Chapter 10

The Use of Stimulated EMG in the Diagnosis
of Neuromuscular Junction Abnormality

Matthew Pitt

Introduction

Despite the increasing availability of gene panels, an accessible and cost-effective
genetic screen for children with myasthenic conditions remains elusive for many
clinicians. The number of genes associated with the condition increases yearly
[1-13]. The clinical manifestations are so protean that it is very likely that without
some direction by neurophysiological testing a large number of children will be
screened unnecessarily. Of the different tests available repetitive nerve stimulation
will be discussed in another chapter and has its proponents. However, it is not
always sensitive, especially for certain diagnoses such as ocular myasthenia gravis,
and when performed to its greatest extent uncomfortable for many children [14].
Performing it under general anaesthesia is a considerable undertaking and usually
not necessary. Single fibre EMG (SFEMG) is a technique developed by Erik
Stalberg in the 1970s that detects excessive variations in neuromuscular transmis-
sion, termed “jitter”, among single muscle fibers. This test modality has higher sen-
sitivity than repetitive stimulation for disorders of the neuromuscular junction, but
has less specificity as increased jitter may be seen in other neuromuscular disorders.
In its purest form, namely with volition activating the potentials, SFEMG is really
technically impossible in children under 8 years of age consistently. It is true that on
occasion experts in the technique will be able to achieve it in a particularly coopera-
tive younger child but this is not a basis for universal application particularly if one
is hoping to develop a neurophysiological screening test for myasthenia. It is there-
fore necessary to talk about the use of stimulated techniques for producing poten-
tials that can be analysed. In most centres this would be called stimulated single-fibre
EMG (stimSFEMG) [15, 16] but this name is most probably a misnomer because
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even when studying a normal neuromuscular junction it is very difficult to be sure
that one is recording from single fibre potentials as opposed to small compound
motor potentials representing a few fibers. As the test becomes more abnormal,
reflecting abnormality of the neuromuscular junction, this becomes increasingly
impossible. The technique evolved in our department from the work of Dr. Payan
[17] using the “blanket technique” to reveal the components of a motor unit poten-
tial and by these means identify any instability that might be present. It was never
intended to be a single fibre assessment and was unequivocally distanced from clas-
sic single fibre methodology by the author. In its original form it was used qualita-
tively and was a very useful adjunct to pediatric EMG allowing identification of
likely abnormalities not only of the neuromuscular junction, but also other condi-
tions affecting the peripheral nervous system such as neurogenic disorders. The
technique lends itself very easily to quantification using peak detection algorithms
used for the single fibre recording, particularly around the normal range of responses.

To avoid any possible confusion with single fibre methodology and also to
remove it from the legitimate criticisms of proponents of traditional single fibre
methodology, our group calls the test “SPACE”, which is an acronym for Stimulated
Potential Analysis with Concentric needle Electrodes. Because it does not include
single fibre within its definition, SPACE is a neutral term and will be the focus of the
remainder of this chapter. Concentric needle electrodes (CNE) enter into the defini-
tion of SPACE because the neurophysiological world has been obliged to turn to
single use needles as a result of the discovery of prion disease, which cannot be
eliminated by autoclaving. Reusable needles can no longer be used, one example of
which is the single fibre electrode (SFE). Official SFE are quite costly, hence the
previous practice of autoclaving and reusing them. In contrast concentric needles
are significantly cheaper and are thus disposable. Until the price drops for single-
use single fibre EMG needles it is likely that the situation of using a CNE, usually
the facial needle with the smallest diameter, will continue for some time into the
future.

Methods

The technique of SPACE is well recognisable in the descriptions of stimSFEMG
and the important elements ensuring success of the technique will be summarised
here. One of the most important is how you prepare the parents and the child, if old
enough. It is very important that parents realise the importance of the condition that
we are attempting to identify. While it may be vanishingly rare with only 10 per
million of population affected [18], it is a condition that is treatable and should not
be missed as it is associated with significant morbidity and in some cases mortality.
If the parents understand the importance of the test and the reason you are doing it,
even if in all honesty it is unlikely to show an abnormality in nearly 90% of the stud-
ies, they are complicit in what follows. It is also very important to stress to the par-
ents that the technique when using local anaesthetic produces a minimal amount of
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discomfort, and therefore any distress that is displayed by the child is more likely to
be a reaction to the unfamiliar settings and people as discomfort. Ametop (active
ingredient tetracaine 4%) is the anaesthetic used in some centers in preference to
EMLA (active ingredients lidocaine 2.5%, prilocaine 2.5%) as the former is
approved for use in children down to the age of 1 month and has a more rapid onset
of action, reaching its maximum anaesthetic level at around 30 minutes. After appli-
cation over the orbicularis oculi (taking care not to expose the eye itself) and cover-
ing of the anaesthetic with an occlusive dressing the parents and child are sent away
for that period. On their return it is very important to wash the dressing off the face
as otherwise you may inadvertently pull the hair which may set the child on edge
and make future investigation difficult.

The studies are performed using any modern EMG machine, in our department
this is a KeyPoint. The filter settings for the recording are 3—10 kHz. The low-
frequency filter setting derives from the work of Dr. Payan, already mentioned,
which was the forerunner of the development of SPACE in our department. There
have been criticisms of using such a high low-frequency filter with recommenda-
tions that it should not exceed 1 kHz mainly because of the phenomenon of ringing
when potentials appear that are not real. In a study of normal subjects we were
unable to demonstrate this phenomenon and also identified the peak detection algo-
rithm showed no difference in the jitter measurements according to the low-
frequency filter setting [19]. The stimulus duration is set at 0.04 ms. Surface
electrodes are placed on the forehead as the earth (known as the ground in North
America) and just below the tragus as the indifferent (known as the reference in
North America). A monopolar stimulating electrode of 15 mm length and 30G
diameter (SpesMedicaS.r.I, Genoa, Italy) is inserted just above the midpoint of the
upper margin of the zygomatic arch (Fig. 10.1). The operator will press with the
digit of his/her non-dominant hand on the zygomatic arch and while the pressure is
being exerted place the needle just above it with the dominant hand. The Ametop
removes the sting from the insertion but not the pressure and disguising the insertion
with the pressure on the zygomatic arch is very effective. The needle is secured with
tape to avoid accidental injuries to delicate structures, and then stimulation applied
while slowly increasing the threshold to 1 mA. Looking for a twitch in the orbicu-
laris oculi, it is anticipated that this should be seen before the 1 mA stimulation
threshold is reached. If it is not the stimulating needle is repositioned and if this is
still ineffective the needle is removed and placed in a different point. It is crucial to
have the stimulation threshold below 1 mA as it means that the child does not expe-
rience any discomfort, and equally important the operator can be certain that the
needle is placed close to the nerve and can expect an “all or nothing response” to
increasing levels of stimulation. If any abnormality occurs this is then more likely
to be pathological than technical. Even saying this most of us when seeing abnormal
jitter or blocking will increase the stimulus further to be sure this is not a technical
effect. Usually the response, if your insertion technique has been good, is that the
abnormality remains in the potentials you identified but other potentials are
recruited, sometimes with normal jitter. Next the recording electrode, a concentric
needle electrode of the facial type (French gauge 30G) (Ambu A/S DK-2750
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Fig. 10.1 Position of the
stimulating and recording
electrodes when assessing
jitter in the left orbicularis
oculi

Ballerup) with a recording surface of 0.019 mm? is placed at the outer margin of the
eyebrow aiming at the ipsilateral hip and protecting the eye by placing the thumb of
the non-EMG hand into the corner of the orbit, lying gently over the eyeball.

The stimulation is given individually by single shocks gradually increasing the
intensity until waveforms are seen. The threshold is returned to O and the rate
increased to 10 Hz. Continuous low frequency repetitive stimulation is given until
the waveforms appear and continue until a screen full of potentials is recorded
which approximates to around 25 repetitions. The process is repeated with single
shocks being given with the needle moved slightly in order to obtain a different
population of potentials. When seen the process is repeated. The aim is to collect at
least 25 different potentials. The technique itself if everything goes smoothly will
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take less than 10 minutes although sometimes if there is difficulty identifying the
potentials it may take longer.

If no abnormality is found on SPACE, the study is followed by a routine nerve
and EMG study. Whatever the finding on the examination of the jitter it is important
to leave the needle in orbicularis oculi and get the children to contract the muscle to
see the interference pattern in the muscle. If the traces are abnormal this examina-
tion of the interference pattern in orbicularis oculi allows the determination of
whether there is neurogenic change, which is an important cause for abnormalities
of jitter and is associated with a bulbar palsy. If there is any doubt of the normality
of the interference pattern in orbicularis oculi, particularly if the jitter is abnormal,
it is obligatory to study the genioglossus, easily approached from the submental
route. Whatever the findings in all of the initial investigations, nerve conduction
studies and sampling of a peripheral muscle must be performed, the latter is particu-
larly important if a bulbar palsy is identified as it may demonstrate that the neuro-
genic changes are part of a widespread motor neuronopathy.

SPACE of orbicularis oculi may miss some of the limb girdle myasthenias and
particularly some of the more recently described disorders of N-glycosylation such
as GMPPB and DPAGT [20-23]. Reports so far have demonstrated significant
abnormalities on repetitive nerve stimulation of a peripheral muscle and if the jitter
is normal and this is the suspected diagnosis it is necessary to perform repetitive
nerve stimulation (RNS). RNS of the accessory nerve recording trapezius is very
well tolerated by many children and can be reliably performed.

Interpretation of Results

Our software package uses a peak detection algorithm. The work on filter settings
was performed using that algorithm and therefore what follows in the description
here may not apply to programs using an algorithm which is triggered by the slope
of the potential as this may be affected by the low-frequency filter settings. There
is good deal of debate as to what the potentials produced by stimulation of the
nerve or muscle represent [24-26]. It is for this reason that we have tried to distance
ourselves from strict single fibre methodology because the requirements for single-
fibre potentials to be accurately identified are necessarily extremely stringent and
very rarely met by the technique of SPACE. The number of potentials that can
safely be considered to be from a single fibre are very few indeed in most examina-
tions. Using the alternative term apparent single fibre action potentials (ASFAP)
[24] to cover this in many ways does not go far enough. Our technique is to use the
peak detection algorithm to identify the potentials by the algorithm set by the soft-
ware. If the study is normal and the peaks do not show much variation clearly the
peak detection algorithm will have little difficulty in identifying jitter. However,
sometimes several potentials may be seen with varying confidence as to their ori-
gin. Such a situation is shown in Fig. 10.2 where five potentials are seen none of
which would fulfil criteria for a single fibre potential but the measurement, albeit
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Fig. 10.2 Five potentials identified by the peak algorithm, none of which completely fulfill crite-
ria for single fiber potentials, all showing slight variations in shape or amplitude

inaccurate, does give you some indication of the degree of abnormality when com-
pared with normative data obtained from similar technique. Once the abnormality
becomes pronounced the abnormality on peak detection increases exponentially
and any linear relationship between degree of abnormality of the neuromuscular
junction and abnormality on jitter measurement can be discounted (Fig. 10.3).
When analysing the data as we increase the intensity from zero until the threshold
for individual potentials is reached there is a need to remove those first potentials
particularly as they may show some minor jitter until supramaximal stimulation is
achieved. Once this is done it is normally acceptable to use the measurements pro-
vided by the peak detection algorithm. The only time this is contested is if the program
is clearly picking up alternating peaks from a potential with two peaks. This is shown
in Fig. 10.4. It is possible to go through and identify those waveforms which only
focus on one peak, or more easily, discount that potential from your examination.

Normative Data

Early on in our departmental experience with the technique we formed the impres-
sion that the neuromuscular junction was extraordinarily mature with samples of
seemingly unaltered potentials appearing in children as young as 6 weeks of age
which were indistinguishable to the blinded observer from a child in their teenage
years. For this reason we used for a while the normative data obtained in stimulated
single fibre EMG or volition SFEMG with the correction factor applied (x0.8) [27]
in normal adults [24, 28-34] . With E-norm methodology, which extracts the nor-
mative data from laboratory attendances we have been able to confirm the jitter
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Fig. 10.3 A severely abnormal recording in a 20 month female with proven COLQ-associated
congenital myasthenic syndrome illustrating that in some cases accurate estimation of jitter, other
than having been identified as abnormal, is not always possible

.2 mv/D 1ms/o

Fig. 10.4 An algorithm induced abnormality with a peak detection algorithm is identifying differ-
ent peaks from a potential, which has a double peak, with the arrows showing, when the second of
the two peaks are chosen

measurements in older children are indeed very similar to adults [35]. From a cohort
of 600 cases, we derived an upper limit of normal of 26 ps for the mean jitter for
children 2 years of age and older. More detailed analysis of the group under 2 years
of age suggested that while some may have extraordinarily mature neuromuscular



130 M. Pitt

junctions this state is by no means the rule and we therefore found that under 1 year
an upper limit of the mean jitter was 45 ps decreasing in the next year to 33 ps with
the adult level being reached at 2 years of age [36]. Our results are calculated as the
mean consecutive difference index or MCD-I which is calculated as the value
obtained divided by the upper limit of normal.

Results

There are few if any centres that have much experience of the use of this technique
in children, which is inexplicable, and whilst there have been a few papers [37, 38]
reporting results in limited numbers of subjects our experience is unique. For a
period of time certainly from around 1997-2007 our attempts to perform the tech-
nique were often greeted by failure and the numbers done per year were very few
(Fig. 10.5). Sometimes a maximum of only ten would come through our department
in a year. However, after that time possibly related to changes in technique such as
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Fig. 10.5 Figures of the number of SPACE examinations since 1997. The open squares are those
cases in which the study failed, the light grey those in which the test was abnormal and the dark
grey those in which the test was normal
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using shorter stimulating electrodes, which did not need to be held in position and
also the more frequent application of local anaesthetic we saw an exponential
increase in the number of cases, which are now at around 120 per year. A recent audit
of our experience from 7 July 2007 to 8 February 2016 identified a total of 878 inves-
tigations, 501 boys and 377 girls [39]. The mean age was just over 5 years (66 months)
but was skewed towards the younger age group with the median 46.5 months. Our
hospital is a tertiary referral centre and because of this 114 cases were lost to follow-
up. Many of these were from overseas often attending for one visit only. In this group
23 had an abnormal MCD-I ranging between 101 and 294% with 10% of them hav-
ing MCD-I significantly elevated, defined as greater than 125%. A further group of
104 patients had not completed their investigations and were excluded from the
analysis. Thirty six of these had a raised MCD-I, 25 of which were greater than
125%. The remaining cohort was 660 children in whom a diagnosis had been made
or neuromuscular abnormality had been ruled out by a neuromuscular specialist.

Diagnoses

The diagnosis of myasthenia was considered definite if an associated genetic abnor-
mality was identified or antibodies against the acetylcholine receptor or the MuSK
protein had been identified. A further category of probable myasthenia was included
in which the diagnosis of myasthenia was felt to be highly likely based on examina-
tion by a neuromuscular specialist with additional support from response to pyr-
idostigmine. Ninty four patients had a diagnosis of myasthenia and these are shown
in Table 10.1 along with other causes of NMJ abnormality such as botulism, when
persistence of neuromuscular blocking agents (NMBA), bringing the total to 106.

Table 10.1 Primary disorders of the NMJ with number having normal MCD

Number having normal

Diagnosis Number | MCD
AIMG (anti-MuSK n = 2) 23 2
DOK 7 15 0
COLQ 9 1
CHRNE 4 0
Rapsyn 3 0
CHRNG 3 1
Slow channel syndrome 2 0
GFPT1 2 0
GMPPB 7 5
Agrin 1 0
Probable myasthenia gravis or congenital myasthenic 25 6
syndrome
Botulism 9 2
NMBA 3 0

106 17
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Table 10.2 Non-primary NMJ disorders with number having abnormal MCD and the range of
abnormal MCD-I

Number having Abnormal MCD range as
Diagnostic grouping Number | abnormal MCD MCD-I
Neurogenic disorders
Bulbar palsy 84 34 102.4-248.5
Cranial neuropathy 22 9 120.5-349.2
Generalised motor 70 18 105.8-264.4
neuronopathy
Neuropathy 8 5 115.0-240.7
Myopathic disorders
Specified myopathy 75 24 101.9-364.4
Non-specified myopathy 111 28 101.2-290.8
Mitochondrial disease 13 4 104.2-166.9
Unspecified, likely musculoskeletal
Chromsomal defect 11 7 117.7-212.3
Chronic fatigue 4 0
Congenital ptosis 10 0
Ligamentous laxity 28 3 111.9-136.2
Others
Central (including functional) 16 0
Miscellaneous 30 5 110.4-138.1
No neuromuscular 60 17 103.1-140.8
abnormality
Prader-Willi 6 4 114.7-161.8
Syndromic 6 0
Totals 554 158

In 554 alternative diagnoses were made (Table 10.2). The diagnoses were made
with combination of clinical assessment, genetic, histopathological and other ancil-
lary investigations. The diagnosis of a neurogenic abnormality was felt to be secure
on neurophysiological grounds only. A proportion of these other cases had abnor-
malities of jitter and the range of that abnormality as an MCD-I is also shown.

Analysis of Test Parameters

Analysis showed sensitivity 84%, specificity 71%, negative predictive value 96%,
and finally positive predictive value 36%. Certain subgroups within this cohort are
worthy of additional comment. The sensitivity for the diagnosis of myasthenia was
a little reduced, when compared to other studies [31, 40—42] but this was influenced
by such cases as the five patients with GMPPB mutations, who are known not to
have abnormalities of jitter when testing orbicularis oculi [21]. When looking at
figures for sensitivity for the diagnosis of myasthenia gravis our figures (91%
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sensitivity) are comparable with other studies. The two cases of autoimmune
myasthenia gravis (AIMG) where autoantibodies had been demonstrated but no jit-
ter abnormality was present included one patient in whom the abnormality appeared
to be restricted to the ocular muscles. Amongst those patients with alternative diag-
noses to myasthenia but abnormalities of jitter, the most important are those with
neurogenic abnormalities and these were either isolated bulbar palsies or gener-
alised motor neuronopathies. In the age group of under 2 years of age an isolated
bulbar palsy as a reason for the apparent jitter abnormality was more common than
myasthenia. If these cases, that is the generalised and bulbar motor neuronopathies,
are removed from the analysis of test parameters the specificity is improved to 74%
and the positive predictive value to 46%, with no alteration to sensitivity. The final
group of interest are those are patients with myopathies either specified or non-
specified in whom a proportion have been shown to have jitter abnormalities. What
is emerging is that there are certain myopathies that do seem to have an associated
neuromuscular transmission disorder and determining whether the condition is one
of these or whether the myopathic changes are from the severity of the myasthenic
syndrome can be a very difficult in practice [43—45] . As a rough guideline most
myasthenics, with the exception of DOK7 mutations, which may show patchy
change, usually show severe abnormalities of jitter.

Discussion

SPACE is an imprecise and rather inelegant technique, which must be clearly delin-
eated from the volitional single fibre EMG, which must be considered the gold
standard for the diagnosis of neuromuscular junction abnormalities. However,
whatever the criticisms that can be levelled at the former, it is highly practical and
applicable in children and it is better to have an imperfect technique that you can do
rather than a perfect technique that you cannot. While the author could additionally
be criticised in calling this anything other than stimulated single fibre EMG, there is
a strong feeling that the identification with single fibre methodology has led to the
technique being resisted in its more widespread application in children. It evolved
not only from single fibre methodology in particular use of peak detection algo-
rithms but also from the “blanket technique” as a very useful technique for analys-
ing the components of the motor unit potential [17]. The discoverer of the “blanket
technique” was adamant when he described it that this was not single fibre method-
ology and our group would certainly agree.

With attention to some of the details given here it is possible to perform the tech-
nique in most conscious children of any age. Resort to general anaesthetic is very
rarely needed and is to be resisted as it prevents the all-important EMG examination
of bulbar and limb muscles taking place in the same attendance. The technique itself
is quickly performed and we have shown that its results are to be trusted. It has
formed an important part of the examination of children with hypotonia in our
hospital with clinicians using it freely to examine those difficult cases in which
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myasthenia has not been excluded. The high negative predictive value is of particu-
lar importance in this subgroup. As a rule if the jitter abnormality is highly abnormal
and a neurogenic abnormality has been excluded it has been our experience that the
most likely cause is a myasthenic syndrome rather than a myopathic process with
secondary neuromuscular junction changes. In the cases where the jitter is elevated
but perhaps not very significantly, less than 115% [39], most clinicians would still
arrange for a muscle biopsy while screening for some of the more common myas-
thenic conditions.

Further work that is needed in the development of this technique is to determine
the normal range in the very youngest babies, under 3 months of age, for example.
Most congenital myasthenic conditions are symptomatic from birth and to have a
test that can identify these patients early on in the course of their disease, at a time
when they are perhaps the most vulnerable from the consequences of serious associ-
ated symptoms, such as episodic apnoea, would be very useful. Additionally, but
certainly not likely to find a solution in paediatric practice, refinement of this tech-
nique such that one could restrict the number of fibres stimulated and thus enable
the indisputable identification of single fibre potentials, is awaited eagerly.
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