects motivating 
the switch to steroid-sparing agents (82.0%) were different between groups, with 
hypertension, hypercholesterolemia, diabetes mellitus and malignancies being 
more common in LOMG. At the same time, osteoporosis and dyspepsia were more 
frequent in EOMG (p < 0.001). The most common first-line choice was azathioprine 
(45.8%), and rituximab was used in 4 patients (1.9%).

Conclusion: Our study shows that treatment modalities are similar between 
EOMG and LOMG, while steroid-related adverse events appear to be distinct.

KEYWORDS

myasthenia gravis, late-onset, comorbidities, steroid-sparing, immunosuppression

Introduction

Myasthenia gravis (MG) is a chronic autoimmune neuromuscular disease characterized 
by ocular and generalized muscle weakness. This disorder has a heterogeneous pathogenesis 
and variable phenotype associated with distinct disease subtypes (1, 2). When considering the 
age of onset, patients <50 years are considered early-onset MG (EOMG), while patients with 
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disease onset above 50 years belong to the late-onset MG 
group (LOMG).

Classically, treatment response is considered satisfactory in 
MG. The approval of novel immunosuppressive drugs to treat MG 
cases offers the opportunity to tailor the treatment to each patient. 
Baseline comorbidities and treatment-related side effects are essential 
aspects to consider in this process (3). Some studies suggest that 
EOMG and LOMG may differ in these characteristics (4, 5). However, 
it is still unclear if treatment-related adverse events are associated with 
the age of MG onset.

This study aims to describe a MG cohort and evaluate 
comorbidities, treatment strategies and treatment-related adverse 
events between EOMG and LOMG.

Methods

We retrospectively analyzed the medical records of MG patients 
from an institutional database that contains all MG cases followed in 
the Centro Hospitalar Universitario de Santo António 
Neuroimmunology Outpatient Clinic. This database is updated 
annually since 2007. MG was diagnosed by practicing neurologists 
specialized in neuroimmunology (ES, AMS, APS, and RS) based on a 
combination of clinical features, neurophysiological studies, antibody 
testing and response to pyridostigmine (2). Patients aged <50 years 
were classified as EOMG, while patients ≥50 years were considered 
LOMG (1).

We collected information concerning sex, age of onset and age at 
diagnosis. We  extracted data on the prevalence of different 
comorbidities using what was defined in previous studies. 
Comorbidities were classified as treatment-related if they appeared 
after the initiation of a specific treatment and if the neurologist 
considered the comorbidity an effect of treatment, according to the 
medical records. The baseline Myasthenia Gravis Foundation of 
America (MGFA) score and the occurrence of myasthenic crisis or 
hospital admission due to MG during the disease course were 
retrospectively collected. Data on the use of anticholinesterases (and 
maximum dose), steroids (and maximum dose), and other 
immunosuppressors used during the disease course was 
additionally detailed.

Qualitative variables were studied using absolute and relative 
frequencies. The median and interquartile range (p25–p75) (IQR) 
were calculated for quantitative variables. An X2 was used to compare 
categorical variables, while a Mann–Whitney U test was used for 
continuous variables. Statistical analysis was performed in SPSS 
Statistics version 29. A p-value < 0.05 was considered 
statistically significant.

This study was approved by Centro Hospitalar Universitário de 
Santo António Ethical Committee. Informed consent was waived due 
to the retrospective nature of the study.

Results

In total, 212 patients were identified, 103 (79.2%) female. The 
median disease duration was ten years, and the median follow-up time 
was 8 years. The median age of symptom onset was 42.0 (26.0–64.5) 
years, with 130 (61.3%) EOMG cases and 82 (38.7%) LOMG. Table 1 

summarizes the characteristics of the cohort. Overall, EOMG were 
more frequently female and had longer disease duration. MG 
phenotypes were significantly different between groups, with EOMG 
patients having significantly more generalized MG (80.0% vs. 56.1%) 
and LOMG patients having more ocular MG (43.9% vs. 20.0%) 
(p < 0.001). Figure 1 shows the distribution of baseline MGFA scores 
concerning the age of onset.

At least one comorbidity was present in 124 patients (58.5%), with 
a median of 1.0 (0.0–2.0) comorbidity per patient. Comorbidities were 
significantly more frequent in LOMG (67.1%) compared to EOMG 
(53.1%) (p = 0.002). In particular, arterial hypertension, dyslipidemia, 
diabetes mellitus and venous thromboembolism were significantly 
more associated with LOMG, as shown in Table 1. Patients with and 
without thymomas had a similar number of comorbidities (p = 0.582).

Fifty patients (23.6%) had at least one myasthenic crisis requiring 
acute treatment throughout the disease course. There was no 
difference concerning age of onset (26.1% EOMG vs. 19.5% LOMG, 
p = 0.320). In total, 41 (19.3%) patients required hospital admission 
due to MG exacerbations, 20 EOMG (16.1%) and 21 LOMG (25.6%) 
(p = 0.335). Regarding the treatment regimens, pyridostigmine was 
offered to 93.9% of patients, with significantly more EOMG patients 
receiving treatment (p = 0.024). The median highest dose of 
anticholinesterase was 300.0 (240.0–360.0), which was higher in 
EOMG compared to LOMG (300.0 versus 240.0, p < 0.001). Acute 
treatment modalities comprised human immunoglobulin (30.7%) and 
plasmapheresis (6.1%). Steroids were used in 74.5% of patients, with 
15.6% requiring prednisolone as part of maintenance treatment. 
Treatment-related side effects were the most common reason for 
choosing a steroid-sparing agent (82.0%). From these, hypertension, 
hypercholesterolemia, diabetes mellitus and malignancies were more 
common in LOMG, while osteoporosis and dyspepsia were more 
frequent in EOMG (p < 0.001) (Figure 2).

Most patients were switched to steroid-sparing agents, with the 
most common first-line choice being azathioprine (45.8%). Rituximab 
was used as a first-line option in 4 patients (1.9%): 2 anti-MuSK-
associated MG cases, 1 with comorbid autoimmune disease and 1 
EOMG case with an aggressive course. There was no significant 
difference between EOMG and LOMG regarding first-line options. 
Second-line immunotherapy was required in 26.9%, mainly for 
improving disease control (85.8%). Treatment-related adverse events 
motivating a therapy switch to second-line agents (3.8%) included 
hepatitis (2.4%), repeated infections (0.9%) and pancytopenia (0.5%). 
The most common second and third-line agents were methotrexate 
(12.3%) and rituximab (6.1%), respectively. Tocilizumab (0.5%) and 
efgartigimod (0.5%) were only used as third-line alternatives in 
EOMG cases. Thymectomy was performed in 81 (38.2%) patients, 
more frequently in EOMG (81.5%) than LOMG (18.5%). The median 
time to thymectomy was 1.0 (1.0–3.0) years. Thymoma was identified 
in 30 (14.2%), most commonly of type 2B (53.3%), while hyperplasia 
was present in the remaining patients. Although more thymomas 
being identified in EOMG (56.7% vs. 43.3%), this difference was not 
statistically significant.

Discussion

This study underscores the importance of considering the age of 
MG onset and comorbidities in treatment selection.
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TABLE 1  Characterization of the MG cohort according to age of onset.

Variable EOMG
130 (61.3%)

LOMG
82 (38.7%)

p

Female, n (%) 103 (79.2) 39 (47.6) <0.001

Disease duration, median (IQR) 28 (15.0–39.0) 7.0 (4.0–13.0) <0.001

Disease type, n (%)

 � Ocular 26 (20.0) 36 (43.9) <0.001

 � Generalized 104 (80.0) 46 (56.1)

Antibodies, n (%)

 � Anti-AchR 84 (64.6) 51 (62.2) 0.878

 � Anti-MuSK 9 (6.9) 2 (2.4) 0.497

 � Anti-titin 7 (5.4) 19 (23.2) <0.001

Thymoma, n (%) 17 (13.1) 13 (15.9) <0.001

Deceased 2 (1.5) 16 (19.5) 0.002

Number of comorbidities, median, IQR 1 (0.0–1.0) 1.0 (0.0–3.0) 0.002

Comorbidities, n (%)

 � HTA 10 (7.7) 25 (30.5) <0.001

 � Hypercholestrolemia 9 (6.9) 22 (26.8) <0.001

 � Diabetes 14 (10.8) 20 (24.4) 0.012

 � Other cancers 12 (9.2) 12 (14.6) 0.268

 � Cataracts 8 (6.2) 4 (4.9) 0.770

 � Osteoporosis 7 (5.4) 2 (2.4) 0.487

 � Oportunistic infections 5 (3.9) 6 (7.3) 0.343

 � Dyspepsia 4 (3.1) 2 (2.4) 1.000

 � PVT/PE 0 4 (4.9) 0.021

 � Thyroid disease 7 (5.4) 6 (7.3) 0.570

 � Other autoimmune disease 26 (20.0) 6 (7.3) 0.031

 � Ashtma 5 (3.9) 4 (4.9) 0.737

 � Psoryasis 3 (2.3) 0 0.285

 � Neuromyotonia 4 (3.1) 0 0.160

 � Coronary disease 8 (6.2) 5 (6.1) 1.000

 � Atrial Fib 3 (2.3) 4 (4.9) 0.434

 � Prostate hyperplasia 0 2 (2.4) 0.148

 � Depression 4 (3.1) 3 (3.7) 1.000

 � Sleep apnea 5 (3.8) 1 (1.2) 0.409

 � Stroke/TIA 3 (2.3) 2 (2.4) 1.000

 � CKD 4 (3.1) 5 (6.1) 0.313

 � PVD 1 (0.8) 1 (1.2) 1.000

 � COPD 0 1 (1.2) 0.387

 � HF 2 (1.5) 2 (2.4) 0.641

 � Hypoacusis 0 2 (2.4) 0.148

 � Chronic liver disease 1 (0.8) 1 (1.2) 1.000

 � Headache 1 (0.8) 0 1.000

 � Bronchiectasis 1 (0.8) 0 1.000

 � Dementia 1 (0.8) 3 (3.7) 0.301

 � Gout 0 2 (2.4) 0.148

 � Epilepsy 0 1 (1.2) 0.387

(Continued)
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FIGURE 1

Distribution of MGFA scores according to the age of onset.
FIGURE 2

Adverse effects associated with steroids in EOMG and LOMG.

TABLE 1  (Continued)

Variable EOMG
130 (61.3%)

LOMG
82 (38.7%)

p

 � PD 1 (0.8) 3 (3.7) 0.301

 � Alcoholism 1 (0.8) 1 (1.2) 1.000

 � Psychosis 0 1 (1.2) 0.387

Treatment

Piridostigmine ever, n (%) 127 (97.7) 72 (87.8) 0.024

Piridostigmine dose, median (IQR) 300.0 (240.0–360.0) 240.0 (180.0–300.0) <0.001

Steroids ever, n (%) 103 (79.2) 55 (67.1) 0.219

Steroids dose, median (IQR) 40.0 (20.0–60.0) 30.0 (20.0–52.5) 0.118

Immunoglobulin during acute phase, n (%) 43 (33.1) 22 (26.9) 0.328

Plasmapheresis during acute phase, n (%) 8 (6.2) 5 (6.1) 0.599

Thymectomy, n (%) 66 (50.8) 15 (18.3) <0.001

Steroid sparing, first line, n (%) 0.074

 � AZA 69 (53.1) 28 (34.1)

 � MMF 5 (3.8) 3 (3.7)

 � RTX 3 (2.3) 1 (1.2)

 � MTX 4 (3.1) 4 (4.9)

 � CYC 0 1 (1.2)

Steroid sparing, second line, n (%) 0.068

 � MTX 18 (13.8) 8 (9.8)

 � MMF 16 (12.3) 5 (6.1)

 � RTX 5 (3.8) 0

 � AZA 3 (2.3) 1 (1.2)

 � CYC 1 (0.8) 0

Steroid sparing, third line, n (%) 0.042

 � RTX 9 (6.9) 4 (4.9)

 � MMF 6 (4.6) 0

 � MTX 3 (2.3) 0

 � CYC 1 (0.8) 0

 � Efgartigimod 1 (0.8) 0

 � Tacrolimus 1 (0.8) 0

AZA, azathioprine; MMF, mycophenolate mofetil; MTX, methotrexate; RTX, rituximab; CYC, cyclophosphamide; IQR, Interquartile range; PVT, Peripheral venous thrombosis; PE, 
pulmonary embolism; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; HF, heart failure; PD, Parkinson’s Disease.
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Overall, our MG cohort follows what is described in the literature 
for EOMG concerning female predominance and tendency toward 
generalized disease (1, 6). Thymomas were more frequently found in 
LOMG cases (p < 0.001), which is consistent with the literature (7). 
However, patients proposed for thymectomy were already the ones 
with an increased probability of having a thymoma based on imaging 
studies, which could introduce bias.

In our cohort, most MG patients had at least one comorbidity 
(approximately 59%), these being more frequent in LOMG cases. 
LOMG had significantly more comorbidities, particularly 
comorbidities associated with increased cardiovascular risk (arterial 
hypertension, dyslipidemia, and diabetes mellitus), consistent with 
previous reports (4). However, we  could not exclude that these 
resulted from older age and not disease type. A previous study 
compared age-and sex-matched groups of EOMG and LOMG and 
found no significant differences, consistent with comorbidities 
probably resulting from the cumulative effect of increased aged than 
with MG type (5). Some conditions like dyslipidemia and hypertension 
may be particularly bothersome in MG since some treatment options 
(statins and beta-blockers) might worsen MG symptoms (8).

Steroid-related adverse effects motivating treatment change were 
frequent, consistent with the general recommendations for 
corticotherapy. However, the profile of side effects differs between 
LOMG and EOMG. Steroid-treated LOMG more frequently 
developed malignancies and the same comorbidities that were already 
more frequent in this subgroup (arterial hypertension, 
hypercholesterolemia, diabetes mellitus). This effect might 
be explained by age, as previously addressed. In the EOMG group, 
osteoporosis and dyspepsia were more frequent. Steroid-induced 
osteoporosis mainly affects individuals 20–45 years, consistent with 
our findings (9, 10). This probably results from the cumulative effect 
of corticotherapy for several years, since the mean dose was not 
significantly different between groups.

Immunosuppression is generally associated with favorable 
outcomes in MG, irrespective of the age of onset (11). In most cases 
from our study, steroid sparing agents were introduced first, and the 
dose of steroids progressively tapered while a steroid-sparing agent 
was introduced. The choice of steroid-sparing agents followed what is 
recommended in the literature, with the most frequent options being 
azathioprine, mycophenolate mofetil and methotrexate (1, 8, 12). 
MMF has been suggested as an alternative first-line steroid-sparing 
agent, due to its favorable profile (13). The results from our practice, 
with AZA as the commonest option, are in line with recently published 
guidelines (14). Anti-CD20 antibody therapy (rituximab) was 
generally reserved to more severe or refractory cases. These findings 
are consistent with other studies showing that the therapeutic 
management does not seem to differ between EOMG and LOMG, 
despite the latter having more comorbidities (11, 15). Rituximab has 
also been shown to be a safe and effective treatment in late-onset cases 
of aggressive generalized MG (16). Regarding other monoclonal 
antibodies, eculizumab and tocilizumab were used in 1 EOMG patient 
each, which is statistically non-significant. Both treatments have been 
shown to be safe and effective in patients with later age of onset (17, 
18). Overall, there was a tendency toward late-onset forms requiring 
fewer drugs and thus being less frequently treatment-refractory, 
confirming findings from a recent study (6).

This study has several limitations that must be  addressed. 
First, its retrospective design based on clinical records with a 

relatively small sample size. Second, we opted to use the age of 50 
as a cut-off to define EOMG and LOMG, but there are other 
cut-off values proposed in the literature (19). Moreover, we have 
not considered the subgroup of very-late onset forms that is 
increasingly recognized (20). We have not specifically addressed 
the efficacy of different treatment modalities based on the MGFA 
score, as the purpose of this study was to specifically study 
treatment modalities and respective side effects in EOMG and 
LOMG. In the future, doing a longitudinal study with this purpose 
would be interesting.

MG is a complex neuroimmunological disorder whose treatment 
implicates taking into account patient comorbidities and strategies to 
avoid treatment-related adverse events. The growing subgroup of 
LOMG poses further challenges to neurologists handling this disorder. 
Our study describes the similarities in treatment modalities between 
EOMG and LOMG and the differences in steroid-related adverse 
events between each group.
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