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Background: This study aimed to evaluate the association of neurofilament

light chain (Nfl) with neuromuscular destruction and disease severity in the

serum of patients with myasthenia gravis (MG).

Materials and methods: Sera from 134 patients with MG with varying degrees

of disease severity and autoantibody (Abs) status were analyzed and compared

to controls in a cross-sectional design. Prospectively, we additionallymeasured

serum NfL (sNfl) levels in patients with MG longitudinally for up to 3

years. Based on linear regression, di�erences between patients and controls

were assessed. With correlation coe�cients and mixed linear regression,

the association among sNfl levels, socio-demographics, disease activity

(Quantitative Myasthenia Gravis (QMG) score and Myasthenia Gravis Activities

of Daily Living (MG-ADL) scale), Abs-status (acetylcholine receptor antibody

(AChR-Abs), muscle-specific receptor tyrosine kinase antibody (MuSK-Abs),

lipoprotein-related protein 4 (LRP4), and seronegative), Abs titer, treatment

regime (pyridostigmine, steroids, and immunosuppressive therapies), and

thymectomy were investigated.

Results: sNfl levels were higher in patients with MG compared to controls

(median: 11.2 vs. 7.88), where sNfl levels were highest in anti-AChR-Abs

positive patients (median 12.6), followed by anti-MuSK-Abs positive, anti-

LRP4-Abs positive, and seronegative patients. Adjusting for age and sex,

sNfl levels of patients with MG were on average 35% higher compared to

controls (35.1, 95% CI: 8.4;68.3) and highest for patients with seronegative

MG (44.35; 95% CI 16.47; 78.90). We found no relevant relationship between

individual changes in sNfl and changes in QMG and MG-ADL scores.
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Conclusion: sNfl levels are higher in patients withMG than in controls but were

not consistently associated with clinical severity. Thus, sNfl is not a suitable

biomarker to monitor individual disease progression in patients with MG.

KEYWORDS

serum neurofilament light chain, myasthenia gravis, antibody status, biomarker,

disease severity

1. Introduction

Myasthenia gravis (MG) is an autoimmune disease affecting
the neuromuscular junction (NMJ) by specific autoantibodies
(1, 2). While the effector mechanisms of the disease disturbing
the functions of the NMJ are relatively well known, the
etiology of MG and its heterogeneity in the clinical course are
poorly understood. Importantly, there is an urgent need for
sensitive biomarkers in MG predicting treatment responses and
outcomes, especially in light of emerging and more specific
treatment options (3, 4).

Neurofilaments (Nfl) are important structural elements of
neurons and are released into the extra-cellular environment
upon neuronal injury (5). Nfl has been studied in
several neurodegenerative and central neuroinflammatory
conditions (6–12).

Less is known about the role of Nfl in peripheral nervous
system disorders, but there is increasing evidence that sNfl
potentially has diagnostic and prognostic value in acquired
polyneuropathies (13, 14), inherited peripheral neuropathy (15),
and Guillain-Barré syndrome (16).

Although MG is not a typical disorder characterized by
neuronal injury, histopathological studies in patients with
MG demonstrate neurogenic changes regardless of MG
subtype (17, 18). Additionally, it is known that antibodies
(Abs) against the acetylcholine receptor (AChR), the muscle-
specific kinase (MuSK), and the lipoprotein-related protein
4 (LRP4) are directly pathogenic, inducing accelerated
degradation of these receptors (19–21) and leading to local
membrane damage at the NMJ (22). These mechanisms
destabilize the signaling pathways at the NMJ, leading
to ACh deprivation, which is crucial for proper muscle
innervation (23).

As the neuromuscular terminal seems to be enriched with
proteins critical for NMJ structure and function, including
cytoskeleton-associated proteins like Nfl (24–27), the different
extent of neuromuscular destruction on the NMJ could have a
measurable effect on Nfl release (28, 29). Here, we investigate
whether sNfl is increased in patients with MG compared to
controls and whether sNfl could serve as a biomarker of
disease severity.

2. Materials and methods

2.1. Standard protocol approvals,
registration, and patient consent

The study was approved by the ethics committee of
the Charité—Universitätsmedizin Berlin (EA1/281/10). All
patients gave written informed consent in accordance with
the Declaration of Helsinki in its currently applicable form.
The study followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting
guidelines (Supplementary material).

2.2. Study design

This is an explorative cohort study examining sNfl levels
in patients with MG with different Abs statuses. Longitudinally
we followed the patients and assessed sNfl as a potential
biomarker for MG disease severity as measured by the
Quantitative Myasthenia Gravis (QMG) score and Myasthenia
Gravis Activities of Daily Living (MG-ADL) scale. Based on the
cohort design, patients were matched with controls at baseline.

2.3. Patients and controls

This study was carried out at the certified integrated
Center for Myasthenia gravis (iMZ) of the Charité—
Universitätsmedizin Berlin, Germany. Patients over the
age of 18 years with a confirmed diagnosis of MG, based on
the current guidelines of the German Neurological Society
(30), were included independent of disease duration and
severity. Patients with MG were consecutively screened at
the iMZ clinic from March 2011 to October 2020. Due to the
potential influence on sNfl levels, patients with a previous
history of cancer were excluded, excepting thymoma (31).
Other exclusion criteria were diagnosis of polyneuropathy,
neurodegenerative diseases (atypical and typical parkinsonian
disorders, frontotemporal dementia, Alzheimer’s disease,
and amyotrophic lateral sclerosis (ALS)), central nervous
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inflammatory diseases (multiple sclerosis and autoimmune
encephalitis), traumatic brain injury, and previous stay on
intensive care unit (<3 months) (32). Overall, 134 patients
could be included for baseline analysis and were followed up
to 3 years. For exploratory longitudinal analysis, we tested
sNfl in a total of 59 patients. Age- and sex-matched controls
without comorbidities recruited from the clinical staff of the
Charité-Universitätsmedizin Berlin were enrolled as a control
group (n= 31).

2.4. Clinical assessment

Patients were categorized into subgroups according
to their Abs status (anti-AChR-Abs, anti-MuSK-Abs,
anti-LRP4-Abs, and seronegative). None of the patients
were double positive for an MG-Abs. Age, sex, disease
duration, history of myasthenic crisis, current MG-specific
medication (cholinesterase inhibitors, glucocorticoids, and
long-term immunosuppressants), history of thymectomy, and
comorbidities were collected. Disease severity was assessed
using the Myasthenia gravis foundation of America (MGFA)
classification, the QMG, and the MG-ADL score (33, 34).
According to the MGFA classification, patients were grouped
into ocular (MGFA I) or generalized patients with MG (MGFA
II-IV) at the time of study inclusion and blood sampling.
The MGFA classification system served as an assessment of
patients’ disease severity at the time of data sampling as a
simple scoring system (33). The QMG score was developed
as a tool for assessing disease severity as well as the pattern
of deficits based on quantitative testing of sentinel muscle
groups (33, 35). It is a 13-item score with a total score range
of 0–39 points and shows good interrater variability (36). Its
reliability and validity have been demonstrated in several studies
(35, 37). The MG-ADL is an eight-question survey of symptom
severity, with each response graded from 0 (normal) to 3
(most severe) (34). Questions include ocular, oropharyngeal,
respiratory, and extremity functions. The total MG-ADL score
ranges from 0 to 24. All scores were assessed at the time of
sample collection.

2.5. sNfl measurement

Serum samples were collected from patients with MG
and controls, clotted for 30min at room temperature and
then centrifuged, aliquoted at room temperature, and stored
at −80◦C. The temperature of the freezers was continuously
monitored, and samples were thawed only before analysis.
sNfl concentrations were measured using the SIMOA Nf-light
kit R© in SR-S immunoassay analyzer, SIMOATM (Quanterix
Corp, Boston, MA, USA), according to the manufacturer’s
protocol (38). SIMOA Nf-light kit

R©
is an ultrasensitive

paramagnetic bead-based enzyme-linked immunosorbent assay
and is at least 125 times more sensitive than conventional
immunoassays and maintains a high analytical performance
(39). All samples were analyzed in one measurement in March
2021. Calibration curves for assay calibration were set up
according to the manufacturer’s instructions. As recommended
by the manufacturer, the use of stored calibration curves for
a maximum of 3 weeks has been validated in a curve storage
study over 4 weeks during assay validation. Calibration curve
validity was assessed during each analytical run by assaying
controls of known concentrations at two different levels (low
and high controls provided by the manufacturer with sNF-L
concentrations ranging between 2 and 5 pg/ml and between
100 and 200 pg/ml, respectively). Assay variation over time
was low as indicated by the coefficient of variation (CV) values
of <7.9 and 12% for high and low controls, respectively,
during their shelf life of up to 6 months over different
control lots.

2.6. Statistical analysis

Continuous data are presented as the median and
interquartile range (IQR), and categorical variables as absolute
frequencies and percentages. Age-adjusted z-scores were
calculated for cases and controls based on a reference database
of 4,532 healthy controls from the serum neurofilament light
chain reference app (40–42). Comparisons of sNfl levels
between MG subgroups and recruited controls were based on
log-linear regression analysis, adjusted for age and sex to control
for confounding by these variables. These models apply the
natural logarithm to the dependent variable, for example, if the
dependent variable is skewed. Based on them, we derive adjusted
estimates of percentage change in sNfl levels comparing cases
and controls additionally stratified by Abs-status. Association
between sNfl levels of MG patients with clinical and laboratory
assessments at baseline and during follow-up were analyzed
by computing Spearman correlation and repeated measure
Spearman correlation coefficients, respectively. Additionally,
log-linear mixed models were used to assess the association
between patient characteristics and sNfl, where again the results
are derived as the percentage change in sNfl levels. All derived
effect sizes are reported along with 95% confidence intervals
(CI). All statistical analyses were performed using R (43) and R
packages (44–48).

2.7. Primary research question

Are sNfl levels elevated in patients with MG compared to
controls and can sNfl be used as a biomarker of neuromuscular
destruction indirectly reflecting disease severity in patients
with MG?
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TABLE 1 Baseline characteristics and medical history of patients with myasthenia gravis and controls.

Total MG Anti-ACHR-
aBS+

Anti-mUsk-
ABS+

Anti-lrp4-
ABS+

Seronegative Controls

n (%) 134 79 (59%) 18 (13%) 11 (8%) 26 (19%) 31

Sex

Female, n (%) 85 (63%) 46 (55%) 15 (79%) 6 (68%) 25 (81%) 21 (68%)

Age at time point of sampling, median
(IQR)

52.5 (39–68) 54 (39–70) 56 (33–63) 49 (42–58) 51 (39–60) 46.0 (39–58)

Disease duration (years), median (IQR) 4.0 (2.0–10.5) 3.0 (2.0–10.5) 6.0 (2.0–18.0) 1 (1.0–5.0) 3.5 (2.0–8.0) –

History of myasthenic
exacerbation/CRISIS, n (%)
(missing)

32 (25%)
(11)

19 (14%)
(0)

9 (7%)
(0)

0 (0%)
(11)

4 (3%)
(0)

–

MGFA classification at time point of
sampling, Median (IQR)
(missing)

2 (1.0–2.0) (1) 2 (1.0–2.0)
(0)

2 (2.0–2.0)
(0)

3 (2.0–3.0)
(0)

2 (1.0–2.0)
(1)

–

QMG, median (IQR)
(missing)

7 (2.75–13.0)
(10)

6 (3.0–12.0)
(1)

7 (1.5–12.0)
(0)

10 (2.5–13.75)
(5)

10 (4.5–14.0)
(4)

MG-ADL-score, median (IQR)
(missing)

5 (2.0–8.0)
(3)

4 (1.0–7.0)
(0)

5 (3.0–7.75)
(0)

13 (12.25–24.5)
(1)

6 (3.0–9.25)
(2)

–

History of thymectomy 52 (39%) 41 (52%) 0 (0%) 3 (27%) 8 (31%) –

Thymoma, n (%)
(missing)

1 (2%)
(76)

1 (2%)
(32)

0 (0%)
(18)

0 (0%) (9) 0 (0%)
(17)

MG-specific treatment at baseline, n (%)

Cholinesterase inhibitors 110 (82%) 13 (16%) 1 (6%) 3 (27%) 8 (26%)

Corticosteroids Mono 35 (28%) 19 (14%) 7 (5%) 2 (2%) 6 (5%) –

Azathioprine 45 (34%) 30 (38%) 3 (16.7%) 2 (18.2%) 10 (38.5%)

Mycophenolate mofetil 15 (11%) 9 (11.4%) 3 (16.7%) 1 (9.1%) 2 (7.7%) –

Methotrexate 6 (4%) 4 (5.1%) 1 (5.6%) 1 (9.1%) 0 (0%)

Rituximab 4 (3%) 1 (1%) 3 (3%) 0 (0%) 0 (0%) –

Eculizumab 1 (1%) 1 (0.7%) 0 (0%) 0 (0%) 0 (0%)

SNfl (PG/ML), median (IQR) 11.2 (6.8–22.3) 12.6 (7.0–24.2) 9.1 (6.6–22.4) 8.7 (4.4–20.9) 12.3 (7.0–16.1) 7.8 (6.5–9.5)

Age-adjusted z-score
(missing)

0.81 (–0.12,
1.62)
(1)

1.18 (0.05, 1.75)
(1)

0.70 (−0.49, 1.79)
(0)

0.52 (−1.26,
1.36)
(0)

1.04 (0.25, 1.62)
(0)

0.08 (–0.66, 0.36)
(0)

Results are presented as median (IQR) or n (%). Disease duration is the time from diagnosis until baseline.
AChR-+, acetylcholine receptor antibody positive MG-patients; IQR, interquartile range; LRP4+, lipoprotein related peptide 4 positive MG-patients; MG, myasthenia gravis; MG-ADL,
MG activity of daily life score; MGFA, Myasthenia gravis foundation of America classification; MuSK+, muscle specific positive MG patients; sNfl, serum neurofilament light chain; QMG,
quantitative myasthenia gravis score; –, not applicable.

3. Results

3.1. Demographics and characteristics of
patients with MG

We included 134 patients withMG and 31 controls (Table 1).
The median age of patients with MG was 52.5 years (IQR 39.0–
68.8), 63% (n = 85) were female, whereas the median age of
controls was 46.0 years (IQR 39.0–58.0), and 68% were female.
The median disease duration was 4.0 years (IQR 2.0–10.5).

The main proportion of the study population was anti-AChR-
Abs positive (n = 79, 59%), followed by anti-MuSK-Abs (n =

18, 13%) and anti-LRP4-Abs (n = 11, 8%), while 26 patients
(19%) remained seronegative. For 37 anti-AChR-Abs positive,
14 seronegative, and 8 anti-MuSk-Abs positive patients, we had
follow-up data. Median disease severity at the time of blood
sampling according to the MGFA classification system was
II (IQR I-II), median QMG 7 (IQR 2.75–13.0), and median
MG-ADL 5 (IQR 2.0–8.0). About 25% of patients with MG
(n = 30) had a history of myasthenic exacerbation/crisis as
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FIGURE 1

(A) Comparison of sNfl levels in patients with myasthenia gravis by antibody status and controls. Boxplot of sNfl levels for patients with MG by

antibody status in comparison to controls. Anti-AChR-positive patients (n = 79) had the highest sNfl level with a median of 12.6 pg/ml (IQR

7.0–24.2), followed by seronegative (12.3 pg/ml, IQR 7.0–16.1; n = 26), anti-MuSK-Abs-positive patients (9.1 pg/ml, IQR 6.6–22.4; n = 18), and

anti-LRP4-positive patients (8.7 pg/ml, IQR 4.4–20.9; n = 11). (B) Comparison of age-adjusted z-scores of sNfl levels in patients with myasthenia

gravis by antibody status and controls using Boxplot of age-adjusted z-scores of sNfl levels in MG patients by antibody status in comparison to

controls. The z-scores quantify the deviation of sNfl in comparison to controls of the same age based on a reference database of sNfl measured

in 4,532 persons. AChR-+, acetylcholine receptor antibody positive MG-patients, Abs, antibody, IQR, interquartile range, LRP4+, lipoprotein

related peptide 4 positive MG-patients, MuSK+, muscle specific positive MG patients, sNfl, serum neurofilament light chain.

defined by rapid worsening of muscle weakness and potential
airway compromise from ventilatory or bulbar dysfunction
(49). Thymectomy as an immunomodulatory therapy has been
undergone by 52 patients (39%). The majority of patients
received immunosuppressive therapy at baseline either with
corticosteroids monotherapy (n = 38, 28%) or with standard
immunosuppressive therapy with azathioprine (n = 45; 34%),
mycophenolate mofetil (n = 15, 11%), or methotrexate (n = 6,
4%). Escalation therapy with rituximab was administered to 3%
(n = 4) of patients, of which, three of them were positive for
anti-MuSK-Abs. One of the patients (anti-AChR-Abs positive)
received eculizumab.

3.2. sNfl levels in patients with
myasthenia gravis compared to controls

The median sNfl levels were elevated by 3.3 pg/ml and
about 1.4 times higher in patients with MG compared to
controls with a median of 11.2 pg/ml (IQR 6.8–22.3) vs.
7.9 pg/ml in controls (IQR 6.5–9.5). Median sNfl levels were
highest for anti-AChR-positive (median 12.6) and seronegative
patients (12.3), compared to anti-MuSK-Abs (9.1) and anti-
LRP4-positive patients (8.7) (Figure 1A, Table 1). Based on
age-adjusted z-scores of sNfl levels, these observations were
confirmed—with a median of 1.18 (IQR = 0.05, 1.75) for anti-
AChR-positive, 1.04 (IQR= 0.2–1.62) for seronegative patients,
0.70 (IQR = −0.49–1.79) for anti-MuSK-Abs, and 0.52 (IQR
= −1.26–1.36) for anti-LRP4-positive patients. A median of
0.08 for the recruited controls (IQR = −0.66–0.36) indicates a

FIGURE 2

The adjusted di�erence between patients with MG and controls

additionally stratified by antibody status, displayed as the

percentage change in sNfl, derived from log-linear regression

adjusted for age and sex in a logistic regression. AChR–+,

acetylcholine receptor antibody positive MG-patients, CI, 95%

confidence interval, LRP4+, lipoprotein related peptide 4

positive MG-patients, MuSK+, muscle specific positive MG

patients, sNfl, serum neurofilament light chain.

good similarity between the controls and the reference dataset
used for the z-scores (Figure 1B, Table 1). Adjusting for age and
sex, sNfl levels of patients with MG are on average 35% higher
compared to controls (35.06%, 95% CI: 8.4;68.3) (Figure 2),
where this difference compared to controls was even higher
for seronegative patients (44.35; 95% CI 16.47; 78.90). The
adjustment only for age yielded very similar estimated effects.

Additionally, we analyzed clinical characteristics of patients
with MG with extensively elevated sNfl levels above 95%
quantile with a median sNfl level of 49.8 pg/ml (IQR 47.5–
71.6; Supplementary Table 1). Outliers were observed in all
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TABLE 2 Spearman correlation coe�cients for the association of patient characteristics and sNfl levels.

Number of
observations

Correlation with sNfl levels spearman
correlation coe�cient (95% CI)

Patient characteristics

Age at baseline 134 0.68 (0.57; 0.79)

Age at visit∗ 236 0.42 (0.24; 0.57)

Disease duration at baseline 134 0.01 (−0.16; 0.19)

Disease duration∗ 236 0.36 (0.17; 0.52)

Mgfa at baseline 133 0.03 (−0.16; 0.22)

Anti-AChR-ABS level 70 0.20 (−0.04; 0.43)

Anti-MuSK-ABS level 16 0.28 (−0.36; 0.92)

Disease severity

MG-ADL at baseline 131 0.03 (−0.14; 0.21)

MG-ADL∗ 210 −0.11 (−0.30; 0.09)

Diff MG-ADL∗# 101 −0.20 (−0.48; 0.12)

QMG at baseline 124 0.18 (0.00; 0.36)

QMG∗ 210 −0.04 (−0.23; 0.16)

Diff QMG∗# 77 −0.04 (−0.41; 0.35)

∗Repeated measure correlation coefficient.
#Correlation between differences of measurements between two subsequent visits of a patient.
AChR-+, acetylcholine receptor antibody positive MG-patients, CI, confidence interval, MG-ADL, MG activity of daily life score, MuSK+, muscle specific positive MG patients, n, number
of included patients, QMG, quantitative myasthenia gravis score.

MG subgroups with higher median sNfl levels in anti-MuSK-
Abs (median sNfl 66.2 pg/ml; IQR 55.2–77.3) and anti-LRP4-
Abs positive patients (median sNfl of 62.75 pg/ml; IQR 56.3–
69.3) compared to anti-AChR-Abs positive patients (48.6 pg/ml;
IQR 47.5–58.1). In addition, disease duration was shorter,
MGFA classification higher, and patients had a lower rate of
thymectomy and immunosuppressive drugs. However, because
sNfl is not normally distributed and the number of outliers was
very low, no clear clinically relevant conclusions can be drawn
from this observation.

3.3. sNfl levels and patient characteristics

Older age was strongly correlated with higher sNfl levels
[at baseline only: r = 0.68, 95% CI: 0.57; 0.79, over the entire
study period: 0.43 (0.26; 0.58)], as was disease duration over the
entire study period: 0.36 (0.17; 0.52), but not disease duration
at baseline andMGFA score. The Spearman correlation between
sNfl levels and levels of anti-AChR-Abs titer was weakly positive
(0.20, −0.04; 0.43), as was for anti-MuSK-Abs levels (0.28,
−0.36; 0.92) (Table 2). Based on a mixed log-linear regression
model, we found that independent of other factors, male patients
had 14% higher sNfl levels compared to female patients (13.9%,
95% CI: −9.8; 43.7). A 10-year increase in age is associated with
∼31% (31.4, 23.2; 40.1) higher sNFl values (Figure 3).

Anti-LRP4-Abs positive patients had the lowest sNfl levels
compared to the other MG subgroups. Adjusting for all other
variables in this model, thymectomy and disease duration had
no relevant effect on sNfl levels (Figure 3).

There was a trend for lowest sNfl levels in patients receiving
symptomatic monotherapy with cholinesterase inhibitors
(median of 7.00 pg/ml, IQR 5.8–21.0), followed by patients
on corticosteroid monotherapy (median of 10.6 pg/ml, IQR
5.5–20.5), standard immunosuppressive therapy (azathioprine,
mycophenolate mofetil, methotrexate; median of 13.4 pg/ml,
IQR 7.99, 24.65), and patients receiving escalation therapy with
rituximab (median of 21.9 pg/ml, IQR 6.85–37.2). Adjusting
for all other variables in the log-linear model, there was no
relevant effect of immunosuppression at baseline. The use of
escalation therapies at baseline is associated with lower sNFl
levels (coefficient (coefficient= −17.4; −52.1; 42.3), but due to
uncertainty in this estimate, this finding cannot be generalized
(Figure 3).

3.4. sNfl levels and disease severity

MG-ADL scores and sNfl levels did not correlate [values at
baseline only; r = 0.03 (−0.14; 0.21)] (Figure 4A) or correlated
weakly negatively [all available measurements; −0.11 (−0.30;
0.09)]. In contrast, there was a moderate positive correlation
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FIGURE 3

Association between patient characteristics and sNfl levels, displayed as the percentage change in sNfl, derived from mixed log-linear

regression. AChR-+, acetylcholine receptor antibody positive MG-patients, LRP4+, lipoprotein related peptide 4 positive MG-patients, MG-ADL,

myasthenia gravis activity of daily life score, MuSK+, muscle specific positive MG patients, sNfl, serum neurofilament light chain, QMG,

quantitative myasthenia gravis score.

FIGURE 4

(A) Scatterplot of the association between sNfl levels and disease severity measured with QMG score in MG subgroups. (B) Scatterplot of the

association between sNfl levels and disease severity measured with MG-ADL score in MG subgroups. AChR-+, acetylcholine receptor antibody

positive MG-patients, LRP4+, lipoprotein related peptide 4 positive MG-patients, MuSK+, muscle specific positive MG patients, sNfl, serum

neurofilament light chain, QMG, quantitative myasthenia gravis score, MG-ADL = myasthenia gravis activity of daily life score.

between QMG scores and sNfl levels at baseline [0.18 (0.00;
0.36)] (Figure 4B), whereas this was not found when all follow-
up visits were taken into account (Table 2). When investigating
the association between individual changes of sNfl with changes
in MG-ADL and QMG scores, we found a negative correlation
with both scores, but higher for MG-ADL [−0.20 (−0.48; 0.12),
and QMG (−0.04 (−0.23; 0.16)] (Table 2). In a mixed log-linear
regressionmodel, sNFl levels were not relevantly associated with
either MG-ADL or QMG levels (Figure 3).

4. Discussion

In this explorative cohort and case–control study, we
demonstrated that sNfl levels of patients with MG were
relevantly higher in comparison to controls. After adjusting for
age and sex, median sNfl levels were highest for seronegative
patients compared to controls. We did not find robust
associations between sNfl levels and clinical disease severity
measured as QMG or MG-ADL score. Therefore, our data
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suggest that sNfl is not a suitable biomarker for monitoring
individual disease activity in MG.

There is limited evidence for neurogenic involvement in
MG, but early histopathological studies suggested neurogenic
changes inmuscle biopsies (18), which was confirmed in a recent
review regardless of MG subtype (17). One potential cause is
complete or partial atrophy of muscle fibers based on permanent
local acetylcholine (ACh) deficiency because ACh could exert a
trophic influence on muscle fibers in addition to transmitting
the impulse at the NMJ (17, 18). The pathophysiological
mechanisms leading to ACh deficiency are well known: direct
blockade of the receptors through MG auto-Abs, complement
activation leading to destruction and loss of AChR content at
the postsynaptic membrane, and depletion of AChR receptors
by Abs-mediated crosslinking (29, 50, 51). These mechanisms
depend on the specific IgG auto-Abs subclasses, Abs titer,
and specific epitopes (29, 51). Another explanation for a
possible neurogenic change might be the increasing evidence for
presynaptic involvement in the pathogenesis of MG (29, 52).
Presynaptic proteins such as synaptic vesicle glycoprotein 2A
(SVP2) are enriched in patients with MG (29). Notably, in
the presence of high anti-AChR-Abs titers, these presynaptic
proteins may be activated as a bystander effect of complement
activation (29). An example that complement activation can lead
to bystander-induced neuronal injury was recently described
in aquaporin-4-positive neuromyelitis optica suggesting that a
complement-bystander injury may be a general mechanism for
early neuronal injury (28). Nfl, a cytoskeletal protein of the
presynaptic membrane, could thus be released into extracellular
fluids and potentially serve as a biomarker for NMJ destruction.

We have found that levels of sNfl in the group of patients
with MG were found to be on average 35% higher than those
of controls. In the subgroup of patients with seronegative MG,
they were even 44% higher than in controls. However, precise
cutoff values to use sNFl as an additional marker for diagnosis
need to be defined in analogy to other neuroinflammatory
and neurodegenerative disorders. Since sNfl is a sensitive
but unspecific marker of axonal loss, its potential diagnostic
value lies mainly in distinguishing between a healthy and
pathological state, as well as between diseases with different
neurodegenerative damage potential. The best evidence for
reliable cutoff values exists for ALS, where an sNfl value of
62 pg/ml was shown to have a sensitivity of 85.5% (95%
CI 78–91.2%) and specificity of 81.8% (95% CI 74.9–87.4%)
to discriminate ALS mimics such as chronic inflammatory
demyelinating polyneuropathies (CIDP) or multifocal motor
neuropathy (MMN) (53). In CIDP and MMN, a median sNfl
value of about 28 pg/ml was described, although the majority of
the patients were receiving immunosuppressive therapy at the
time of sampling (13, 14, 54).

sNfl levels in blood depend on age, increasing by an average
of 2.2% per year between the ages of 18 and 70 years in
controls, mainly due to physiological age-dependent neuronal

loss, which needs to be considered when defining cutoffs (55, 56).
Therefore, the establishment of age-dependent thresholds for
sNfl concentration is also necessary for its diagnostic use. As the
difference in median age between patients withMG and controls
was 6.5 years, we adjusted for age in our analyses to minimize
this potential confounder. In addition, although the association
between disease duration and sNfl is weak, the association with
age is already taken into account, we adjusted for this variable as
it is yet a potential confounder.

We found a tendency toward higher sNfl levels in anti-
AChR-Abs positive patients as compared to the other subgroups.
This finding might be related to the different pathogenetic
mechanisms at NMJ, depending on the causative autoantibody.
Anti-AChR-Abs predominantly belong to the IgG1 and IgG3
subtypes (22, 57). The binding of these antibodies results in
the activation of the classical complement pathway with the
assembly of the membrane attack complex (MAC) leading
to local membrane damage and loss of AChRs at the NMJ
(22). Especially in the presence of high anti-AChR-Abs titers,
presynaptic proteins may be activated as a bystander effect
of complement activation (29), leading to Nfl release in
extracellular fluids, explaining the tendency of higher levels
of sNfl in patients with positive anti-AChR-Abs status. The
neuromuscular terminal seems to be enriched with proteins
critical for NMJ structure and function, including cytoskeleton-
associated proteins, like Nfl (24–27). In contrast, anti-MuSK-
Abs belong mainly to the IgG4 subtype (58), which is not able to
activate the complement system and act directly pathogenic by
blocking the natural activation of MuSK, leading to progressive
loss of AChRs from the motor endplate (22). This might
explain the tendency of lower levels of sNfl in this subgroup.
Additionally, muscle biopsies of patients with anti-MuSK-Abs
MG show myopathic signs, whereas neurogenic features and
atrophy are more frequently found in patients with anti-AChR-
Abs-positive MG (17, 18, 59, 60). Additionally, we found a
moderate positive correlation between sNfl levels and levels
of anti-AChR-Abs and anti-MuSK-Abs titers, which is an
interesting clinical finding as data on the correlation of clinical
severity with Abs-titer remains controversial (61–63).

It should be emphasized that after adjustment for age and
sex, we found the highest median sNfl levels in seronegative MG
patients. This observation might support the recent finding that
in up to 60% of previously negative-tested patients with MG
clustered auto-Abs against the AChR at the NMJ can be detected
with cell-based essays (64–66), and that complement deposition
is found at the NMJ (67). There is in vitro evidence that clustered
auto-Abs can strongly activate complement-causing severe NMJ
destruction and muscle weakness in a passive transfer MG
rat model (29), which might explain why seronegative MG
patients presented with the highest sNfl levels in our study.
It might also provide novel opportunities for biomarkers of
critical exacerbation in this understudied patient population
(68). Nevertheless, the accessibility of cell-based essays is still
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limited and confined to specialized research centers. Thus,
sNfl might be of diagnostic value, since a seronegative Abs-
status carries is the risk of diagnostic uncertainty, but it is also
of therapeutic relevance given an increasing antibody-specific
treatment (3, 4).

It is established that MG is most active in the first 2–
3 years after diagnosis (51). These findings relate to previous
research on sNfl in ALS and multiple sclerosis, where sNfl
levels are higher in active disease stages serving as an individual
marker of disease progression (40, 69). However, although
we found a positive association of sNfl with QMG scores at
baseline, in our longitudinal analyses, we found contradictory
results regarding the associations of sNfl levels with the MG-
ADL and QMG scores in our study population. Therefore, no
clear relationship of sNfl with parameters of disease activity
can be drawn based on our results. Nevertheless, it should be
mentioned that the majority of our study population received
immunosuppressive therapies at sampling time and that the
main proportion of patients experienced no significant change
in QMG and MG-ADL scores during follow-up, which might
have had a confounding effect.

We did not find a definite association between sNfl
levels and MG-specific treatment. No association was shown
for thymectomy history. Patients without immunosuppressive
therapy tended to have lower nNfl levels while patients with
escalation therapy had the highest sNfl levels. However, we
cannot reliably assess the effects of MG-specific treatments on
sNfl levels because of the small number of patients in the
treatment subgroups. This should be investigated in larger,
prospective studies, preferably in a treatment-naïve cohort.

There are several limitations to our study. Our cohort
study was rather small with respect to the antibody subgroups,
although we included a rather high number of patients with
MG in our study. In this exploratory study, we nevertheless
analyzed samples from patients with different Abs status, thymus
pathology, and age at onset. In addition, the majority of included
patients were not treatment naïve and therefore heterogeneous
with respect to treatment regime and disease duration. Although
patients with MG with pre-existing neuro-inflammatory and
neurodegenerative diseases, as well as recent ICU stay, were
excluded from the study, we cannot exclude the possibility
that some patients, as well as controls, may have suffered from
a subclinical neurodegenerative or neuroinflammatory disease
that may have influenced sNfl levels. The control population was
small and the median age was lower than in the MG population,
for which we, however, adjusted in all analyses. In addition, age-
adjusted z-scores were derived for cases and controls based on a
reference database (40–42) to correct for age.

In conclusion, this exploratory cohort and case–control
study demonstrates that sNfl levels were relevantly higher
in patients with MG compared to controls. sNfl levels were
descriptively higher in anti-AChR-Abs positive patients than in
other MG subgroups. Adjusting for age and sex, seronegative

patients had the highest sNfl levels in comparison to controls.
Although sNfl levels are significantly increased in patients with
MG compared to controls, the difference is small. Furthermore,
sNfl levels do not correlate robustly with the clinical severity of
MG. Therefore, sNfl is not a suitable biomarker for monitoring
individual disease activity in patients with MG. However, as
we found interesting differences in sNfl levels associated with
auto-abs status, our study may prompt further studies in larger,
treatment-naïve cohorts to evaluate the potential of sNfl as a
biomarker of disease progression in specific MG subgroups.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were
reviewed and approved by Ethics Committee of the
Charité—Universitätsmedizin Berlin (EA1/281/10). The
patients/participants provided their written informed consent
to participate in this study.

Author contributions

FS: designed and conceptualized the study, had a major
role in the acquisition of data, analyzed and interpreted the
data, drafted the manuscript for intellectual content, and takes
full responsibility for the integrity of the data analyzed. AA
and BH: analyzed and interpreted the data and revised the
manuscript for intellectual content. PM: acquisition of data,
interpreted the data, and revised the manuscript for intellectual
content. SH and SL: acquisition of data and revised the
manuscript for intellectual content. CM: laboratory analysis
and revised the manuscript for intellectual content. AM:
designed and conceptualized the study, acquisition of data,
interpreted the data, and revised the manuscript for intellectual
content. All authors contributed to the article and approved the
submitted version.

Funding

This study was supported by the NeuroCure Clinical
Research funding (Grant/Award Number: Exc 257). PM is
Einstein Junior Fellow funded by the Einstein Foundation Berlin
and has been supported by grants from the Bundesministerium
für Bildung und Forschung (Grant No. 16GW0191 and NUM-
COVID 19—Organo-Strat 01KX2021).

Frontiers inNeurology 09 frontiersin.org

https://doi.org/10.3389/fneur.2022.1056322
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Stascheit et al. 10.3389/fneur.2022.1056322

Acknowledgments

We thank our co-workers of the NeuroCure Clinical
Research Center Claudia Heibutzki and Dike Remstedt for
patient management of the MG outpatient department,
Arun Prakash-Singh for management of serum samples,
and M. Heinold, S. Märschenz, and S. Lischewski for
administration support.

Conflict of interest

CM was employed by Charité Vivantes GmbH.
FS received speaking honoria and honoria for attendance

at advisory boards from Alexion Pharmaceuticals. PM
receives funding from the Einstein Foundation Berlin,
and is supported by grants from the Bundesministerium
für Bildung und Forschung, the Volkswagen Foundation,
and the Else Kröner Fresenius Stiftung, and is on the
board of HealthNextGen Inc. and has equity interest in the
company. BH received financial research support by argnx.
SH received speaker honoraria and honoria for attendance
at advisory boards from Alexion Pharmaceuticals and argnx.
SL reports speaker honoraria and honoraria for attendance
at advisory boards from Alexion Pharmaceuticals. AM
received speaker honoraria from Alexion, GRIFOLS and

Hormosan. He received honoraria from Alexion, MorphoSys
and Vitaccess for consulting services and financial research
support from Octapharma and Alexion and is chairman of
the medical advisory board of the German Myasthenia Gravis
Society.

The remaining author declares that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fneur.2022.1056322/full#supplementary-material

References

1. Gilhus NE, Tzartos S, Evoli A, Palace J, Burns TM, Verschuuren J. Myasthenia
gravis. Nat Rev Dis Primers. (2019) 5:30. doi: 10.1038/s41572-019-0079-y

2. Gilhus NE, Verschuuren JJ. Myasthenia gravis: subgroup
classification and therapeutic strategies. Lancet Neurol. (2015)
14:1023–36. doi: 10.1016/S1474-4422(15)00145-3

3. Tannemaat MR, Verschuuren J. Emerging therapies for autoimmune
myasthenia gravis: Towards treatment without corticosteroids. Neuromuscular
Disorders NMD. (2020) 30:111–9. doi: 10.1016/j.nmd.2019.12.003

4. Howard JF. Bril V, Vu T, Karam C, Peric S, Margania T, et al. Safety, efficacy,
and tolerability of efgartigimod in patients with generalised myasthenia gravis
(ADAPT): a multicentre, randomised, placebo-controlled, phase 3 trial. Lancet
Neurol. (2021) 20:526–36. doi: 10.1016/S1474-4422(21)00159-9

5. Khalil M, Teunissen CE, Otto M, Piehl F, Sormani MP, Gattringer T, et al.
Neurofilaments as biomarkers in neurological disorders. Nat Rev Neurol. (2018)
14:577–89. doi: 10.1038/s41582-018-0058-z

6. Gaiottino J, Norgren N, Dobson R, Topping J, Nissim A, Malaspina A,
et al. Increased neurofilament light chain blood levels in neurodegenerative
neurological diseases. PLoS ONE. (2013) 8:e75091. doi: 10.1371/journal.pone.
0075091

7. Rossi D, Volanti P, Brambilla L, Colletti T, Spataro R, La Bella V, et al.
neurofilament proteins as diagnostic and prognostic biomarkers for amyotrophic
lateral sclerosis. J Neurol. (2018) 265:510–21. doi: 10.1007/s00415-017-
8730-6

8. Byrne LM, Rodrigues FB, Blennow K, Durr A, Leavitt BR, Roos RAC,
et al. Neurofilament light protein in blood as a potential biomarker of
neurodegeneration in Huntington’s disease: a retrospective cohort analysis. Lancet
Neurol. (2017) 16:601–9. doi: 10.1016/S1474-4422(17)30124-2

9. Meeter LHH, Vijverberg EG, Del Campo M, Rozemuller AJM, Donker
Kaat L, de Jong FJ, et al. Clinical value of neurofilament and phospho-tau/tau

ratio in the frontotemporal dementia spectrum. Neurology. (2018) 90:e1231–
e9. doi: 10.1212/WNL.0000000000005261

10. Rohrer JD, Woollacott IO, Dick KM, Brotherhood E, Gordon E,
Fellows A, et al. Serum neurofilament light chain protein is a measure
of disease intensity in frontotemporal dementia. Neurology. (2016) 87:1329–
36. doi: 10.1212/WNL.0000000000003154

11. Gille B, De Schaepdryver M, Goossens J, Dedeene L, De Vocht J, Oldoni E,
et al. Serum neurofilament light chain levels as a marker of upper motor neuron
degeneration in patients with Amyotrophic Lateral Sclerosis. Neuropathol Appl
Neurobiol. (2019) 45:291–304. doi: 10.1111/nan.12511

12. Donker Kaat L, Meeter LH, Chiu WZ, Melhem S, Boon AJW, Blennow
K, et al. Serum neurofilament light chain in progressive supranuclear palsy.
Parkinsonism Relat Disord. (2018) 56:98–101. doi: 10.1016/j.parkreldis.2018.
06.018

13. Mariotto S, Farinazzo A, Magliozzi R, Alberti D, Monaco S, Ferrari
S. Serum and cerebrospinal neurofilament light chain levels in patients
with acquired peripheral neuropathies. J Peripher Nerv Syst. (2018) 23:174–
7. doi: 10.1111/jns.12279

14. Stascheit F, Hotter B, Klose S, Meisel C, Meisel A, Klehmet J.
Calprotectin in chronic inflammatory demyelinating polyneuropathy and
variants—a potential novel biomarker of disease activity. Front Neurol. (2021)
12:1577. doi: 10.3389/fneur.2021.723009

15. Sandelius Å, Zetterberg H, Blennow K, Adiutori R, Malaspina
A, Laura M, et al. Plasma neurofilament light chain concentration
in the inherited peripheral neuropathies. Neurology. (2018) 90:e518–
e24. doi: 10.1212/WNL.0000000000004932

16. Körtvelyessy P, Kuhle J, Düzel E, Vielhaber S, Schmidt C, Heinius A, et al.
Ratio and index of Neurofilament light chain indicate its origin in Guillain-Barré
Syndrome. Ann Clin Transl Neurol. (2020) 7:2213–20. doi: 10.1002/acn3.51207

Frontiers inNeurology 10 frontiersin.org

https://doi.org/10.3389/fneur.2022.1056322
https://www.frontiersin.org/articles/10.3389/fneur.2022.1056322/full#supplementary-material
https://doi.org/10.1038/s41572-019-0079-y
https://doi.org/10.1016/S1474-4422(15)00145-3
https://doi.org/10.1016/j.nmd.2019.12.003
https://doi.org/10.1016/S1474-4422(21)00159-9
https://doi.org/10.1038/s41582-018-0058-z
https://doi.org/10.1371/journal.pone.0075091
https://doi.org/10.1007/s00415-017-8730-6
https://doi.org/10.1016/S1474-4422(17)30124-2
https://doi.org/10.1212/WNL.0000000000005261
https://doi.org/10.1212/WNL.0000000000003154
https://doi.org/10.1111/nan.12511
https://doi.org/10.1016/j.parkreldis.2018.06.018
https://doi.org/10.1111/jns.12279
https://doi.org/10.3389/fneur.2021.723009
https://doi.org/10.1212/WNL.0000000000004932
https://doi.org/10.1002/acn3.51207
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Stascheit et al. 10.3389/fneur.2022.1056322

17. Europa TA, Nel M, Heckmann JM, A. review of the histopathological
findings in myasthenia gravis: Clues to the pathogenesis of treatment-
resistance in extraocular muscles. Neuromuscul Disord. (2019)
29:381–7. doi: 10.1016/j.nmd.2019.03.009

18. Oosterhuis H, Bethlem J. Neurogenic muscle involvement in myasthenia
gravis. A clinical and histopathological study. J Neurol Neurosurg Psychiatry. (1973)
36:244–54. doi: 10.1136/jnnp.36.2.244

19. Gilhus NE. Myasthenia and the neuromuscular junction. Curr Opin Neurol.
(2012) 25:523–9. doi: 10.1097/WCO.0b013e3283572588

20. Querol L, Illa I. Myasthenia gravis and the neuromuscular junction. Curr
Opin Neurol. (2013) 26:459–65. doi: 10.1097/WCO.0b013e328364c079

21. Shen C, Lu Y, Zhang B, Figueiredo D, Bean J, Jung J, et al. Antibodies against
low-density lipoprotein receptor-related protein 4 induce myasthenia gravis. J Clin
Invest. (2013) 123:5190–202. doi: 10.1172/JCI66039

22. Vincent A. Unravelling the pathogenesis of myasthenia gravis. Nat Rev
Immunol. (2002) 2:797–804. doi: 10.1038/nri916

23. Rudolf R, Deschenes MR, Sandri M. Neuromuscular junction degeneration
in muscle wasting. Curr Opin Clin Nutr Metab Care. (2016) 19:177–
81. doi: 10.1097/MCO.0000000000000267

24. Yan M, Xing GL, Xiong WC, Mei L. Agrin and LRP4 antibodies as
new biomarkers of myasthenia gravis. Ann N Y Acad Sci. (2018) 1413:126–
35. doi: 10.1111/nyas.13573

25. Rodrigues ACZ, Messi ML, Wang ZM, Abba MC, Pereyra A, Birbrair
A, et al. The sympathetic nervous system regulates skeletal muscle motor
innervation and acetylcholine receptor stability. Acta physiologica. (2019)
225:e13195. doi: 10.1111/apha.13195

26. Walker JH, Boustead CM, Witzemann V, Shaw G, Weber K, Osborn M.
Cytoskeletal proteins at the cholinergic synapse: distribution of desmin, actin,
fodrin, neurofilaments, and tubulin in Torpedo electric organ. Eur J Cell Biol.
(1985) 38:123–33.

27. Soler-Martín C, Vilardosa U, Saldaña-Ruíz S, Garcia N, Llorens
J. Loss of neurofilaments in the neuromuscular junction in a rat
model of proximal axonopathy. Neuropathol Appl Neurobiol. (2012)
38:61–71. doi: 10.1111/j.1365-2990.2011.01178.x

28. Duan T, Smith AJ, Verkman AS. Complement-dependent bystander injury
to neurons in AQP4-IgG seropositive neuromyelitis optica. J Neuroinflammation.
(2018) 15:294. doi: 10.1186/s12974-018-1333-z

29. Rose N, Holdermann S, Callegari I, Kim H, Fruh I, Kappos L, et al. Receptor
clustering and pathogenic complement activation in myasthenia gravis depend on
synergy between antibodies with multiple subunit specificities. Acta Neuropathol.
(2022). doi: 10.1007/s00401-022-02493-6

30. Melzer N, Ruck T, Fuhr P, Gold R, Hohlfeld R, Marx A, et al. Clinical
features, pathogenesis, and treatment of myasthenia gravis: a supplement to
the Guidelines of the German Neurological Society. J Neurol. (2016) 263:1473–
94. doi: 10.1007/s00415-016-8045-z

31. Markowitz J, Carson WE. Review of S100A9 biology and its role in cancer.
Biochim Biophys Acta. (2013) 1835:100–9. doi: 10.1016/j.bbcan.2012.10.003

32. Abu-Rumeileh S, Abdelhak A, Foschi M, D’Anna L, Russo M, Steinacker P,
et al. The multifaceted role of neurofilament light chain protein in non-primary
neurological diseases. Brain. (2022). doi: 10.1093/brain/awac328

33. Jaretzki A. 3rd, Barohn RJ, Ernstoff RM, Kaminski HJ, Keesey JC, Penn AS,
et al. Myasthenia gravis: recommendations for clinical research standards task force
of the medical scientific advisory board of the myasthenia gravis foundation of
America. Neurology. (2000) 55:16–23. doi: 10.1212/WNL.55.1.16

34. Wolfe GI, Herbelin L, Nations SP, Foster B, Bryan WW, Barohn RJ.
Myasthenia gravis activities of daily living profile. Neurology. (1999) 52:1487–
9. doi: 10.1212/WNL.52.7.1487

35. Bedlack RS, Simel DL, Bosworth H, Samsa G, Tucker-Lipscomb
B, Sanders DB. Quantitative myasthenia gravis score: assessment of
responsiveness and longitudinal validity. Neurology. (2005) 64:1968–
70. doi: 10.1212/01.WNL.0000163988.28892.79

36. Sharshar T, Chevret S, Mazighi M, Chillet P, Huberfeld G, Berreotta C,
et al. Validity and reliability of two muscle strength scores commonly used as
endpoints in assessing treatment of myasthenia gravis. J Neurol. (2000) 247:286–
90. doi: 10.1007/s004150050585

37. Barnett C, Katzberg H, Nabavi M, Bril V. The quantitative myasthenia gravis
score: comparison with clinical, electrophysiological, and laboratory markers. J
Clin Neuromuscul Dis. (2012) 13:201–5. doi: 10.1097/CND.0b013e31824619d5

38. Rissin DM, Kan CW, Campbell TG, Howes SC, Fournier DR, Song
L, et al. Single-molecule enzyme-linked immunosorbent assay detects serum

proteins at subfemtomolar concentrations. Nat Biotechnol. (2010) 28:595–
9. doi: 10.1038/nbt.1641

39. Kuhle J, Barro C, Andreasson U, Derfuss T, Lindberg R, Sandelius Å, et al.
Comparison of three analytical platforms for quantification of the neurofilament
light chain in blood samples: ELISA, electrochemiluminescence immunoassay
and Simoa. Clin Chem Lab Med. (2016) 54:1655–61. doi: 10.1515/cclm-2015
-1195

40. Benkert P, Meier S, Schaedelin S, Manouchehrinia A, Yaldizli Ö, Maceski
A, et al. Serum neurofilament light chain for individual prognostication of
disease activity in people with multiple sclerosis: a retrospective modelling and
validation study. Lancet Neurol. (2022) 21:246–57. doi: 10.1016/S1474-4422(22)
00009-6

41. Barro C, Benkert P, Disanto G, Tsagkas C, Amann M, Naegelin
Y, et al. Serum neurofilament as a predictor of disease worsening and
brain and spinal cord atrophy in multiple sclerosis. Brain. (2018) 141:2382–
91. doi: 10.1093/brain/awy154

42. Disanto G, Barro C, Benkert P, Naegelin Y, Schädelin S, Giardiello A, et al.
Serum Neurofilament light: A biomarker of neuronal damage in multiple sclerosis.
Ann Neurol. (2017) 81:857–70. doi: 10.1002/ana.24954

43. R Core Team. R: A language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing. (2021).

44. Wickham H, Averick M, Bryan J, Chang W, D’Agostino McGowan L,
Francois R, et al. Welcome to the tidyverse. J Open Source Software. (2019)
4:1686. doi: 10.21105/joss.01686

45. Bates D, Maechler M, Bolker B, Walker S. Fitting linear mixed-effects models
using lme4. J Stat Software. (2015) 67:1–48. doi: 10.18637/jss.v067.i01

46. De Carvalho M, Marques F. Spearmanci: Jackknife Euclidean/Empirical
Likelihood Inference for Spearman Rho. R package version. (2018). p. 1.

47. Bakdash JZ, Marusich LR, Marusich MLR. Package “rmcorr”. (2022).

48. Marusich JZBaLR. Rmcorr: Repeated Measures Correlation. R package version
0.4.6. (2022). Available online at: https://CRAN.R-project.org/package=rmcorr

49. Nelke C, Stascheit F, Eckert C, Pawlitzki M, Schroeter CB, Huntemann
N, et al. Independent risk factors for myasthenic crisis and disease exacerbation
in a retrospective cohort of myasthenia gravis patients. J Neuroinflam. (2022)
19:89. doi: 10.1186/s12974-022-02448-4

50. Huijbers MG, Lipka AF, Plomp JJ, Niks EH, van der Maarel SM, Verschuuren
JJ. Pathogenic immune mechanisms at the neuromuscular synapse: the role of
specific antibody-binding epitopes in myasthenia gravis. J Intern Med. (2014)
275:12–26. doi: 10.1111/joim.12163

51. Gilhus NE. Myasthenia gravis. New England J Med. (2016) 375:2570–
81. doi: 10.1056/NEJMra1602678

52. Lu CZ. Evidence for presynaptic damage in myasthenia gravis. Adv Exp Med
Biol. (1995) 363:207–9. doi: 10.1007/978-1-4615-1857-0_23

53. Verde F, Steinacker P, Weishaupt JH, Kassubek J, Oeckl P,
Halbgebauer S, et al. Neurofilament light chain in serum for the diagnosis
of amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry. (2019)
90:157–64. doi: 10.1136/jnnp-2018-318704

54. van Lieverloo GGA, Wieske L, Verhamme C, Vrancken AFJ, van
Doorn PA, Michalak Z, et al. Serum neurofilament light chain in chronic
inflammatory demyelinating polyneuropathy. J Peripher Nerv Syst. (2019) 24:187–
94. doi: 10.1111/jns.12319

55. Bridel C, van Wieringen WN, Zetterberg H, Tijms BM, Teunissen CE,
Alvarez-Cermeño JC, et al. Diagnostic value of cerebrospinal fluid neurofilament
light protein in neurology: a systematic review and meta-analysis. JAMA Neurol.
(2019) 76:1035–48. doi: 10.1001/jamaneurol.2019.1534

56. Khalil M, Pirpamer L, Hofer E, Voortman MM, Barro C, Leppert
D, et al. Serum neurofilament light levels in normal aging and their
association with morphologic brain changes. Nat Commun. (2020)
11:812. doi: 10.1038/s41467-020-14612-6

57. Higuchi O, Hamuro J, Motomura M, Yamanashi Y. Autoantibodies to low-
density lipoprotein receptor-related protein 4 in myasthenia gravis. Ann Neurol.
(2011) 69:418–22. doi: 10.1002/ana.22312

58. Klooster R, Plomp JJ, Huijbers MG, Niks EH, Straasheijm KR, Detmers FJ,
et al. Muscle-specific kinase myasthenia gravis IgG4 autoantibodies cause severe
neuromuscular junction dysfunction in mice. Brain J Neurol. (2012) 135:1081–
101. doi: 10.1093/brain/aws025

59. Martignago S, Fanin M, Albertini E, Pegoraro E, Angelini
C. Muscle histopathology in myasthenia gravis with antibodies
against MuSK and AChR. Neuropathol Appl Neurobiol. (2009)
35:103–10. doi: 10.1111/j.1365-2990.2008.00965.x

Frontiers inNeurology 11 frontiersin.org

https://doi.org/10.3389/fneur.2022.1056322
https://doi.org/10.1016/j.nmd.2019.03.009
https://doi.org/10.1136/jnnp.36.2.244
https://doi.org/10.1097/WCO.0b013e3283572588
https://doi.org/10.1097/WCO.0b013e328364c079
https://doi.org/10.1172/JCI66039
https://doi.org/10.1038/nri916
https://doi.org/10.1097/MCO.0000000000000267
https://doi.org/10.1111/nyas.13573
https://doi.org/10.1111/apha.13195
https://doi.org/10.1111/j.1365-2990.2011.01178.x
https://doi.org/10.1186/s12974-018-1333-z
https://doi.org/10.1007/s00401-022-02493-6
https://doi.org/10.1007/s00415-016-8045-z
https://doi.org/10.1016/j.bbcan.2012.10.003
https://doi.org/10.1093/brain/awac328
https://doi.org/10.1212/WNL.55.1.16
https://doi.org/10.1212/WNL.52.7.1487
https://doi.org/10.1212/01.WNL.0000163988.28892.79
https://doi.org/10.1007/s004150050585
https://doi.org/10.1097/CND.0b013e31824619d5
https://doi.org/10.1038/nbt.1641
https://doi.org/10.1515/cclm-2015-1195
https://doi.org/10.1016/S1474-4422(22)00009-6
https://doi.org/10.1093/brain/awy154
https://doi.org/10.1002/ana.24954
https://doi.org/10.21105/joss.01686
https://doi.org/10.18637/jss.v067.i01
https://CRAN.R-project.org/package=rmcorr
https://doi.org/10.1186/s12974-022-02448-4
https://doi.org/10.1111/joim.12163
https://doi.org/10.1056/NEJMra1602678
https://doi.org/10.1007/978-1-4615-1857-0_23
https://doi.org/10.1136/jnnp-2018-318704
https://doi.org/10.1111/jns.12319
https://doi.org/10.1001/jamaneurol.2019.1534
https://doi.org/10.1038/s41467-020-14612-6
https://doi.org/10.1002/ana.22312
https://doi.org/10.1093/brain/aws025
https://doi.org/10.1111/j.1365-2990.2008.00965.x
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Stascheit et al. 10.3389/fneur.2022.1056322

60. Cenacchi G, Papa V, FaninM, Pegoraro E, Angelini C. Comparison of muscle
ultrastructure in myasthenia gravis with anti-MuSK and anti-AChR antibodies. J
Neurol. (2011) 258:746–52. doi: 10.1007/s00415-010-5823-x

61. Ullah U, Iftikhar S, Javed MA. Relationship between Low and High Anti-
acetylcholine receptor antibody titers and clinical severity in myasthenia gravis. J
Coll Physicians Surg Pak. (2021) 31:965–8. doi: 10.29271/jcpsp.2021.08.965

62.Wang L,Wang S, Yang H, Han J, Zhao X, Han S, et al. No correlation between
acetylcholine receptor antibody concentration and individual clinical symptoms of
myasthenia gravis: A systematic retrospective study involving 67 patients. Brain
Behav. (2021) 11:e02203. doi: 10.1002/brb3.2203

63. Sanders DB, Burns TM, Cutter GR, Massey JM, Juel VC, Hobson-Webb L.
Does change in acetylcholine receptor antibody level correlate with clinical change
in myasthenia gravis?Muscle Nerve. (2014) 49:483–6. doi: 10.1002/mus.23944

64. Devic P, Petiot P, Simonet T, Stojkovic T, Delmont E, Franques J, et al.
Antibodies to clustered acetylcholine receptor: expanding the phenotype. Eur J
Neurol. (2014) 21:130–4. doi: 10.1111/ene.12270

65. Leite MI, Jacob S, Viegas S, Cossins J, Clover L, Morgan BP, et al. IgG1
antibodies to acetylcholine receptors in ’seronegative’ myasthenia gravis. Brain J
Neurol. (2008) 131:1940–52. doi: 10.1093/brain/awn092

66. Rodriguez Cruz PM, Huda S, López-Ruiz P, Vincent A. Use of cell-based
assays in myasthenia gravis and other antibody-mediated diseases. Exp Neurol.
(2015) 270:66–71. doi: 10.1016/j.expneurol.2015.01.011

67. Hoffmann S, Harms L, Schuelke M, Rückert JC, Goebel HH, Stenzel W, et al.
Complement deposition at the neuromuscular junction in seronegativemyasthenia
gravis. Acta Neuropathol. (2020) 139:1119–22. doi: 10.1007/s00401-020-
02147-5

68. Mergenthaler P, Stetefeld HR, Dohmen C, Kohler S, Schönenberger S, Bösel
J, et al. Seronegative myasthenic crisis: a multicenter analysis. J Neurol. (2022)
269:3904–11. doi: 10.1007/s00415-022-11023-z

69. Poesen K, Van Damme P. Diagnostic and prognostic performance of
neurofilaments in ALS. Front Neurol. (2018) 9:1167. doi: 10.3389/fneur.2018.
01167

Frontiers inNeurology 12 frontiersin.org

https://doi.org/10.3389/fneur.2022.1056322
https://doi.org/10.1007/s00415-010-5823-x
https://doi.org/10.29271/jcpsp.2021.08.965
https://doi.org/10.1002/brb3.2203
https://doi.org/10.1002/mus.23944
https://doi.org/10.1111/ene.12270
https://doi.org/10.1093/brain/awn092
https://doi.org/10.1016/j.expneurol.2015.01.011
https://doi.org/10.1007/s00401-020-02147-5
https://doi.org/10.1007/s00415-022-11023-z
https://doi.org/10.3389/fneur.2018.01167
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Serum neurofilament light chain in myasthenia gravis subgroups: An exploratory cohort and case–Control study
	1. Introduction
	2. Materials and methods
	2.1. Standard protocol approvals, registration, and patient consent
	2.2. Study design
	2.3. Patients and controls
	2.4. Clinical assessment
	2.5. sNfl measurement
	2.6. Statistical analysis
	2.7. Primary research question

	3. Results
	3.1. Demographics and characteristics of patients with MG
	3.2. sNfl levels in patients with myasthenia gravis compared to controls
	3.3. sNfl levels and patient characteristics
	3.4. sNfl levels and disease severity

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


