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Objective: To measure the jitter parameters in muscles with denervation/reinnervation in 32 chronic
radiculopathy cases.
Methods: Measurements were done in chronic denervated muscles by voluntary and electrical activation
using a concentric needle electrode.
Results: Mean jitter was abnormal in 87.5% (mean 49.2 ms) and 81.25% (mean 36.8 ms), for voluntary and
electrical activation. In muscles with fibrillation potentials (FPs), the mean jitter was abnormal in all
cases, and impulse blocking was frequent (53.4–92.3%). In muscles without FPs, the mean jitter was
abnormal in 78.9% for voluntary activation and 68.4% for electrical activation. No correlation was found
between jitter and motor unit action potential amplitude.
Conclusion: The muscles with FPs were associated with the immature spread of acetylcholine receptors
(AChRs) throughout the muscle membrane. Conversely, the neuromuscular junctions (NMJs) assemble
may be repressed by the already reinnervated muscles. For those, higher jitter may be due to the persis-
tence of atrophic fibers expressing neonatal myosin heavy chain (MHC) and immaturity of NMJ compost-
ing instead of the overspread of immature AChRs.
Significance: Jitter measurement must be avoided in chronic denervated muscles, regardless of FPs’ pres-
ence. The activity of reinnervated muscle could maintain neonatal MHC and repress new NMJs
development.
� 2020 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The neuromuscular junction (NMJ) comprises of three struc-
tures: the nerve terminal, the motor endplate covered in acetyl-
choline receptors (AChRs), and peri-synaptic Schwann cells (SCs),
that sheathes the unmyelinated nerve terminal and synapse
(Vannucci et al., 2019). This sophisticated machine performs the
transmission of the action potentials (APs) from nerve to the mus-
cle. Single-fiber electromyography (SFEMG) studies the neuro-
transmission microphysiology in vivo and is currently performed
in clinical practice (Stålberg et al., 2010). The APs from the periph-
eral motor neuron triggers the endplate potentials (EPPs), which
have some normal time variability to achieve threshold to generate
muscle fiber APs. This time could be measured as the neuromuscu-
lar jitter (Juel, 2019). Accordingly, increased jitter with or without
impulse blocking indicates an NMJ disfunction. After lower motor
nerve damage causing Wallerian degeneration, motor axons can
reinnervate to the original NMJs, either by outgrowth or collateral
sprouting. In many aspects, this process seems like the NMJ forma-
tion during development (Favero et al., 2010).

During embryogenesis, immature NMJs are formed after the
muscle fibers appear, and are transiently innervated by many
motor neurons (Slater, 2019). At this step, all muscle fiber surface
area is covered by AChRs and, the motor axons form a morpholog-
ically unspecialized but functional contact (Kandel et al., 2013).
The immature AChR has a 2 to 10-fold longer mean channel open-
ing time, lower conductance, shorter half-life (1 day), and higher
sensitivity to the agonist’s acetylcholine (ACh) compared to the
mature form. Both the quantal content and the miniature endplate
potentials (mEPPs) frequency are excessively low (Jansen and
Fladby, 1990, Kaya et al., 2014, Slater, 2008, Shear and Martyn,
2009, Kandel et al. 2013, Kramer et al., 2017). At this time, the
muscle fibers have a small caliber, a high input resistance and little
current is required to reach the AP threshold, resulting in a more
significant depolarization per unit charge. Also, the immature
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NaV1.5 form requires less depolarization to trigger an AP. So, even
with poly-innervation and immature NMJs, motor neurons can
trigger muscle fibers contraction (Slater, 2008).

Immature AChRs express a(2), b, d and, c subunits or a7-
subunits. After birth junctional folds begin to form in the postsy-
naptic membrane and AChRs are clustered at the junctional area,
mainly at the crests of the folds; the c subunit is replaced by an
e subunit (Slater, 2008, Kandel et al., 2013, Bittner and Martyn,
2019). The process of AChRs clustering depends on nerve matura-
tion and, therefore, at this stage, the ‘‘synapse elimination” takes
place and, just one motor axon remains (Wilson and Deschenes,
2005, Slater, 2019). AChRs clustering depends on agrin cascade;
it is released by the nerve and subsequently binds the LRP4 recep-
tor on the muscle membrane to activate the muscle-specific recep-
tor kinase (MuSK) (Kandel et al., 2013). The NMJs cannot be
assembly if the agrin or its receptor MuSK/LRP4 complex and the
intracellular adaptor proteins, Rapsyn and Dok-7, fail to express
(Kandel et al., 2013; Legay and Lin, 2017). Terminal SCs are found
closeness to the motor nerve terminals and are active during devel-
opmental ‘‘synapse elimination” to stimulate nerve growth. They
wrap the terminal unmyelinated nerve and express trophic, adhe-
sive, and growth-associated factors during NMJ development (Lee
et al., 2017; Liu and Chakkalakal, 2018).

Immature AChRs express a(2), b, d and, c subunits or a7-
subunits. After birth, junctional folds begin to form in the postsy-
naptic membrane. The terminal branches of the motor axons
expand, and after the first few weeks, the NMJ changes from
‘‘plaque” (immature) to ‘‘pretzel-like” (mature) conformation. From
that on, the NMJ structure remains stable (Wilson and Deschenes,
2005, Slater, 2019) and locates just in the endplate region; the pat-
tern of single innervation persists for a lifetime (Lichtman and
Sanes, 2003). The single motor neuron innervation pattern
increases the quantal content (Slater, 2008). Laminins are mole-
cules essential for fold formation, and, specifically, the laminin b2,
found at the basal lamina of NMJs, plays an essential role in NMJ for-
mation.Mice bornwithout laminin b2 never develop folds and have
a much-reduced number of active zones (Slater, 2017). The struc-
tural maturation of the NMJ is complete 3–4 weeks after birth.

SFEMG can be used to follow the course of reinnervation and is
useful in detecting and quantitating axonal degeneration. The
mean jitter and percent impulse blocking parameters are always
abnormal and are closely related to the stage of denervation/rein-
nervation (Pond et al., 2014). Here, we studied jitter parameters
from patients diagnosed as chronic radiculopathy with a demon-
strable neurogenic pattern of the motor unit action potentials
(MUAPs) with and without fibrillation potentials (FPs).

2. Methods

2.1. Patients

Thirty-two adult patients of both sexes were recruited and
invited to participate in the study. All cases had previous non-
quantitative electromyography (EMG) examination carried out at
the Neuromuscular Diseases and Electroneuromyography Service
of the São José do Rio Preto State Medical School, São Paulo, Brazil
(FAMERP). The test showed MUAPs with morphological abnormal-
ity compatible with chronic reinnervation (higher amplitude and
duration, decreased recruitment, and increased firing rate without
full interference pattern) with or without FPs. For the practical rea-
son for data analysis, we are going to use just the amplitude values.

A portableKeypoint electromyographymachine (Medtronic, Den-
mark) was used in all cases. Patients were referred to the EMG eval-
uation with suspected chronic radiculopathy, and some had
previous surgery for the cervical or lumbosacral spine. All cases
are under follow-up in the specific orthopedics or neurosurgery out-
patient clinics. Theelectrophysiological consultationwasperformed
by a Clinical Neurophysiology and Neurology Board-Certified doc-
tor. Theclinical datawere collected fromtheEMGreport summaries.
Details on surgery, medication in use, and comorbidities were
obtained from the hospital’s electronic medical records.

2.2. Single-fiber electromyography

The SFEMG test was done at the Neuromuscular Investigation
Laboratory (LIN) at the FAMERP by the first author (JAK). Both tech-
niques, voluntarily and electrically activation, were used to mea-
sure jitter parameters in the same muscle. A NatusTM Keypoint-Net
(USA) or NatusTM UltraPro (USA)machine, which an in-built software
specifically developed for SFEMG, was used. Before the SFEMG
study, a conventional non-quantitative EMG was done in the cho-
sen muscle to confirm the neurogenic abnormalities described
above. When more than one muscle presented neurogenic abnor-
malities, the most affected was chosen, provided that there was
no difficulty in voluntary activation (e.g., plegia or severe paresis).

The measurement of jitter parameters by voluntary activation
was done using disposable concentric needle electrodes (CNE) of
two brands: Ambu� Neuroline Concentric, 25 mm � 0.30 mm (30G),
recording area 0.02 mm2 and, NatusTM Dantec� DCN Disposable Con-
centric Needle Electrode, 25 mm � 0.30 mm (30G), recording area
0.02 mm2. Both electrodes are routinely used and approved by
the Brazilian Agency for Health Surveillance (ANVISA). The CNE
was introduced into the chosen muscle. After minimal maintained
voluntary contraction, the single fiber action potentials (SFAPs), or
more appropriately, the ‘‘apparent single fiber action potentials”
(ASFAPs) were recorded. Due to the use of disposable CNE, with a
much larger recording area than the single fiber electrode, the
probability of recording spikes from two or more muscle fibers
increased. Thus, the term ASFAP is better for defining these poten-
tials. The low-frequency filter was set at 1 kHz to suppress the dis-
tant APs potentials from the CNE recording area, passing only the
APs with rapid rise time. Because the low-frequency filter reduces
the amplitude of APs, we accepted only the ones with a minimum
amplitude limit of 100 lV. Records were made after a minimum of
three CNE insertions with radial advancement into the muscle.
After slight movements of the electrode, a pair of ASFAPs was
recorded, with both potentials belonging to the same motor unit;
the trigger was put to the higher amplitude spike to get the tempo-
ral variation on the second smaller spike.

In cases where multispikes recorded, if the triggering spike has
the largest jitter, this will increase all the jitter calculations, giving
entirely erroneous results (Stålberg et al., 2017). So, the spike that
produces the lowest summed jitter between spikes should be cho-
sen as the time reference, and this was done during the post-
processing to select the triggering signal (Stålberg et al., 2017).
The jitter value was calculated by the mean consecutive differences
(MCD) for each pair, ideally for 100 pairs; in some circumstances,
given the difficulties in measuring jitter in neurogenic conditions,
we accepted a minimum of 30 pairs (Stålberg et al., 2018). The
MCD variation was calculated by the ‘‘amplitude level,” i.e., by
the temporal variation of the ascending lines of depolarization of
the ASFAPs. Acceptable potentials were based on the criteria estab-
lished in the literature (Sanders et al., 2019), as follows. Parallel
depolarization ascending lines, similar shape in the superimposi-
tion of potentials, absence of summation characterized by notches
and shoulders in the APs depolarization lines, and a regular peak of
the APs. Small amplitude variation was tolerated. We excluded
ASFAP pairs without clear separation between them, records with
less than 30 ASFAP pairs, ASFAP pairs with interpotential interval
(IPI) greater than 4 ms to avoid the effect of velocity recovery func-
tion (VRF), or when the shape of potentials did not remain constant
in consecutive discharges.
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The classic SFAPs present rise-time <300 ls and the same
shape/amplitude in consecutive discharges, reliable confirmed in
the superimposition of at least ten potentials. Action potentials
pairs must have a clear baseline separation. The test conclusion
was defined by the average of 20 different MCDs for the reference
value of 30 ls (Stålberg et al., 2016). Although the multicenter
study for the new reference values for CNE jitter parameters did
not contemplate large muscles other than the Extensor Digitorum,
we use its reference for the Triceps, Tibialis Anterior, Medial Gastroc-
nemius, Vastus Lateralis, and Rectus Femoris muscles. The mean
value of the sorted differences (MSD) was also obtained, which cal-
culates the consecutive differences according to the spike pairs’
frequency of discharge. When the inter-discharge interval (IDI)
variation is irregular, there may be interference due to the VRF
effect. When MCD/MSD ratio is higher than 1.25, MSD is used.
Mean jitter values higher than 150 ls were fixed at this value to
minimize the bias due to the VRF effect. The higher the jitter, the
greater the impulse block’s probability, consequently further artifi-
cially adding jitter. The other way for the test conclusion is the per-
centage of the individual MCDs above the reference limit (43 ls).
When more than 10% of the ASFAP pairs, i.e., at least 3 out of 20,
have values higher than 43 ls, the test was abnormal. The skin
temperature was maintained at more than 30 �C.

The measurement of jitter parameters by electrical activation
was done using the intramuscular microaxonal stimulation tech-
nique. Disposable monopolar needle electrode (Ambu� Monopolar
Neuroline, x 0.36 mm (28G), AMBU A/S (DK-2750 Ballerup), 25 mm,
was introduced into the muscle near the motor point (active).
Another similar electrode (reference) was introduced 2–3 cm in
any direction, to the active electrode’s insertion site, following
standards already described (Trontelj et al., 1986, Kouyoumdjian
and Stålberg, 2008). The stimulation frequency was settled to
10 Hz. The stimulation intensity (mA), in the form of square pulses
of 0.04 ms, was adjusted to produce small visible local muscle
twitching, usually achieved with intensity less than two mA. The
same disposable CNE described previously was inserted in the area
of visible muscle twitching and a subtle manner adjusted for the
registration of the ASFAPs. During the ASFAP recordings, the inten-
sity of stimulation was finely adjusted to avoid submaximal stim-
ulation, giving rise to jitter falsely increased with or without
impulse block. Maximum stimulation was achieved when there
was no further AP’s latency reduction (latency stability), frequently
associated with new ASFAPs recruitment, subliminal to the first
one. The MCD of the latencies is ideally obtained with 100 poten-
tials. As stressed before, in some records, 30 ASFAPs were accepted
due to difficulty obtaining them in the presence of active denerva-
tion/chronic reinnervation (Stålberg et al., 2018). The frequency at
10 Hz is the one that most closely approximates the physiological
one. The recording electrode was introduced into different muscle
regions to minimize the recording of the same potentials. Thirty
MCDs of 30 different motor endplates were measured. The mean
jitter’s reference limit was defined to 24 ls (Stålberg et al., 2016).
The percentage of individual jitter with a value higher than 35 ls
(Stålberg et al., 2016), was also calculated. When more than 10%
of the individual values were greater than 35 ls, the test was
abnormal. We excluded jitter values less than five ms (direct muscle
fiber stimulation; no jitter), and care was taken to exclude ‘‘axon-
reflex” and f-waves (Stålberg et al., 2017). Other electrophysiologi-
cal parameters were the same as those already described in the
previous technique.

2.3. Exclusion criteria

a. A muscle with normal non-quantitative conventional EMG at
the time of SFEMG studies; b. Patients under 16 years of age; c.
Patients that cannot maintain minimal voluntary contraction; d.
Patients in use of anticoagulants; e. Patients with other neuromus-
cular comorbidities causing active denervation and chronic rein-
nervation (e.g., amyotrophic lateral sclerosis, polio-like sequelae,
or traumatic peripheral nerve injuries).

2.4. Ethics

The study was in accord with the Helsinki Declaration of 1975
and approved by the ethics committee of the Faculdade de Medic-
ina de Sao Jose do Rio Preto, Sao Paulo, Brazil, where the SFEMG
studies were performed. All patients signed informed consent.

2.5. Statistics

Descriptive statistics: mean and standard deviation values were
calculated for data with normal distribution; median and per-
centiles values were calculated for data with the non-Gaussian dis-
tribution. Anderson-Darling normality test was used. The
comparison between the continuous parametric variables was
made by Pearson correlation (Student’s t-test). The comparison
between the continuous nonparametric variables was made by
the Mann-Whitney test (U test). To measure the linear association
between two variables, a correlation of r (R-Sq.) was used, with
r = 1 (R-Sq. = 1) or 100% represents the perfect linear association
and r = 0 (R-Sq. = 0), represents no association between the vari-
ables. The significance level was placed at 95%. The software Mini-
tab� was used for statistical evaluations, and p < 0.05 was accepted
as the limit of significance.

3. Results

3.1. Patients

The mean age was 52.4 ± 10.6 years (32 to 74 years); the male
was 17 (53.1%). The muscles studied were Tibialis Anterior
(17/32), Triceps (7/32), Medial Gastrocnemius (4/32), Vastus Lateralis
(3/32), and Rectus Femoris (1/32), representing mostly involvement
of roots L5, C7, S1, and L3-4, respectively. In some patients, where a
multiradicular abnormality was found, only one of the affected
muscles was chosen. There was a prior surgery (laminectomy with
discectomy) in 15 patients (46.9%), with arthrodesis (vertebral
fusion) in 66.7%. Nineteen patients (59.4%) used at least one of
those drugs: gabapentin, pregabalin, opioids, or other classes of
continuous-use medications for chronic pain. There were 3 cases
with diabetes mellitus type 2 for less than four years from diagno-
sis; in none of these cases, there was clinical or electrophysiologi-
cal evidence of peripheral neuropathy.

3.2. Electromyography

In 13 cases (40.6%) the conventional non-quantitative EMG
detected FPs subjectively ranked from 1 (rare) to 4 (profuse),
reflecting active denervation. Motor unit action potentials with
increased amplitude, duration, and some polyphasic were recorded
in all cases, reflecting chronic reinnervation by distal or collateral
sprouting. The MUAPs mean amplitude was 9.8 mV ± 3.46, ranging
from 4.5 to 20 mV.

3.3. Single-fiber electromyography

In all cases, the mean MCD value was used. The mean jitter by
voluntary activation was abnormal (>30 ls) in 87.5% (Table 1,
Table 2, and Fig. 1). The mean jitter by electrical activation was
abnormal (>24 ls) in 81.3% (Table 1, Table 2, and Fig. 1). The com-
parison of the mean jitter from both activation techniques is



Table 1
Mean and individual jitter values from 32 muscles from patients with chronic radiculopathy presenting neurogenic motor action unit potentials with or without fibrillation
potentials.

Activation n Mean SD Median Range t-test Mann-Whitney

Mean jitter Voluntary 32 49.2 18.14 20.1–87.4 p = 0.0023
Electrical 32 36.8 12.63 15.9–61.5

Individual jitter Voluntary 640 42.4 9.2–150 p < 0.0001
Electrical 932 31.0 5.5–150

Table 2
Mean and individual jitter values from 32 muscles from patients with chronic radiculopathy presenting neurogenic motor action unit potentials splited into groups with and
without fibrillation potentials.

Activation n Mean SD Median Range t-test Mann-Whitney

Mean jitter without FPs Voluntary 19 38.8 12.96 20.1–64.2 p < 0.0001
Mean jitter with FPs Voluntary 13 64.5 13.15 39.7–87.4

Mean jitter without FPs Electrical 19 30.8 11.57 15.9–56.4 p < 0.0004
Mean jitter with FPs Electrical 13 45.7 8.29 32.5–61.5

Individual jitter without FPs Voluntary 380 32.8 9.2–150 p < 0.0001
Individual jitter with FPs Voluntary 260 57.9 9.9–150

Individual jitter without FPs Electrical 542 25.6 5.5–150 p < 0.0001
Individual jitter with FPs Electrical 390 37.8 8.2–150

Fig. 1. The individual jitter parameter plot for voluntary activation (87.5%
abnormal), and electrical activation (81.3% abnormal) through the two criteria:
mean jitter increase (line) and more than 10% abnormal for individual jitter value
(line).

Fig. 2. The individual mean jitter values plot for comparison through voluntary and
electrical activation in the same muscle from 32 patients with chronic radiculopa-
thy is shown. All muscles had motor action unit potentials with increase amplitude
and long duration with or without fibrillation potentials.

Fig. 3. The individual mean jitter correlation between voluntary and electrical
activation in the same muscle from 32 chronic radiculopathy patients is shown. All
muscles had motor action unit potentials with increase amplitude and long
duration with or without fibrillation potentials. As long as the jitter increased, the
correlation is dispersing due to the complex spikes difficult for jitter measurement.
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shown in Fig. 2. In only one case (electrical activation), the recom-
mended 30 ASFAPs were not reached due to technical difficulties.
In all cases registered by voluntary activation, the target of 20
ASFAPs per patient was reached. In both forms of activation, the
same abnormal proportion (87.5% for voluntary and 81.3% for elec-
trical) was found for individual jitter, i.e., more than 10% values
above 43 ls (voluntary activation) and more than 10% above
35 ls (electrical activation). The percentage of blockade found in
voluntary and electrical activation was 53.1% and 37.5%, respec-
tively. The ratio between mean jitter by voluntary/electrical activa-
tion was 75.9% (Fig. 2), and the higher the mean jitter value, the
more dispersed was the correlation between the two activation
techniques (Fig. 3). The jitter parameters (mean and abnormal per-
centage of individual values) were abnormal in all (100%) patients
with FPs, regardless of the activation technique. The comparison of
cases with and without FPs in either type of activation was extre-
mely significant (Table 2, Fig. 4). The correlation between the
MUAPs’ amplitude values obtained in the conventional EMG and
the jitter values was r (R-Sq.) = 13.8% for electrical activation and
r (R-Sq.) = 8.7% for electrical activation, both non-significant. There



Fig. 4. The individual mean jitter plot for comparison in muscles with and without
fibrillation potentials (FPs) after voluntary and electrical activation from 32 chronic
radiculopathy patients is shown. All muscles with FPs had abnormal mean jitter.
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was no statistically significant correlation between the subjective
quantification (ranking) of the number of FPs and the mean jitter
values. Some recordings with increased jitter by voluntary activa-
tion are shown in Fig. 5. Fig. 6 shows a typical neurogenic recording
with many spikes appearing and disappearing together by increas-
ing and decreasing the stimulus intensity.
4. Discussion

4.1. Reinnervation

Neuromuscular junctions regeneration occurs more rapidly
when compared to the original development (Slater, 2008). One
week after nerve injury (Wallerian degeneration), the presynaptic
NMJ structures and nerve terminal axons disappear (Wu et al.,
2014). Soon after denervation, ACh shifts throughout the mem-
brane, and this extrajunctional ACh sensitivity is the most striking
finding in denervation (Schiaffino et al., 1988, Wilson and
Deschenes, 2005). The immature AChRs are upregulated within
Fig. 5. Four jitter recordings by voluntary activation and triggered by amp
hours being a hallmark after denervation. In a few days, they
spread throughout the muscle membrane allowing many motor
axons growing (poly-innervation) to depolarize the muscle fiber
membrane (Slater, 2008, Shear and Martyn, 2009, Kandel et al.,
2013, Kaya et al., 2014, Wu et al., 2014, Slater, 2019). The immature
NMJs structure is unstable and has a fast turnover of 1 day, charac-
teristic of those containing a c- rather than an e-subunit (Wu et al.,
2014). The quantal content is low, and the evoked release is sensi-
tive to blockers of both Ca++ channels, P-type (normal), and L-type
(immature). Due to the reduced acetylcholinesterase (AChE) activ-
ity, the ACh released is more effective. Few weeks after successful
reinnervation, the quantal content increases to near normal (Slater,
2008). Fibrillation potentials found in EMG represent the APs of
single muscle fibers that fire spontaneously in innervation absence
(Willmott et al., 2012, Wu et al., 2014, Rubin, 2019). Fibrillation
potentials probably are due to immature expression of AChRs
along the muscle membrane and, are highly correlated to the
immature atrophic fibers (Liu and Chakkalakal, 2018, Naddaf
et al., 2018). Regenerating axons outgrow to the original synaptic
site occurs if their endoneurial tubes are kept. When it successfully
occurs, the average muscle fibers number in the motor unit is
maintained (Stålberg et al., 2010, Liu and Chakkalakal, 2018). Rein-
nervation by sprouting occurs from the terminal axons or nodal
region. Collateral neurites grow from the intramuscular intact
axons. In this form of reinnervation, the average muscle fibers
number in the motor unit increases considerably (Brown et al.,
1981, Tam and Gordon, 2003, Stålberg et al., 2010). Axons reinner-
vate the original endplate sites even without muscle fibers due to
signalization by the basal lamina components (Slater, 2008, Favero
et al., 2010, Kandel et al., 2013). The guidance for axonal sprouting
is the SCs and, its reexpression number peaks at one week after
denervation (Brown et al., 1981, Slater, 2008, Wu et al., 2014, Lee
et al., 2017). Due to muscle atrophy, the mean muscle fiber con-
duction velocity (MFCV) decreases from the mean normal 3.7–
1.96 m/s (Dumitru and King, 1999, Cruz-Martínez and Arpa,
1999, Wu et al., 2014). As soon as 16 days after denervation, regen-
erating muscle fibers appear as small size diameter expressing
neonatal myosin heavy chain (MHC) isoforms. After the muscle
fiber reinnervation, repression of the immature AChRs in extrasy-
naptic regions and the neonatal MHC occur (Cerny and Bandman,
litude level. All jitter values are increased without impulse blocking.



Fig. 6. A typical neurogenic recording after collateral or distal sprouting increased
the number of muscle fibers in the same motor unit. See that all four spikes appear
and disappear together by increasing and decreasing the stimulus intensity.
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1987, Schiaffino et al., 1988). In neurogenic muscle biopsies, some
small fibers or groups of small fibers, express neonatal MHC, prob-
ably due to lack of innervation, reflecting regeneration induced by
denervation, and arrest in maturation (Dubowitz et al., 2013).

4.2. Normal adult function

As pointed out before, the motor axon loses its myelin sheath
and branches to form the presynaptic nerve terminals covered
and insulated by the SCs (Slater, 2008, Bittner and Martyn, 2019).
The nerve terminal contains vesicles clustered in the active zones,
to be released when the motor nerve AP elicit the opening of
mature P-type voltage-gated calcium channels (Kaya et al., 2014,
Bittner and Martyn, 2019, Juel, 2019). Exocytotic ACh release is
mediated through calcium-dependent interactions between SNARE
(soluble N-ethylmaleimide-sensitive factor attachment receptor)
proteins, synaptobrevin on the vesicular membrane, and,
syntaxin-1 and synaptic vesicle-associated protein-25 (SNAP-25)
on the presynaptic nerve terminal membrane (Bittner and
Martyn, 2019, Juel, 2019). The muscle surface has crowded areas
of mature AChRs in the crest of the folds. Mature NaV1.4 channels
are found mostly at the bottom of the synaptic clefts and all over
the muscle membrane (Bittner and Martyn, 2019). A primary and
secondary synaptic vesicles release pools are located near active
release zone, and in the nerve terminal, respectively (Juel, 2019).
Acetylcholine is synthesized from choline and acetyl Co-A via cho-
line acetyltransferase. The amount of ACh released from one vesi-
cle (a quantum) triggers an mEPP that discharges spontaneously at
a frequency of about 1 Hz (Slater, 2008). Each vesicle contains
about 5000–10,000 ACh molecules enough to bind around
500,000 AChRs at the post-synaptic membrane (Bittner and
Martyn, 2019, Juel, 2019). Quanta of ACh represents the minimal
number of synaptic vesicles (approximately 50) needed to trigger
an EPP (Juel, 2019). As the quanta number released by each nerve
impulse is about 200, the safety factor is four times (Bittner and
Martyn, 2019; Juel, 2019). Mature AChRs are pentameric trans-
membrane proteins containing two a subunits and single b, d,
and e subunits. Binding sites for ACh are located on the two a sub-
units, and AChR channel opening requires binding both subunits
(Juel, 2019).

Compared to immature, mature AChRs have short open-time,
higher conductance, are more stable, less susceptible to degrada-
tion, and longer half-life (10–14 days), increasing the neuromuscu-
lar transmission (Wilson and Deschenes, 2005). When EPP is
elicited, it causes the voltage-gated NaV1.4 channels opening, thus
initiating an AP in the muscle fiber (Slater, 2008; Juel, 2019).
Acetylcholinesterase is anchored to the endplate basal lamina by
the acetylcholinesterase-associated collagen (COLQ) and inacti-
vates ACh. Approximately 50% of the released ACh is cleaved by
the AChE. Some amount also diffuses out of the cleft before it
reaches the AChRs. Those released after binding to the receptor
are destroyed almost instantly (<1 ms) (Shear and Martyn, 2009,
Bittner and Martyn, 2019, Juel, 2019).

4.3. Jitter parameters and denervation

The high jitter values in denervated muscles were caused by the
immature terminal nerves/endplates (Stålberg and Thiele, 1972,
Hakelius and Stålberg, 1974, Stålberg et al., 1975, Wiechers,
1990, Spaans et al., 2003, Stålberg et al., 2010, Pond et al., 2014).
The presence of neurogenic blocking (‘‘paired-blocking”), where
two or more spikes block together even without high jitter, and
the finding of activity-dependent conduction block, both signaling
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a neurogenic transmission failure not related to NMJ dysfunction,
are the supporting bases to this assumption (Stålberg and Thiele,
1972, Wiechers, 1990, Noto et al., 2011 Spaans et al., 2003).

The abnormal jitter here was equally found by the mean jitter
and the percentage of the abnormal individual jitter criteria,
87.5% for voluntary, and 81.25% for electrical activation. The rela-
tionship between the mean jitter obtained from voluntary to elec-
trical activation expected to be 71% (mean voluntary
jitter/

p
2 = mean expected stimulated jitter) was found 75.9%. In

another report using CNE, the relationship reported was 79% for
ED muscle. In both cases, the relationship was pretty close to our
findings (Kouyoumdjian and Stålberg, 2008).

Fibrillation potentials correlate to the NMJ regeneration stage
when extrajunctional acetylcholine sensitivity occurs. The over-
spread of immature AChRs on the muscle membrane is a corner-
stone for denervated muscles (Schiaffino et al., 1988, Wilson and
Deschenes, 2005, Kandel et al., 2013). The muscle fibers become
atrophic and reexpress neonatal MHC and, the mEPPs are ‘‘cropping
up everywhere,” waiting for innervation. After successful distal
sprouting reinnervation, FPs disappear, and the MUAP morphology
reshapes to the higher amplitude/long duration.

In this study, all muscles presenting FPs had abnormal jitter and
impulse blocking found in 92.3% for voluntary and 53.4% for elec-
trical activation. These findings were expected due to an NMJ
machinery immaturity signaling by the FPs. On the other hand,
muscles without FPs have 78.9%/69.4% abnormal mean jitter by
voluntary and electrical activation. We found a significant differ-
ence between mean jitter frommuscle with and without FPs; how-
ever, no correlation was found between mean jitter and the
subjectively ranking of FPs activity. Finally, there was no correla-
tion between abnormal jitter and MUAPs’ amplitude.

Although the abnormal jitter values were less in muscles with-
out FPs, we argued for its appearance in chronic reinnervated mus-
cles. The maintaining of the muscle activity is essential to keep the
AChRs’ maturation and stability, to repress the expression of
immature NaV1.5 channels, to limit axonal sprouting, and to
repress the perisynaptic SCs processes to bridge innervated and
denervated endplates (Tam and Gordon, 2003, Wilson and
Deschenes, 2005, Slater, 2008, Kandel et al., 2013). On the other
hand, muscle denervation and immobilization or botulinum
toxin/tetrodotoxin blocking induces the formation of sprouts of
the motor axon and establishes extrasynaptic contact all over the
muscle membrane (Tam and Gordon, 2003, Slater, 2017). When
successfully muscle reinnervation occurs, the return to almost reg-
ular activity could inhibit the reinnervation process in new dener-
vation muscle fibers. Also, it could maintain the atrophic muscle
fibers expressing neonatal MHC.

As a consequence of small diameter and immaturity, the MFCV
is reduced, adding jitter, and, as a consequence of muscle activity,
extrajunctional acetylcholine sensitivity and FPs do not occur. In
essence, we could speculate that a mixture of active mature rein-
nervated muscle fibers may repress the innervation of the atrophic
neonatal MHC fibers.

This study’s limitation is the absence of reported CNE jitter ref-
erence for some muscles barely studied for the neuromuscular
transmission suspicion disorders, such as Vastus Lateralis, Rectus
Femoris, Tibialis Anterior,Medial Gastrocnemius, and Tricepsmuscles.
We consider it not a significant problem since the parameter vari-
ation for the reference jitter values obtained through CNE is much
less than for SFE.

5. Conclusion

The jitter was abnormal in all muscles presenting FPs and, in
about 75% of muscles presenting neurogenic MUAPs without FPs.
Neuromuscular junctions regeneration resembles embryonic
development. The muscles with FPs correlated to the over-
expressed immature AChRs spread throughout the muscle mem-
brane. The already reinnervated muscles’ voluntary activity could
repress other NMJs assemble, and the persistence of atrophic fibers
expressing neonatal MHC may add jitter.
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