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Abstract
Myasthenia gravis (MG) and congenital myasthenic syndromes (CMS) are a group of disorders with a well characterised 
autoimmune or genetic and neurophysiological basis. We reviewed the literature from the last 20 years assessing the utility 
of various neurophysiological, immunological, provocative and genetic tests in MG and CMS. Diagnostic sensitivity of 
repetitive nerve stimulation test ranges between 14 and 94% and specificity between 73 and 100%; sensitivity of single-fibre 
EMG (SFEMG) test ranges between 64 and 100% and specificity between 22 and 100%; anti-acetylcholine receptor (AChR) 
antibody sensitivity ranges from 13 to 97% and specificity ranges from 95 to 100%. Overall, SFEMG has the highest sensitiv-
ity while positive anti-AChR antibodies have the highest specificity. Newer testing strategies that have been investigated over 
the last couple of decades include ocular vestibular-evoked myogenic potentials, otoacoustic emissions and disease-specific 
circulating miRNAs in serum for autoimmune myasthenia, as well as next-generation sequencing for genetic testing of CMS. 
While there has been significant progress in developing newer testing strategies for diagnosing MG and CMS over the last 
couple of decades, more research is needed to assess the utility of these newer tools regarding their sensitivity and specificity.
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Introduction

Disorders of the neuromuscular junction comprise a wide 
range of conditions from myasthenia gravis (MG) to con-
genital myasthenic syndromes (CMS). Antibodies, genetic 
mutations, specific drugs or toxins can interfere with the 
number or functioning of one of the essential proteins that 
control signalling between the presynaptic nerve ending and 
the postsynaptic muscle membrane and cause a myasthenic 
syndrome. In autoimmune MG, antibodies to acetylcholine 
receptor (AChR) or to proteins involved in receptor clus-
tering, particularly muscle-specific kinase (MuSK) cause 
direct loss of acetylcholine receptors or interfere with the 
agrin-induced acetylcholine receptor clustering necessary 
for efficient neurotransmission [1]. CMS are a genotypi-
cally and phenotypically heterogeneous group of disorders, 
which share an underlying pathophysiology of impaired neu-
romuscular junction transmission [2]. In clinical settings, 
autoimmune MG is diagnosed either by antibody testing or 
by electro-diagnostic testing that shows either decremental 
compound muscle action potentials in response to repeti-
tive nerve stimulation (RNS) or increased synaptic jitter 
measured by single-fibre electromyography (SFEMG) [3]. 
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CMS in addition to neurophysiological studies also requires 
genetic testing for confirmation of its molecular aetiol-
ogy with most cases being accounted for by mutations in 
CHRNE, RAPSN, COLQ, DOK7, CHAT and GFPT1.

Bedside tests

Bedside neuromuscular examination to assess muscle fati-
gability is the initial step in suspected MG cases followed 
by laboratory diagnostic testing to confirm the clinical sus-
picion [4].

The tests that can be performed at the bedside are the rest 
test, sustained upgaze test, heat test and the ice-pack test. 
The ice-pack test can be done alone or it can be combined 
with the heat test or the sustained upgaze test (Simpson 
test, named after the Scottish neurologist John Alexander 
Simpson). A rest test (also called sleep test) is based on 
the characteristic finding in MG that symptoms and signs 
improve after a period of rest. The utility of this test has been 
evaluated in ocular MG presenting with ptosis. The median 
improvement of ptosis with the rest test is about 2 mm and 
with the ice test 4.5 mm [5].

While there are several variations of performing ice-
pack tests or heat tests in those who present with ptosis due 
to ocular MG, latex party balloons can be filled with ice 
cold water or with water heated to 45 °C for these tests [6]. 
Each test is performed for 2 min, with ruler measurements 
and photographs taken of the palpebral aperture before and 
immediately after each test [6]. The mean improvements 
in ptosis with the ice, rest, and heat tests reported are 2.3 
(± 1.5) mm, 1.3 (± 1.1) mm, and 0.33 (± 1.4) mm, respec-
tively [6]. In broad terms, the ice-pack test is considered 
positive if there is an improvement of at least 2 mm of mar-
gin reflex distance compared to the level of ptosis before 
the ice pack is applied [7]. Repeating the ice-pack test can 
increase its sensitivity further by 35% compared to a single 
ice-pack test [8].

Combining the ice-pack test, with sustained upgaze for 
2 min, is more sensitive than the ice-pack test done alone [7]. 
Simpson’s test refers to an increase in the degree of ptosis on 
sustained upgaze, indicating levator muscle fatigability [9]. 
The sensitivity and specificity for diagnosing MG are 28% 
and 100% for the ice-pack test done alone, and 73% and 97% 
when combined with sustained upgaze [7].

Antibody tests

Anti‑AChR antibodies

The first and still the most common antibody test used is 
the anti-AChR antibody assay. Traditionally these AChR 

antibodies have been detected using radio-immuno-pre-
cipitation assays (RIPA). Some of the patients (10–15% of 
generalised MG and 50% of ocular MG cases) classified 
as ‘seronegative’ using RIPA, have low-affinity antibodies 
to AChR [10] that cannot be detected in standard solution 
RIPA. However, about two-thirds of sera from patients pre-
viously found to be negative for binding AChR in solution, 
have been found to be positive for anti-AChR antibody using 
a cell-based assay method in which antibodies to rapsyn-
clustered AChR are detected [10]. Clinically they resemble 
patients with AChR antibodies detected by standard RIPA 
[11] apart from the fact that patients with antibodies only 
to clustered AChR have been found to be younger, have 
milder disease [12] and generally have a good prognosis 
[13]. Furthermore, cell-based assays can also be useful in 
the diagnosis of RIPA-negative MG in children [12]. This 
method is the primary technique for detecting other antibod-
ies such as anti-LRP4 and it may also be used for anti-MuSK 
antibodies [14].

Patients with positive anti-AChR antibodies generally do 
not express a single monoclonal antibody population. The 
heterogeneous nature of the anti-AChR antibody response 
has led to the categorisation of AChR antibodies into 3 
types: binding, blocking, and modulating antibodies [15]. 
Both binding and blocking antibodies correlate with disease 
severity in MG [15]. The most sensitive assay in a study 
analysing serum samples from 41,180 patients (12% of these 
had AChR antibodies from any one of the above three cat-
egories) was the AChR binding antibody assay, which was 
positive in 4178 (88%) of the 4740 AChR antibody-positive 
serum samples [16]. Modulating antibodies were detected 
in 70% (n = 3297) of the samples, and blocking antibod-
ies were least prevalent, detected in only 65% (n = 3074) 
of AChR antibody-positive sera [16]. Combining binding 
and blocking AChR antibody testing identified 97% of the 
patient population with detectable AChR antibodies [16].

The sensitivity of AChR antibody in adults is 85–90% in 
cases with generalised MG and 50–70% in cases of ocular 
MG. It is only 50% sensitive in cases of childhood-onset 
MG but nearly 100% in cases of thymoma-associated MG. 
Specificity of anti-AChR for myasthenia is 95–100%.

Anti‑MuSK antibodies

If anti-AChR-binding antibody is negative or the binding 
antibody titre is < 0.02 nmol/L, the next step is to test for 
anti-MuSK antibodies although some clinicians will request 
both antibody tests at the same time at the initial consultation 
to save time. Traditionally, anti-MuSK antibodies have also 
been detected by RIPA using directly125I-labeled MuSK. 
They bind to the extracellular Ig-like domains of soluble 
or native MuSK. They are predominantly in the IgG4 sub-
class. The alternatives to RIPA are ELISA (enzyme linked 
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immunosorbent assay), FIPA (fluoro-immuno-precipitation 
assays) and cell-based assays. The sensitivity of anti-MuSK 
antibodies is 5–70% in generalised MG cases who are anti-
AChR antibody-negative [10, 17–19] and generally they are 
not detected in patients with purely ocular MG. Specific-
ity of anti-MuSK antibodies is very high (94–100%) as few 
false-positive results have been reported with anti-MuSK 
antibodies [20–22].

In about 6 to 10% of MG cases, neither AChR nor anti-
MuSK antibodies are present in the sera. These cases are 
labelled double-seronegative MG. They can be tested for 
anti-LRP4 (LDL-receptor-related protein 4) and anti-striated 
muscle antibodies.

Anti‑LRP4 antibodies

LRP4 is a transmembrane protein which has an important 
role in synaptic development and maintenance. It activates 
MuSK activity and promotes the clustering of AChRs. Anti-
LRP4 antibodies are usually tested using cell-based assays 
but they can also be detected using RIPA and ELISA.

Anti-LRP4 antibodies have a sensitivity of 1–50% in 
patients with MG [18, 23]. In one study involving MG 
patients (n = 217), patients with other neurological or 
psychiatric diseases (n = 76), and healthy control subjects 
(n = 45), anti-LRP4 antibodies were detected in 11 MG 
patients without detectable anti-AChR or anti-MuSK anti-
bodies. No healthy control subjects and only 2 of the 76 
control patients with neurological disease had anti-LRP4 
antibodies [24]. However, there remains some controversy 
about the pathogenicity of anti-LRP4 antibodies in MG. 
Some have argued that anti-LRP4 antibodies play a patho-
genic role in the dysfunction of the neuromuscular endplate 
in patients with MG. In one study (n = 13) with nearly half of 
the patients with MG and anti-LRP4 antibodies, the patients’ 
sera inhibited agrin-induced aggregation of AChRs in cul-
tured myotubes by more than 50% [18, 24]. Others have 
argued that the lack of influence of anti-LRP4 antibodies on 
the different neurophysiological parameters in myasthenic 
patients raises doubts about the pathogenic role of anti-LRP4 
antibodies in MG [25].

Furthermore, anti-LRP4 antibodies are not specific for 
MG as they have also been found in cases of amyotrophic 
lateral sclerosis or motor neurone disease [26].

Anti‑striated muscle antibodies

Anti-striated muscle antibodies (also called striational 
antibodies) react with epitopes on the muscle proteins titin 
and ryanodine (RyR) receptor. They can be detected by 
ELISA or RIPA and their diagnostic sensitivity for MG is 
20–40% for antibodies to titin and about 15% for antibodies 
to the ryanodine receptor [27]. Of note, antibodies to RyR 

correlated with the presence of myositis (p = 0.03) in one 
study of 19 patients with thymoma-associated MG [28]. So, 
this may be marker for a sub-set of patients who may need 
monitoring and treatment for both MG and myositis.

Combinations of antibody tests for different 
epitopes

To overcome the shortcomings of using only anti-AChR 
antibody tests, which can miss a substantial proportion of 
cases, some have argued that testing for acetylcholine recep-
tor, acetylcholinesterase, titin and ryanodine receptor anti-
bodies together can offer a better diagnostic method for MG 
than each antibody test alone [29] but this is not accepted as 
a standard in routine clinical practice. In a study designed to 
test for multiple antibodies in 89 MG patients, AChR, ace-
tylcholinesterase, titin and RyR antibodies were detected in 
54%, 20%, 64% and 55% of MG patients, respectively. These 
levels were higher compared to a matched group of patients 
with other neurological disease (n = 66) and a group of con-
trols (n = 66) [29]. The combination of the four antibodies 
assays provided 94% sensitivity and 84% specificity for the 
diagnosis of MG [29].

Repetitive nerve stimulation (RNS)

Decremental conduction in myasthenia gravis

RNS (previously called Jolly test, after German neurologist 
Friedrich Jolly who first described this test) is more sensi-
tive than anti-AChR antibody tests [30]. RNS is typically 
performed by stimulating a nerve at 2–5 Hz and recording 
the compound muscle action potential (CMAP) from the 
corresponding muscle at rest and after stimulation, to look 
for any decrement, and after 10–15 s of exercise to look for 
any facilitation. A 10% reduction in the CMAP amplitude 
comparing the first with the fourth or fifth CMAP in a train 
has traditionally been accepted as indicative of myasthenia. 
The two issues that are relevant to the interpretation of the 
sensitivity of the RNS are the cut-off for determining a posi-
tive test and the choice of the nerve-muscle pair analysed. 
The other issues are patient discomfort and technical dif-
ficulty, and we will discuss this further.

RNS showing ≥ 10% decrement has traditionally been 
used as the cut-off value for diagnosing MG, but this has 
never been validated, is subject to a sensitivity versus speci-
ficity trade-off, and is not specific to MG [31]. Abraham 
et al. showed that using a decrement cut-off value of 7% for 
frontalis and 8% for nasalis increased the sensitivities by 
6–11% while preserving specificity (95–96%) [32].

Besides the cut-off value used, the results obtained from 
RNS studies may partly depend on which nerve and muscle 
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pair is stimulated [33]. While any superficial nerve can 
be tested in studying decremental conduction in MG, the 
choice of the nerve–muscle pair may depend on the type of 
MG. The abnormal response in RNS due to fatigability as 
expected is more widespread in generalised MG, whereas 
facial muscles are relatively more affected in ocular MG 
[34]. Niks et al. reported that RNS of the nasalis muscle was 
more sensitive in oculobulbar MG (100% sensitivity) when 
compared to hypothenar muscles (20% sensitivity) [35]. 
On the other hand, in patients with generalised MG, using 
hypothenar muscles for RNS studies, had a similar yield 
compared to the nasalis muscle [35]. In a retrospective study 
of 122 patients with MG and 182 controls, RNS sensitivities 
for generalised and ocular MG using the traditional ≥ 10% 
cut-off value were 46% and 15%, respectively, for fronta-
lis muscle recordings, and 35% and 19%, respectively, for 
nasalis muscle recordings [32]. To increase the diagnostic 
sensitivity of RNS in MG, bilateral exploration of at least 3 
muscles, a facial muscle, trapezius, and anconeus, has been 
suggested [36]. In one study of 22 patients with MG, by 
exploring 12 muscles bilaterally, the global sensitivity of 
RNS was increased to 82%, while specificity was 100%. The 
sensitivity in the MG subgroups is highest in generalised 
MG (89%) followed by oculobulbar MG (86%) and least 
sensitive in ocular MG (67%) [36].

RNS can cause patient discomfort and can be technically 
difficult. In one study, the highest mean patient discomfort 
score was with deltoid followed by nasalis and the technical 
difficulty was maximal in deltoid needing 36% repetitions 
followed by serratus anterior (33%) [37, 38]. RNS recording 
over occipitalis muscle provides a reasonable alternative to 
nasalis muscle stimulation under conditions, such as muscle 
atrophy, cosmetic surgery, or botulinum toxin application, 
in which the nasalis muscle is unavailable for use although 
sensitivity using the occipitalis muscle is slightly lower than 
for nasalis (50% versus 69%) [39]. In terms of increasing 
diagnostic yield, RNS from the nasalis 1 min after muscle 
activation in MG increases sensitivity by only 0–2% com-
pared to testing a second muscle at rest (9–15%) [40].

Double-step nerve stimulation test (DSST) is an RNS 
technique that is claimed to accurately discriminate MG 
patients who have normal conventional RNS from control 
subjects [41], but this would need to be confirmed in larger 
case series before it is used in routine clinical practice.

Finally, a couple of other points to consider are the roles 
of RNS in the emergency settings and in prognostication. 
RNS can be used to obtain quick results with a high sensitiv-
ity before starting emergency treatment when a myasthenic 
crisis is the first presentation of MG (sensitivity > 90%) com-
pared to antibody tests, which can take a couple of weeks 
to come back with a result [42]. Besides its role as a diag-
nostic tool, the utility of RNS in prognosticating patients 
with MG has been investigated. In a study of 77 patients 

with MG, decreased RNS compound muscle action potential 
amplitudes in proximal muscles correlated with MG sever-
ity determined using the quantitative MG scale scores [43].

Electromyography (EMG)

Most neurophysiology laboratories will use single-fibre nee-
dle electrodes for performing single-fibre EMG (SFEMG) 
studies to assess neuromuscular transmission, but disposable 
single use concentric needle electrodes (CEMG) can also be 
used for SFEMG studies. The relevant issues for the inter-
pretation of SFEMG results which will be discussed further 
include the cut-off values of jitter used for determining an 
abnormal test response, the number of muscle fibre pairs 
tested, the muscles that can be tested, and voluntary versus 
stimulated muscle contraction.

Jitter in myasthenia

The safety factor of neuromuscular  transmission can be 
assessed by measuring the  neuromuscular  jitter, which 
reflects the time variability of processing in the motor end-
plate [44]. Jitter is usually expressed as the mean consecu-
tive difference (MCD) of the inter-potential interval between 
20 pairs of muscle fibres, each pair consisting of two muscle 
fibres adjacent to each other, sharing the same axon and 
motor unit. Normal MCD has previously been defined as 
between 10 and 60 microseconds (μs) [45]. Abnormal jitter 
has variably been defined as mean jitter exceeding 40 μs or 
10% of potential pairs having block or jitter exceeding 54 μs 
[46]. However, some of these jitter parameters can vary from 
laboratory to laboratory based on the age of the patient and 
the muscle used to determine normative data [47]. Jitter is 
increased in any condition with disturbed end-plate function, 
such as myasthenic syndromes and ongoing re-innervation 
[44]. As a result, jitter, just like the electro-decrement in 
RNS studies, is not specific to MG.

Single‑fibre EMG (SFEMG)

Frontalis, orbicularis oculi and extensor digitorum com-
munis (EDC) are commonly tested muscles in SFEMG, 
although any superficially accessible muscle can be used 
including the masseter. SFEMG can be performed with vol-
untary muscle contraction and in those cases where patient 
cooperation is problematic, such as those who are uncon-
scious or severely weak, it can be performed with the aid 
of electrical stimulation. Stimulated SFEMG (SSFEMG) in 
ocular MG shows similar sensitivity (80%) and specificity 
(97%) levels [48] as compared to that obtained during vol-
untary muscle contraction [49].
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The diagnostic accuracy of SFEMG in MG has been 
investigated in several studies. In one large study which 
recruited 348 patients who had SFEMG, 108 of whom 
finally received a diagnosis of MG, sensitivity was 78% 
regardless of MG subtype (73% for ocular MG, and 85% 
for generalised MG) with a specificity of 91% [49]. In 
another study using the orbicularis oculi muscle for test-
ing, the sensitivity of SFEMG in diagnosing MG (n = 54) 
was 98% (95% CI 0.94–1.02), while the specificity was 70% 
(95% CI 0.54–0.86), with a positive predictive value of 79% 
(95% CI 0.74–0.79) and a negative predictive value of 97% 
(95% CI 0.94–0.99) [50]. However, even SFEMG can have 
a significant false-negative rate and one could argue this is 
operator-dependent. Repeat testing when the clinical suspi-
cion of MG remains high can lead to higher diagnostic rate. 
In one Italian study, the number of positive tests increased 
from 79 to 91% in patients with ocular MG when repeat test-
ing was performed in 22 of the 165 cases who had initially 
tested negative [51].

SFEMG can have prognostic value. An abnormal orbicu-
laris oculi SFEMG in patients with seronegative ocular MG 
was found to have a high predictive value for response to 
therapy [52]. In a study of 142 consecutive patients with 
symptoms of ocular MG and negative AChR antibody, 
orbicularis oculi SFEMG was abnormal in 31 patients and 
normal in 111 patients. 29 patients with abnormal SFEMG 
were treated, and 86% of these had a good response [52].

20 pairs of muscle fibres have been used traditionally 
in SFEMG data analysis. In one study of 94 patients com-
paring sensitivity of testing 20 pairs of muscle fibres with 
fewer recorded pairs, 98% of patients had abnormal SFEMG 
within 17 pairs in ocular MG, or within 15 pairs in gen-
eralised MG, thus shortening the test time and decreasing 
patient discomfort while preserving test sensitivity [53].

Changes in the parameters of jitter measured with 
SFEMG are reported to predict clinical change in MG with 
acceptable accuracy. Additionally, response to immunomod-
ulation correlates with change in jitter values post treatment 
[54, 55]. Absolute and percentage changes in MCD interval 
differences are equally accurate in predicting clinical change 
[54]. However, compared with RNS studies which have a 
relatively high specificity [56], SFEMG suffers from poor 
specificity for MG. SFEMG using the orbicularis oculi mus-
cle is very sensitive in patients with ptosis, but in patients 
with isolated diplopia, SFEMG does not exclude MG [51]. 
Therefore, SFEMG is not a confirmatory test for the diag-
nosis of MG, but it has a high negative predictive value in 
identifying patients without MG [50]. This fact is endorsed 
by the American Association of Electrodiagnostic Medicine 
(AAEM) quality assurance committee report where RNS 
and anti-AChR remain the preferred initial tests for MG [57] 
(Fig. 2). These tests may be complementary to each other 
as only around 80% of patients with generalised MG have 

serum antibodies to AChR by the radio-immuno-precipita-
tion assay (RIPA).

Concentric needle (electrode) for SFEMG (CEMG)

Several groups have used CEMG to study jitter in disor-
ders of neuromuscular transmission [58]. Jitter analysis of 
the masseter, EDC and frontalis muscles during voluntary 
contraction is easy to perform in cooperative adults and has 
shown similar results for both ocular MG (sensitivity 75%) 
and generalised MG (sensitivity 94%) [59, 60]. In another 
study of 21 patients with MG, the sensitivity of CEMG for 
the diagnosis of MG was 67% and the specificity was 96%. 
The positive and negative predictive values were 0.93 and 
0.76, respectively [61].

The normative data for mean jitter values can vary and 
this will differ from one EMG laboratory to another. In one 
study (n = 33), the receiver operating characteristic curves 
cut-off point that provided the highest sensitivity without 
false-positives was 24.7 μs for mean jitter and 33.1 μs for 
the eighteenth highest value. Sensitivity was 94% for both 
parameters [62].

Stimulated jitter analysis (Stim-JA) using a concentric 
needle electrode without need for voluntary activation may 
be particularly useful in children [63]. In one study of 13 
patients with juvenile MG, the electrophysiological param-
eters of jitter and blocking correlated significantly with 
Myasthenia Gravis Foundation of America (MGFA) class, 
whereas grip strength and spirometry did not correlate with 
MGFA class [64]. Stim-JA has also been used in adults as 
well. In one study involving 42 adult patients with MG, it 
showed a sensitivity of 90% compared to 86% positivity rate 
for anti-AChR antibodies [65].

Comparisons of RNS and SFEMG in patients 
with different antibodies

Comparisons between RNS and jitter analysis, between anti-
AChR and anti-MuSK antibody-positive MG have shown 
that RNS is less sensitive (52%) in MuSK patients compared 
to AChR antibody-positive MG (93%) patients (p < 0.01) 
[66]. Similar results were shown by Padua et al. in their 
cohort of 52 seronegative (for AChR antibody) patients, 
25 whom had MuSK antibodies [67]. Nemoto et al. found 
positive jitter in 93% of AChR antibody-positive patients 
but only in 50% of MuSK antibody-positive patients and 
the extent of jitter was more in AChR antibody-positive 
MG patients compared with AChR-negative MG patients 
(MCD: 76 µs in AChR antibody-positive patients, 36 µs in 
MuSK antibody-positive patients) [68]. In contrast, Nikolic 
et al. did not find a significant difference in detecting patho-
logical jitter between the two subtypes of MG patients (90% 
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in anti-MuSK patients compared with 93% in anti-AChR 
patients, p > 0.05) [66]. The extent of jitter though may partly 
depend on the muscles tested [69]. Kuwabara et al. found 
abnormal jitter in only one of three MuSK antibody-positive 
patients in the EDC muscle, but all three had increased jit-
ter in the frontalis muscle [69]. By contrast, all the AChR-
positive patients (n = 11) showed similarly abnormal jitter 
in the two muscles [69]. Similar results were obtained in 
another study by Farrugia et al. where the majority of their 
MuSK antibody-positive patients (n = 13) had normal jitter 
in EDC despite abnormal jitter in orbicularis oculi muscle 
[70]. Since MuSK antibody patients are thought to have pre-
dominant bulbar, facial and neck muscles weakness com-
pared with AChR antibody-positive MG patients [69], when 
MuSK antibody-positive MG is suspected, SFEMG should 
be performed in the most prominently affected muscles for 
greater sensitivity [69]. Results from RNS studies in MuSK 
antibody-positive cases are similar to the SFEMG studies, 
showing higher positive rates (86% sensitivity) when facial 
muscles are tested compared to AChR-antibody-positive 
(82% sensitivity) MG cases [71]. This again reflects greater 
propensity for facial muscle involvement in this MuSK 
antibody-positive cases and emphasises the importance of 
including facial muscles in RNS protocols when evaluating 
these patients [71].

Sensitivity and specificity of different 
neurophysiological tests

While RNS, SFEMG and antibody tests all have their advan-
tages and disadvantages, SFEMG is considered to have the 
highest sensitivity of all the tests when ordered for diag-
nostic purposes in both ocular and generalised MG [72], 
whereas RNS has the highest specificity amongst neurophys-
iological tests [73] (Fig. 1). The sensitivity of CEMG (93%) 
is much higher when compared to RNS (77%) in diagnosing 
MG [74]. Katzberg et al. found 19% of the patients in their 
study with MG had abnormal RNS, whereas 95% had abnor-
mal SFEMG (n = 121) [75].

Prognostic value of neurophysiological tests

Both RNS and jitter analysis, in addition to their diagnos-
tic utility, may also have a prognostic value as high jitter 
(> 100 μs) and decrement values (> 10%) are associated with 
more severe disease, manifested by more frequent symp-
tomatic bulbar and limb muscle weakness and severe dis-
ease exacerbations [76]. In contrast, serum concentrations 
of AChR antibodies do not relate with the clinical severity 
of MG [77].

Provocative tests

Provocative tests with quinine or curare are of historical 
importance only and are not used in clinical practice. The 
neostigmine test (NT) and edrophonium (tensilon) test are 
rarely performed in the United Kingdom but are still used 
in other countries. Although there are several variations of 
the edrophonium test, the first published protocol was 2 mg 
initial dose intravenously followed, if no adverse reaction 
(usually cholinergic side effects) occurred in 45 s, by the 
administration of an additional 8 mg [78]. One cohort study 
of the tensilon test reported a sensitivity of 92% for ocular 
myasthenia and 88% for generalised myasthenia. Specificity 
was 97% for both types of myasthenia [79]. No statistically 
significant differences have been found in the edrophonium 
test results between MuSK antibody-positive and MuSK 
antibody-negative patients [67]. However, like RNS studies 
and SFEMG, edrophonium responsiveness is not necessarily 
diagnostic of MG.

NT is claimed to have a better safety profile when testing 
patients with MG compared to edrophonium [80], as the lat-
ter can cause serious bradyarrhythmias and syncope as well 
as respiratory failure, although the incidence of these com-
plications is very low [81]. One study involving 47 patients 
showed the sensitivity of NT to be 83% and specificity to be 
97% [82]. An improvement in clinical symptoms in response 
to NT (0.5 mg neostigmine administered intramuscularly), 

Fig. 1   Sensitivities and specificities of various diagnostic tests for myasthenia



3378	 Journal of Neurology (2022) 269:3372–3384

1 3

could be used as supporting evidence for the diagnosis of 
MG. However, this improvement can be better detected 
using SFEMG compared to clinical examinations only. A 
study involving 23 patients revealed SFEMG could better 
detect subclinical improvement in ocular MG than clinical 
MG-composite scale. The MCD and potential pairs with 
increased jitter significantly improved after NT compared 
to basal conditions [80].

While the NT is claimed to have higher positivity than 
anti-AChR antibodies and RNS studies [30], neither intra-
arterial [83] nor intra-venous NT [84] are commonly used 
in clinical practice. Edrophonium which is a reversible anti-
acetylcholinesterase inhibitor with a short half-life (distri-
bution half-life is 7 to 12 min) had replaced neostigmine 
(mean half-life of 52 min) for diagnostic testing [85]. How-
ever, since 2018, the Food and Drug Administration (FDA) 
has discontinued edrophonium® as a test for myasthenia, 
due to its high rate of false-positives and as a result it is no 
longer commercially marketed in the United States for this 
purpose [86].

Ocular vestibular‑evoked myogenic 
potentials (oVEMP)

oVEMP can be used to detect a decrement in the extraocular 
muscle activity of patients with MG. The protocol involves 
applying repetitive vibration stimuli to the forehead and 
recording the activity of the inferior oblique muscle with 
2 surface electrodes placed beneath the eyes [87] (Table 1). 
The decrement over 10 stimulus repetitions at rates 3–20 Hz 
is recorded.

One study compared 27 patients with MG (13 with iso-
lated ocular MG and 14 with generalised MG), with 28 
healthy controls. The aim was to identify oVEMP parame-
ters with the highest sensitivity and specificity by evaluating 
decrement over 10 stimulus repetitions at 3 different repeti-
tion rates (3 Hz, 10 Hz, and 20 Hz). Repetitive stimulation at 
20 Hz yielded the best differentiation between patients with 
MG and controls with a sensitivity of 89% and a specificity 
of 64% when using a unilateral decrement of ≥ 15.2% as cut-
off. When using a bilateral decrement of ≥ 20.4% instead, 
oVEMP allowed differentiation of MG from healthy con-
trols with 100% specificity, but slightly reduced sensitivity 
of 63%. For both cut-offs, sensitivity was similar in isolated 
ocular MG and generalised MG [87].

The presence of an oVEMP decrement is reported as a 
sensitive and specific marker for MG. This test allows direct 
and non-invasive examination of extraocular muscle activity, 
with similarly good diagnostic accuracy in ocular and gen-
eralised MG [79]. However, the oVEMP has no therapeutic 
or monitoring value in MG as the results between newly 
diagnosed patients, patients uncontrolled on treatment and 

those who are controlled and asymptomatic on treatment, are 
not statistically different [81]. oVEMP is not used in routine 
clinical practice for the diagnosis of MG.

Otoacoustic emissions

Otoacoustic emissions (OAEs) have also been investigated 
in the diagnosis of MG [88]. Compared with controls, MG 
patients revealed a significant reduction in the amplitude of 
transiently evoked OAE (p < 0.05) and distortion product 
OAE at higher frequencies between 2–4 kHz (p < 0.05). Fur-
ther, the OAE alteration significantly correlates with anti-
AChR antibody titres in these patients [88].

OAEs are not used in routine clinical practice for the 
diagnosis of MG.

Circulating miRNAs

Circulating miRNAs in sera of MG patients have also been 
investigated as biomarkers in the diagnosis of MG. In a study 
of 16 MG patients compared with 16 healthy controls, three 
miRNAs were specifically dysregulated in AChR + MG 
patient sera samples. Hsa-miR150-5p, which induces T-cell 
differentiation, as well as hsa-miR21-5p, a regulator of Th1 
versus Th2 cell responses, was specifically elevated in sera 
of MG patients [89]. However, hsa-miR27a-3p, involved in 
natural killer (NK) cell cytotoxicity, was decreased in MG 
[89].

Circulating miRNAs are not used in routine clinical prac-
tice for the diagnosis of MG.

Genetic testing for congenital myasthenic 
syndromes

All the above-mentioned tests can sometimes be techni-
cally challenging in newborns suspected to have a CMS. 
The diagnosis of CMS is typically considered on the clini-
cal basis of fatigable weakness involving ocular, bulbar and 
limb muscles at birth to early childhood (though adult onset 
is increasingly recognised), presence of an abnormal neuro-
physiological study suggestive of a neuromuscular disorder 
and absence of myasthenic autoantibodies in the sera [2].

While SFEMG may be challenging in newborns due 
to lack of voluntary muscle contraction on command, 
SSFEMG can still be performed in those suspected to 
have a CMS. A newer algorithm, that analyzes the entire 
SSFEMG waveform, from which cross-correlational coef-
ficients (between 0 and 1.0) are calculated for consecutive 
pairs of 100 SSFEMG waveforms obtained at each needle 
position in orbicularis oculi, which are then averaged, has 
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better specificity (87% vs. 53%) but similar sensitivity (88% 
for both), compared to conventional MCD measurements 
[90].

Most CMS result from molecular defects in the muscle 
nicotinic AChR, but they can also be caused by mutations in 

presynaptic proteins or proteins associated with the synaptic 
basal lamina, defects in the endplate or defects in protein 
glycosylation [91]. Sophisticated neurophysiological stud-
ies could determine whether the molecular defect lies at the 
presynaptic terminal or synaptic or post-synaptic terminal; 

Table 1   Studies showing the sensitivity and specificity of individual tests to diagnose myasthenia

oVEMP Ocular vestibular-evoked myogenic potentials, MG myasthenia gravis, SFEMG single-fibre electromyography, RNS repetitive nerve 
stimulation, MuSK muscle-specific kinase, Ab antibody, AChR acetylcholine receptor, LRP4 LDL receptor-related protein 4, RyR ryanodine 
receptor
a All 4 antibodies = Acetylcholine receptor, acetylcholinesterase, titin and ryanodine receptor antibodies
b In those who are seronegative for anti-AChR antibody
c Depending on control population

Test Sensitivity (%) Specificity (%) References

Ice-pack test
 All cases of MG 28–96 31–100 [7, 8, 73, 82]
  Ocular MG 85 33 [73]
  Generalised MG 90 – [73]

 Ice-pack test and SFEMG 79 64 [73]
 Ice-pack test and RNS 24 92 [73]

Antibody tests
 Anti-AChR Ab
 All cases of MG 50–97 95–100 [16, 28, 65]
  Ocular MG 38–75 – [30, 60, 72]
  Generalised MG 73–94 – [30, 60, 72]

 Clustered AChR Ab 13–66 100 [10–13]
 Acetylcholinesterase Ab 19–22 – [29]
 Titin receptor Ab 20–74 – [27, 29]
 Ryanodine receptor Ab 15–74 – [27–29]
 Anti-AChR or Anti-MuSK-Ab 73 – [74]
 Anti-MuSK-Ab 27–70b 93–100 [13, 19–22]
 Anti-LRP4 Ab 3 – [13]
 All 4 antibodiesa 94 84 [29]

RNS test
 All cases of MG 15–92 73–100 [31–33, 35, 38, 42, 43, 46, 56, 72–75]
  Ocular MG 14–67 91 [30, 31, 36, 60, 65, 72, 73]
  Generalised MG 32–94 – [30, 31, 36, 60, 65, 72, 73]

SFEMG test
 All cases of MG 64–100 22–97 [32, 42, 45, 48–50, 59–61, 65, 73–75, 87]
  Ocular MG 73–100 22–100c [32, 49, 52, 60, 62, 72–74]
  Generalised MG 85–99 91–100c [32, 49, 60, 62, 72–74]

 RNS and SFEMG tests 18 91 [73]
Edrophonium test
 All cases of MG 50–92 97 [67, 79]
  Ocular MG 92 97
  Generalised MG 88 97

Neostigmine test
 All cases of MG 83 97 [82]
  Ocular MG 93 – [30]
  Generalised MG 98 – [30]

oVEMP test 63–89 64–100 [87]
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however, apart from the standard tests (RNS showing dec-
rement, SFEMG showing jitter), these are not performed in 
routine clinical practice.

Furthermore, next-generation sequencing (NGS) panel 
testing of the genes involved in CMS is now commercially 
available. In those cases of CMS that remain undiagnosed 
through to their adult years, because of milder symptoms 
in early life, refractoriness to acetylcholinesterase inhibitor 
and immunotherapy should prompt CMS as a differential 
diagnosis and genetic testing should be considered [92]. A 

precise genetic diagnosis is important for therapeutic rea-
sons, as treatments that are effective can be different in the 
various CMS. The genetic basis of the various types of CMS 
is outlined in Supplementary Table 1.

The search for an aetiology at a molecular level enables 
further characterisation of subgroups of CMS as a significant 
number of CMS patients may present in the neonatal period 
with variable clinical expression [93]. Genetic testing using 
NGS may be a more convenient and accurate way to estab-
lish the molecular diagnosis in these cases. One shortcoming 

Fig. 2   This is a proposed 
scheme for testing for myas-
thenia in adults (RNS Repeti-
tive nerve stimulation study, 
SFEMG single-fibre electromy-
ography study, CMS congenital 
myasthenic syndrome, AChR 
acetylcholine receptor, MuSK 
muscle-specific kinase, LRP4 
LDL receptor-related protein 4, 
Ab antibody, + ve positive)
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of this approach is that the genetic panel may not include all 
the 32 genes implicated in CMS and there is also the issue 
that such testing is not available in all countries.

Proposed scheme for testing for myasthenia 
in adults

Finally, we propose a diagnostic algorithm for testing for 
myasthenia in adults (Fig. 2) but we accept local protocols 
may vary. This diagnostic algorithm is based on the fact 
that combining an antibody test with high specificity and 
an electro-diagnostic test with high sensitivity is likely to 
have the highest diagnostic yield. Most clinicians will test 
anti-AChR antibodies in all suspected cases at initial pres-
entation but the frequency of usage of axonal SFEMG and 
RNS will depend upon expertise available in the neuromus-
cular clinic. Where one or both of the neurophysiological 
tests are positive but the anti-AChR receptor antibody test 
is negative, most clinicians will test anti-MuSK antibodies 
because while the neurophysiological tests are very sensi-
tive but they are not specific for myasthenia. If the standard 
RIPA assays are negative, nowadays clinicians have the abil-
ity to test for clustered antibodies against AChR and MuSK 
using cell-based assays or antibodies to LRP4 or striated 
muscle. Finally, if the neurophysiological tests are positive 
for a neuromuscular junction defect but all the antibody tests 
are negative, one has to consider the possibility that it could 
be a delayed diagnosis of a milder phenotype of congenital 
myasthenia that has gone unrecognised up to adult life. Due 
to the fact that there are more than two dozen genes that can 
cause congenital myasthenia, with considerable phenotypic 
overlap, the specific molecular diagnosis is achieved with 
genetic testing and nowadays for convenience this can be 
done using panel testing.

Conclusion

There have been several developments over the last couple 
of decades in the field of myasthenia from improved immu-
nological testing for anti-AChR antibodies to investigating 
newer methods, such as oVEMP, OAEs and miRNAs, in 
research settings for finding better tools for diagnosing MG. 
NGS genetic panel testing for CMS is now available and the 
number of genes included in such panels of genes for testing, 
to elucidate the molecular basis of the several different CMS, 
will continue to increase in the coming years.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00415-​022-​10986-3.

Author contributions  KY: electronic search, literature review, writ-
ing of first draft. AS: electronic search, literature review, writing of 
first draft. AT: reviewing and editing. AR: reviewing and editing. RS: 

reviewing and editing. NM: conception and planning of project, writ-
ing, editing.

Declarations 

Conflicts of interest  The authors declare that they have no conflict of 
interest.

Ethical approval  Not applicable.

Informed consent  For this type of study formal consent is not required.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Verschuuren J, Strijbos E, Vincent A (2016) Neuromuscular junc-
tion disorders. Handb Clin Neurol 133:447–466

	 2.	 Finsterer J (2019) Congenital myasthenic syndromes. Orphanet J 
Rare Dis 14(1):57

	 3.	 Richman DP (2015) The future of research in myasthenia. JAMA 
Neurol 72(7):812–814

	 4.	 Saluja G, Samdani A, Bhatia P (2019) Importance of clinical tests 
in ocular myasthenia. BMJ Case Rep 12(12):e231296

	 5.	 Kubis KC, Danesh-Meyer HV, Savino PJ, Sergott RC (2000) The 
ice test versus the rest test in myasthenia gravis. Ophthalmology 
107(11):1995–1998

	 6.	 Marinos E, Buzzard K, Fraser CL, Reddel S (2018) Evaluating the 
temperature effects of ice and heat tests on ptosis due to Myasthe-
nia Gravis. Eye (Lond) 32(8):1387–1391

	 7.	 Kee HJ, Yang HK, Hwang JM, Park KS (2019) Evaluation and 
validation of sustained upgaze combined with the ice-pack test 
for ocular myasthenia gravis in Asians. Neuromuscul Disord 
29(4):296–301

	 8.	 Park JY, Yang HK, Hwang JM (2017) Diagnostic value of 
repeated ice tests in the evaluation of ptosis in myasthenia gravis. 
PLoS One 12(5):e0177078

	 9.	 Toyka KV (2006) Ptosis in myasthenia gravis: extended fatigue 
and recovery bedside test. Neurology 67(8):1524–1524

	10.	 Leite MI, Jacob S, Viegas S, Cossins J, Clover L, Morgan BP, 
Beeson D, Willcox N, Vincent A (2008) IgG1 antibodies to ace-
tylcholine receptors in “seronegative” myasthenia gravis. Brain 
131(Pt 7):1940–1952

	11.	 Devic P, Petiot P, Simonet T, Stojkovic T, Delmont E, Franques 
J, Magot A, Vial C, Lagrange E, Nicot AS, Risson V, Eymard B, 
Schaeffer L (2014) Antibodies to clustered acetylcholine receptor: 
expanding the phenotype. Eur J Neurol 21(1):130–134

	12.	 Rodríguez Cruz PM, Al-Hajjar M, Huda S, Jacobson L, Woodhall 
M, Jayawant S, Buckley C, Hilton-Jones D, Beeson D, Vincent 
A, Leite MI, Palace J (2015) Clinical features and diagnostic 

https://doi.org/10.1007/s00415-022-10986-3
http://creativecommons.org/licenses/by/4.0/


3382	 Journal of Neurology (2022) 269:3372–3384

1 3

usefulness of antibodies to clustered acetylcholine receptors in 
the diagnosis of seronegative myasthenia gravis. JAMA Neurol 
72(6):642–649

	13.	 Park KH, Waters P, Woodhall M, Lang B, Smith T, Sung JJ, Kim 
KK, Lim YM, Kim JE, Kim BJ, Park JS, Lim JG, Kim DS, Kwon 
O, Sohn EH, Bae JS, Yoon BN, Kim NH, Ahn SW, Oh J, Park 
HJ, Shin KJ, Hong YH (2018) Myasthenia gravis seronegative for 
acetylcholine receptor antibodies in South Korea: autoantibody 
profiles and clinical features. PLoS ONE 13(3):e0193723

	14.	 Trakas N, Tzartos SJ (2018) Immunostick ELISA for rapid 
and easy diagnosis of myasthenia gravis. J Immunol Methods 
460:107–112

	15.	 Kang SY, Oh JH, Song SK, Lee JS, Choi JC, Kang JH (2015) Both 
binding and blocking antibodies correlate with disease severity in 
myasthenia gravis. Neurol Sci 36(7):1167–1171

	16.	 Haven TR, Astill ME, Pasi BM, Carper JB, Wu LL, Tebo AE, 
Hill HR (2010) An algorithm for acetylcholine receptor antibody 
testing in patients with suspected myasthenia gravis. Clin Chem 
56(6):1028–1029

	17.	 Muppidi S, Wolfe GI (2009) Muscle-specific receptor tyrosine 
kinase antibody-positive and seronegative myasthenia gravis. 
Front Neurol Neurosci 26:109–119

	18.	 Pevzner A, Schoser B, Peters K, Cosma NC, Karakatsani A, 
Schalke B, Melms A, Kröger S (2012) Anti-LRP4 autoantibod-
ies in AChR- and MuSK-antibody-negative myasthenia gravis. J 
Neurol 259(3):427–435

	19.	 Hoch W, McConville J, Helms S, Newsom-Davis J, Melms A, 
Vincent A (2001) Auto-antibodies to the receptor tyrosine kinase 
MuSK in patients with myasthenia gravis without acetylcholine 
receptor antibodies. Nat Med 7(3):365–368

	20.	 Ohta K, Shigemoto K, Kubo S, Maruyama N, Abe Y, Ueda N, 
Ohta M (2004) MuSK antibodies in AChR Ab-seropositive MG 
vs AChR Ab-seronegative MG. Neurology 62(11):2132–2133

	21.	 Evoli A, Tonali PA, Padua L, Monaco ML, Scuderi F, Batocchi 
AP, Marino M, Bartoccioni E (2003) Clinical correlates with anti-
MuSK antibodies in generalized seronegative myasthenia gravis. 
Brain 126(10):2304–2311

	22.	 Tsonis AI, Zisimopoulou P, Lazaridis K, Tzartos J, Matsigkou 
E, Zouvelou V, Mantegazza R, Antozzi C, Andreetta F, Evoli 
A, Deymeer F, Saruhan-Direskeneli G, Durmus H, Brenner T, 
Vaknin A, Berrih-Aknin S, Behin A, Sharshar T, De Baets M, 
Losen M, Martinez-Martinez P, Kleopa KA, Zamba-Papanicolaou 
E, Kyriakides T, Kostera-Pruszczyk A, Szczudlik P, Szyluk B, 
Lavrnic D, Basta I, Peric S, Tallaksen C, Maniaol A, Casasno-
vas Pons C, Pitha J, Jakubíkova M, Hanisch F, Tzartos SJ (2015) 
MuSK autoantibodies in myasthenia gravis detected by cell based 
assay—a multinational study. J Neuroimmunol 284:10–17

	23.	 Li M, Han J, Zhang Y, Lv J, Zhang J, Zhao X, Ren L, Fang H, 
Yang J, Zhang Y, Cui X, Zhang Q, Li Q, Du Y, Gao F (2019) 
Clinical analysis of Chinese anti-low-density-lipoprotein-receptor-
associated protein 4 antibodies in patients with myasthenia gravis. 
Eur J Neurol 26(10):1296-e84

	24.	 Zhang B, Tzartos JS, Belimezi M, Ragheb S, Bealmear B, Lewis 
RA, Xiong WC, Lisak RP, Tzartos SJ, Mei L (2012) Autoanti-
bodies to lipoprotein-related protein 4 in patients with double-
seronegative myasthenia gravis. Arch Neurol 69(4):445–51

	25.	 Nikolic AV, Bojic SD, Rakocevic Stojanovic VM, Basta IZ, Lavr-
nic DV (2016) Electrophysiological findings in patients with low 
density lipoprotein receptor related protein 4 positive myasthenia 
gravis. Eur J Neurol 23(11):1635–1641

	26.	 Tzartos JS, Zisimopoulou P, Rentzos M, Karandreas N, Zouvelou 
V, Evangelakou P, Tsonis A, Thomaidis T, Lauria G, Andreetta F, 
Mantegazza R, Tzartos SJ (2014) LRP4 antibodies in serum and 
CSF from amyotrophic lateral sclerosis patients. Ann Clin Transl 
Neurol 1(2):80–7

	27.	 Lazaridis K, Tzartos SJ (2020) Autoantibody specificities in myas-
thenia gravis; implications for improved diagnostics and therapeu-
tics. Front Immunol 11:212

	28.	 Mygland A, Vincent A, Newsom-Davis J, Kaminski H, Zorzato 
F, Agius M, Gilhus NE, Aarli JA (2000) Autoantibodies in thy-
moma-associated myasthenia gravis with myositis or neuromyo-
tonia. Arch Neurol 57(4):527–31

	29.	 Wang WW, Hao HJ, Gao F (2010) Detection of multiple antibod-
ies in myasthenia gravis and its clinical significance. Chin Med J 
(Engl) 123(18):2555–8

	30.	 Patil SA, Bokoliya SC, Nagappa M, Taly AB (2016) Diagnosis 
of myasthenia gravis: comparison of anti-nicotinic acetyl choline 
receptor antibodies, repetitive nerve stimulation and Neostigmine 
tests at a tertiary neuro care centre in India, a ten year study. J 
Neuroimmunol 292:81–4

	31.	 Abraham A, Alabdali M, Alsulaiman A, Breiner A, Barnett C, 
Katzberg HD, Lovblom LE, Bril V (2016) Repetitive nerve stimu-
lation cut-off values for the diagnosis of myasthenia gravis. Mus-
cle Nerve 55:166–170

	32.	 Abraham A, Alabdali M, Alsulaiman A, Breiner A, Barnett C, 
Katzberg HD, Lovblom LE, Bril V (2017) Repetitive nerve stimu-
lation cutoff values for the diagnosis of myasthenia gravis. Muscle 
Nerve 55(2):166–170

	33.	 Lee TH, Li Y (2019) Consideration of repetitive nerve stimulation 
of the median nerve in patients being evaluated for myasthenia 
gravis. Muscle Nerve 60(6):658–661

	34.	 Witoonpanich R, Barakul S, Dejthevaporn C (2006) Relative fati-
gability of muscles in response to repetitive nerve stimulation in 
myasthenia gravis. J Med Assoc Thai 89(12):2047–9

	35.	 Niks EH, Badrising UA, Verschuuren JJ, Van Dijk JG (2003) 
Decremental response of the nasalis and hypothenar muscles in 
myasthenia gravis. Muscle Nerve 28(2):236–8

	36.	 Bou Ali H, Salort-Campana E, Grapperon AM, Gallard J, 
Franques J, Sevy A, Delmont E, Verschueren A, Pouget J, Attarian 
S (2017) New strategy for improving the diagnostic sensitivity of 
repetitive nerve stimulation in myasthenia gravis. Muscle Nerve 
55(4):532–538

	37.	 Misra UK, Kalita J, Srivastava A (2006) A study of diagnostic 
yield, technical ease and patient discomfort of low rate repetitive 
nerve stimulation test in patients with myasthenia gravis. Electro-
myogr Clin Neurophysiol 46(6):337–41

	38.	 Amandusson Å, Elf K, Grindlund ME, Punga AR (2017) 
Diagnostic utility of repetitive nerve stimulation in a large 
cohort of patients with myasthenia gravis. J Clin Neurophysiol 
34(5):400–407

	39.	 Yildirim A, Adatepe T, Gunduz A, Yagiz O, Uzun N (2020) 
Occipitalis muscle: using for repetitive facial nerve stimulation 
in myasthenia gravis. Acta Neurol Belg 120(3):609–613

	40.	 Abraham A, Alabdali M, Alsulaiman A, Breiner A, Barnett C, 
Katzberg HD, Bril V (2016) Repetitive facial nerve stimulation 
in myasthenia gravis 1 min after muscle activation is inferior to 
testing a second muscle at rest. Clin Neurophysiol 127(10):3294–7

	41.	 Temuçin CM, Arsava EM, Nurlu G, Demirci M (2010) Diagnostic 
value of double-step nerve stimulation test in patients with myas-
thenia gravis. Clin Neurophysiol 121(4):556–60

	42.	 Oh SJ, Jeong D, Lee I, Alsharabati M (2019) Repetitive nerve 
stimulation test in myasthenic crisis. Muscle Nerve 59(5):544–548

	43.	 Jing F, Cui F, Chen Z, Yang F, Ling L, Huang X (2015) Clinical 
and electrophysiological markers in myasthenia gravis patients. 
Eur Neurol 74(1–2):22–7

	44.	 Stalberg E, Sanders DB, Kouyoumdjian JA (2017) Pitfalls and 
errors in measuring jitter. Clin Neurophysiol 128(11):2233–2241

	45.	 Keesey JC (1989) AAEE Minimonograph #33: electrodiagnostic 
approach to defects of neuromuscular transmission. Muscle Nerve 
12(8):613–26



3383Journal of Neurology (2022) 269:3372–3384	

1 3

	46.	 Srivastava A, Kalita J, Misra UK (2007) A comparative study of 
single fiber electromyography and repetitive nerve stimulation in 
consecutive patients with myasthenia gravis. Electromyogr Clin 
Neurophysiol 47(2):93–6

	47.	 Bromberg MB, Scott DM (1994) Single fiber EMG reference 
values: reformatted in tabular form. AD HOC Committee of 
the AAEM Single Fiber Special Interest Group. Muscle Nerve 
17(7):820–1

	48.	 Mercelis R, Merckaert V (2011) Diagnostic utility of stimulated 
single-fiber electromyography of the orbicularis oculi muscle 
in patients with suspected ocular myasthenia. Muscle Nerve 
43(2):168–70

	49.	 Morren JA, Levin KH, Shields RW (2016) Diagnostic accuracy 
of single fiber electromyography for myasthenia gravis in patients 
followed longitudinally. J Clin Neurophysiol 33(5):469–474

	50.	 Padua L, Caliandro P, Di Iasi G, Pazzaglia C, Ciaraffa F, Evoli A 
(2014) Reliability of SFEMG in diagnosing myasthenia gravis: 
sensitivity and specificity calculated on 100 prospective cases. 
Clin Neurophysiol 125(6):1270–3

	51.	 Giannoccaro MP, Di Stasi V, Zanesini C, Donadio V, Avoni P, 
Liguori R (2020) Sensitivity and specificity of single-fibre EMG 
in the diagnosis of ocular myasthenia varies accordingly to clinical 
presentation. J Neurol 267(3):739–745

	52.	 Rakocevic G, Moster M, Floeter MK (2017) Single-fiber elec-
tromyography in the orbicularis oculi muscle in patients with 
ocular myasthenia gravis symptoms: does abnormal jitter predict 
response to treatment? BMC Neurol 17(1):108

	53.	 Abraham A, Breiner A, Barnett C, Katzberg HD, Bril V (2017) 
Recording fewer than 20 potential pairs with SFEMG may suf-
fice for the diagnosis of myasthenia gravis. J Clin Neurophysiol 
34(5):408–412

	54.	 Sanders DB, Massey JM (2017) Does change in neuromuscular 
jitter predict or correlate with clinical change in MG? Muscle 
Nerve 56(1):45–50

	55.	 Meriggioli MN, Rowin J (2003) Single fiber EMG as an outcome 
measure in myasthenia gravis: results from a double-blind, pla-
cebo-controlled trial. J Clin Neurophysiol 20(5):382–5

	56.	 Zinman LH, O’Connor PW, Dadson KE, Leung RC, Ngo M, 
Bril V (2006) Sensitivity of repetitive facial-nerve stimulation in 
patients with myasthenia gravis. Muscle Nerve 33(5):694–6

	57.	 American Association of Electrodiagnostic Medicine (AAEM) 
Quality Assurance Committee (2001) Literature review of the use-
fulness of repetitive nerve stimulation and single fiber EMG in the 
electrodiagnostic evaluation of patients with suspected myasthenia 
gravis or Lambert–Eaton myasthenic syndrome. Muscle Nerve 
24(9):1239–1247

	58.	 Wang J, Ji F, Luo B (2014) Jitter analysis with concentric nee-
dle electrodes in the extensor digitorum communis for the diag-
nosis of myasthenia gravis: a pilot study. Chin Med J (Engl) 
127(18):3209–12

	59.	 Orhan EK, Deymeer F, Oflazer P, Parman Y, Baslo MB (2013) 
Jitter analysis with concentric needle electrode in the masseter 
muscle for the diagnosis of generalised myasthenia gravis. Clin 
Neurophysiol 124(11):2277–82

	60.	 Kouyoumdjian JA, Fanani AC, Stålberg EV (2011) Concentric 
needle jitter on stimulated frontalis and extensor digitorum in 20 
myasthenia gravis patients. Muscle Nerve 44(6):912–8

	61.	 Benatar M, Hammad M, Doss-Riney H (2006) Concentric-needle 
single-fiber electromyography for the diagnosis of myasthenia 
gravis. Muscle Nerve 34(2):163–8

	62	 Machado FC, Kouyoumdjian JA, Marchiori PE (2016) Diagnostic 
accuracy of concentric needle jitter in myasthenia: prospective 
study. Muscle Nerve 55:190–194

	63.	 Verma S, Lin J (2016) Stimulated jitter analysis for the evaluation 
of neuromuscular junction disorders in children. Muscle Nerve 
53(3):471–2

	64.	 Bhatia S, Quinlan H, McCracken C, Price EW, Guglani L, Verma 
S (2018) Serial stimulated jitter analysis in juvenile myasthenia 
gravis. Muscle Nerve 58(5):729–732

	65.	 Kouyoumdjian JA, Stålberg E (2013) Stimulated jitter with con-
centric needle in 42 myasthenia gravis patients. Arq Neuropsiqui-
atr 71(4):237–43

	66.	 Nikolic A, Basta I, Stojanovic VR, Stevic Z, Lavrnic D (2014) 
Electrophysiological profile of the patients with MuSK positive 
myasthenia gravis. Neurol Res 36(11):945–9

	67.	 Padua L, Tonali P, Aprile I, Caliandro P, Bartoccioni E, Evoli 
A (2006) Seronegative myasthenia gravis: comparison of neu-
rophysiological picture in MuSK+ and MuSK− patients. Eur J 
Neurol 13(3):273–6

	68.	 Nemoto Y, Kuwabara S, Misawa S, Kawaguchi N, Hattori T, Taka-
mori M, Vincent A (2005) Patterns and severity of neuromuscular 
transmission failure in seronegative myasthenia gravis. J Neurol 
Neurosurg Psychiatry 76(5):714–8

	69.	 Kuwabara S, Nemoto Y, Misawa S, Takahashi H, Kawaguchi N, 
Hattori T (2007) Anti-MuSK-positive myasthenia gravis: neuro-
muscular transmission failure in facial and limb muscles. Acta 
Neurol Scand 115(2):126–8

	70.	 Farrugia ME, Kennett RP, Newsom-Davis J, Hilton-Jones D, Vin-
cent A (2006) Single-fiber electromyography in limb and facial 
muscles in muscle-specific kinase antibody and acetylcholine 
receptor antibody myasthenia gravis. Muscle Nerve 33(4):568–70

	71.	 Oh SJ, Hatanaka Y, Hemmi S, Young AM, Scheufele ML, Nations 
SP, Lu L, Claussen GC, Wolfe GI (2006) Repetitive nerve stimu-
lation of facial muscles in MuSK antibody-positive myasthenia 
gravis. Muscle Nerve 33(4):500–504

	72.	 Witoonpanich R, Dejthevaporn C, Sriphrapradang A, Pulkes T 
(2011) Electrophysiological and immunological study in myas-
thenia gravis: diagnostic sensitivity and correlation. Clin Neuro-
physiol 122(9):1873–7

	73.	 Lo YL, Najjar RP, Teo KY, Tow SL, Loo JL, Milea D (2017) A 
reappraisal of diagnostic tests for myasthenia gravis in a large 
Asian cohort. J Neurol Sci 376:153–158

	74.	 Sirin NG, Kocasoy Orhan E, Durmus H, Deymeer F, Baslo MB 
(2018) Repetitive nerve stimulation and jitter measurement with 
disposable concentric needle electrode in newly diagnosed myas-
thenia gravis patients. Neurophysiol Clin 48(5):261–267

	75.	 Katzberg HD, Bril V (2005) A comparison of electrodiagnos-
tic tests in ocular myasthenia gravis. J Clin Neuromuscul Dis 
6(3):109–13

	76.	 Abraham A, Breiner A, Barnett C, Katzberg HD, Lovblom LE, Rt 
MN, Bril V (2017) Electrophysiological testing is correlated with 
myasthenia gravis severity. Muscle Nerve 56(3):445–448

	77.	 Aurangzeb S, Tariq M, Irshad M, Badshah M, Khan RS (2009) 
Relationship between anti-acetylcholine receptor antibody titres 
and severity of myasthenia gravis, JPMA. J Pak Med Assoc 
59(5):289–92

	78.	 Daroff RB (1986) The office tensilon test for ocular myasthenia 
gravis. Arch Neurol 43(8):843–844

	79.	 Nicholson GA, McLeod JG, Griffiths LR (1983) Comparison of 
diagnostic tests in myasthenia gravis. Clin Exp Neurol 19:45–9

	80.	 Sciacca G, Reggio E, Mostile G, Nicoletti A, Drago F, Salomone 
S, Zappia M (2018) Clinical and CN-SFEMG evaluation of 
neostigmine test in myasthenia gravis. Neurol Sci 39(2):341–345

	81.	 Ing EB, Ing SY, Ing T, Ramocki JA (2000) The complication rate 
of edrophonium testing for suspected myasthenia gravis. Can J 
Ophthalmol 35(3):141–4 (discussion 145)

	82.	 Natarajan B, Saifudheen K, Gafoor V, Jose J (2016) Accuracy of 
the ice test in the diagnosis of myasthenic ptosis. Neurol India 
64(6):1169–1172



3384	 Journal of Neurology (2022) 269:3372–3384

1 3

	83.	 Hutchinson EC, Matthews WB (1953) The intra-arterial injection 
of neostigmine as a diagnostic test in myasthenia gravis. J Neurol 
Neurosurg Psychiatry 16(1):47–8

	84.	 Tether JE (1948) Intravenous neostigmine in diagnosis of myas-
thenia gravis. Ann Intern Med 29(6):1132–8

	85.	 Pascuzzi RM (2003) The edrophonium test. Semin Neurol 
23(1):83–8

	86.	 Naji A, Owens M (2022) Edrophonium. [Updated 2021 Jul 17]. In: 
StatPearls [Internet]. StatPearls Publishing, Treasure Island (FL). 
https://​www.​ncbi.​nlm.​nih.​gov/​books/​NBK55​4566/. Accessed 1 
Aug 2021

	87.	 Valko Y, Rosengren SM, Jung HH, Straumann D, Landau K, 
Weber KP (2016) Ocular vestibular evoked myogenic potentials 
as a test for myasthenia gravis. Neurology 86(7):660–8

	88.	 Choi J, Kim NH, Park SH, Cho CG, Lee HJ, Kim SU, Park KS 
(2018) Abnormalities of otoacoustic emissions in myasthenia 
gravis: association with serological and electrophysiological fea-
tures. Front Neurol 9:1124

	89.	 Punga T, Le Panse R, Andersson M, Truffault F, Berrih-Aknin 
S, Punga AR (2014) Circulating miRNAs in myasthenia gravis: 
miR-150-5p as a new potential biomarker. Ann Clin Transl Neurol 
1(1):49–58

	90.	 Tidswell T, Pitt MC (2007) A new analytical method to diagnose 
congenital myasthenia with stimulated single-fiber electromyo-
graphy. Muscle Nerve 35(1):107–10

	91.	 Engel AG, Shen XM, Selcen D, Sine SM (2015) Congenital myas-
thenic syndromes: pathogenesis, diagnosis, and treatment. Lancet 
Neurol 14(4):420–34

	92.	 Tay CG, Fong CY, Li L, Ganesan V, Teh CM, Gan CS, Thong MK 
(2020) Congenital myasthenic syndrome with novel pathogenic 
variants in the COLQ gene associated with the presence of anti-
bodies to acetylcholine receptors. J Clin Neurosci 72:468–471

	93.	 Zafeiriou DI, Pitt M, de Sousa C (2004) Clinical and neurophysi-
ological characteristics of congenital myasthenic syndromes pre-
senting in early infancy. Brain Dev 26(1):47–52

https://www.ncbi.nlm.nih.gov/books/NBK554566/

	Bedside and laboratory diagnostic testing in myasthenia
	Abstract
	Introduction
	Bedside tests
	Antibody tests
	Anti-AChR antibodies
	Anti-MuSK antibodies
	Anti-LRP4 antibodies
	Anti-striated muscle antibodies
	Combinations of antibody tests for different epitopes

	Repetitive nerve stimulation (RNS)
	Decremental conduction in myasthenia gravis

	Electromyography (EMG)
	Jitter in myasthenia
	Single-fibre EMG (SFEMG)
	Concentric needle (electrode) for SFEMG (CEMG)

	Comparisons of RNS and SFEMG in patients with different antibodies
	Sensitivity and specificity of different neurophysiological tests
	Prognostic value of neurophysiological tests

	Provocative tests
	Ocular vestibular-evoked myogenic potentials (oVEMP)
	Otoacoustic emissions
	Circulating miRNAs
	Genetic testing for congenital myasthenic syndromes
	Proposed scheme for testing for myasthenia in adults
	Conclusion
	References




