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1. Introduction

The Electromyography (EMG) is a neurophysiological technique for examining the electrical
activity of skeletal muscles. The source of electrical signal in EMG is the muscle membrane
potential. The muscle fibers innervated by the axonal branches of a motor neuron form a motor
unit (MU). The muscle fibers of each motor unit are intermingled with fibers of other MUs [1].
The summation of action potentials of MUs is called motor unit action potential (MUAP) [2].
The biosignal recorded from a muscle or its fibers reflects the anatomical and physiological
properties of the motor system. As such, EMG recording and analysis are powerful neuro‐
physiological techniques that can be employed to: a) identify the health status of the motor
system; b) localize and typify peripheral and central abnormalities and lesions; c) determine
the temporal course and the severity of motor system abnormalities, and d) determine and
evaluate the effectiveness of treatment strategies.

Muscle activity can be detected during resting state or during voluntary movement. In
addition, induction of compound action potential (CMAP) and motor evoked potential (MEP)
can be obtained by means of peripheral nerve stimulation (PNS) and cortical stimulation,
respectively. While PNS provides measurement of integrity of the peripheral motor system,
cortical stimulation through techniques such as Transcranial Magnetic Stimulation (TMS),
permit examining the integrity of the corticospinal tract.

Furthermore, the value of EMG recording as an Intraoperative neuromonitoring method has
been described since the late 1970´s [3]. To date, EMG recording is a useful technique to prevent
neurological damage during diverse surgical procedures.
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distribution, and reproduction in any medium, provided the original work is properly cited.



2. EMG recording techniques

EMG devices record the electrophysiological activity of MUs. EMG recordings can be per‐
formed by means of intramuscular (needle) or non-invasive (surface) electrodes.

2.1. Needle EMG (nEMG)

nEMG permits local recording from deep muscles by means of insertion of a needle electrode
into the muscle tissue. The needle insertion point is located by identifying anatomic landmarks
which may be confirmed through the proper contraction of the selected muscle. nEMG can be
used to assess individual MUs and has greater sensitivity and accuracy in the recording of
high-frequency signals such as different types of spontaneous activity [4].

However, nEMG has several limitations. First, it reflects the activity of only a small number of
active MUs whose fibers are close to the position of the detection site (not representative of all
the fibers in the MU, due to its small detection volume). An adequate sample is needed to
ensure adequate power (sensitivity and specificity) of the analysis of MUAPs. Moreover,
standard sample size is difficult in exploring small muscles [5]. Second, nEMG is painful
especially during muscle activation, and prolonged nEMG recording is not possible. In rare
cases, local trauma (e.g., pneumothorax) could occur during the examination of some delicate
regions [6]. Furthermore, nEMG is time and temperature sensitive. In this regard, the detected
signal in nEMG may vary as a function elapsed time from the onset of the nerve injury [7].
Since the temperature exerts a profound influence on neuromuscular transmission and
propagation of the action potential along the muscle fibers, a low temperature at the exami‐
nation area modifies the parameters and characteristics of the recorded signals [8].

2.2. Surface EMG (sEMG)

sEMG is a technique to measure muscle activity noninvasively using surface electrodes placed
on the skin overlying the muscle, and has several advantages. First, sEMG recording is pain‐
less, especially when used in the absence of peripheral nerve stimulation. Furthermore, sEMG
electrodes record from a wide area of muscle territory providing a more global view of MUs.
Finally, it allows prolonged simultaneous recordings of muscle activity from multiple sites.

However, sEMG has a relatively low-signal resolution, is highly susceptible to movement
artifacts [9] and body temperature. In addition, sEMG signals are dominated by the contribu‐
tions of superficial MUs, while deeper MUs are not assessed; conditions that increase skin
resistance subsequently disturb the sEMG signal (e.g. obesity and edema).

3. EMG study

3.1. Muscle voluntary contraction recording

In depolarization, the summation of action potentials of the MUs (MUAPs) can be assessed by
analysis of their parameters (fig. 1).

Electrodiagnosis in New Frontiers of Clinical Research2



Figure 1. Morphology and parameters of a motor unit action potential (MUAP) measured during nEMG recording. A.
A normal MUAP with three phases. B. A polyphasic, high amplitude and enlarged MUAP recorded in chronic neuropa‐
thy with reinnervation. C. In some myopathic and neuromuscular junctions (NMJ) disorders, the resulted MUAPs are of
short duration, small amplitude and also polyphasic.

Duration is measured from the initial deflection from baseline to the terminal deflection back
to baseline; it reflexes the synchrony and also the muscle fiber density in an MU. The average
duration of MUAPs increases from infancy to adult (related to the increased width of the
endplate zone), and even more during old age; the percentage depends on the specific muscle
[2,10]. Abnormalities of MUAP duration can be shown in pathological conditions:

• Short-duration MUAPs are often detected in disorders with loss of muscle fibers [11].

• Long-duration MUAPs are typically found in chronic neuropathic disorders and polymyo‐
sitis [12,13].

• A mixed pattern (coexisting MUAPs of long and short duration) can be observed in rapidly
progressing motor neuron disease and chronic myositis [14].

Morphology (number of phases) is defined as the number of baseline crossings of an MUAP
and reflects the firing synchrony of the muscle fibers within an MU. Normally, an MUAP has
two to four phases. A MUAP of more than four phases is named polyphasic potential. MUAPs
with abnormal morphology can be recorded in neuromuscular disorders:

• An abnormally increased polyphasia is a non-specific signal of both myopathic and
neuropathic disorders [2,12].

• Satellite potentials are observed in subacute processes and result from denervated muscle
fibers that are reinervated by collateral sprouts from adjacent unmyelinated or thinly
myelinated fibers in early reinnervation stage [15].
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Stability of the firing of all muscle fibers of the MU reflects the effective transmission across
the neuromuscular junctions (NMJs) corresponding to each generated action potential.
Abnormalities on MUAP stability indicate increased variability of an MUAP, either in its
amplitude, morphology or both; this finding can be shown in primary disorders of the NMJ
(e.g., myasthenia gravis, Lambert-Eaton syndrome); as well as often being observed as
secondary phenomena in neuropathic (e.g., early reinnervation) or myopathic disorders.

A special technique called “single fiber EMG (SFEMG)” allows assessment of the abnormalities
in the physiological variation of transmission time in the motor end-plate, and in the propa‐
gation velocity along the muscle and nerve fibers. This method is based on obtaining a single
muscle fiber action potential by means of a special electrode with a small recording area.
SFEMG is the most sensitive test to demonstrate an impaired neuromuscular transmission in
myasthenia gravis. However, this technique is not specific in differentiating between myopa‐
thies and neuropathies, or between pre- and postsynaptic NMJ disorders [16-18].

Amplitude is commonly measured from peak to peak. It is proportional to the distance from
the recording electrode to the muscle fiber, reflecting only those few depolarized fibers nearest
to the recording electrode [19]. The progressive loss of MUs, unless in some muscle groups as
of the seventh decade of life, results in MUAPs of smaller amplitude [20].This phenomenon is
especially noticeable in extensor digitorum brevis muscle. An MUAP can show abnormal
amplitude in the following conditions:

• Reduced amplitude of MUAP is a usual finding in some myopathies.

• In chronic neuropathies, the MUAP amplitude can be increased due to reinnervation process
[12].

Recruitment refers to the increase of the firing rate from incorporation of additional MUs
[21,22]. MUAP recruitment is reduced primarily in neuropathic diseases and rarely in severe
end-stage myopathies [12] (fig 2).

Figure 2. EMG signals recorded from maximum muscle contraction.
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Activation is a measurement of the ability to increase firing rate. It depends on the effort exerted
by the patient and the examined muscle (e.g. gastrocnemius muscle has some difficulty in its
activation). This is a central process [21]. Poor activation may be seen in diseases of the central
nervous system (CNS) or as a manifestation of provoked pain (poor collaboration during nEMG).

3.2. Resting state recording

At resting state, muscle activity can be recorded using either intramuscular (needle) or non-
invasive (surface) detection systems. The difference between these two detection modalities is
based on the volume conductor that separates the muscle fibers from the recording electrodes.

In a healthy muscle at rest, spontaneous physiological activity can be recorded by means of
nEMG:

• End-plate potentials: result from the synchronization of miniature end-plate potentials, and
can be recorded near the end-plate zone.

• Insertional activity: induced by mechanical depolarization of muscle fiber due to needle
electrode insertion (fig 3).

Abnormal spontaneous activity provides information about the topography, diagnosis, time
course (spontaneous activity is detected in acute and sub-acute stages of the nerve lesion) and
also about the severity in neurogenic, myopathic and NMJ disorders [14,23,24] (fig. 3).

The most described abnormal spontaneous activities include:

• Fibrillation potentials, positive sharp waves, complex repetitive and myotonic discharges
resulting from single denervated muscle fibers with an unstable membrane potential that
fire individually without axonal stimulation.

• Fasciculation, neuromyotonic and myokymic discharges generating from disturbance of a
group of muscle fibers.

Figure 3. Some examples of spontaneous activity (nEMG recording).
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On the other hand, resting sEMG recording is helpful in differentiating several types of
tremors, myoclonus, and dystonia. The mean rectified sEMG signal varies linearly with the
force generated at constant length and velocity. This linear relationship is maintained even in
pathological conditions. sEMG may be used to classify movement disorders through meas‐
urement of frequency and amplitude of MUAPs. This technique can provide information about
MU recruitment and synchronization, and also determine the relationship of the involved
muscles, whether antagonists discharge simultaneously or alternately to produce some
movement disorders [9,25-27] (fig 4).

Figure 4. In resting sEMG recording, an alternative movement at 4-5 Hz over extensor (upper trace) and flexor (lower
trace) musculature of the wrist is recorded in a patient with a diagnosis of Parkinson´s disease.

3.3. EMG analysis

The analysis of MUAPs can be performed on a qualitative or quantitative basis. At least 20
samples from each studied muscle is widely accepted as representative [5].

3.3.1. Qualitative analysis

Visual recognition only provides limited information, detecting alterations in few components
of MUAPs. The effectiveness of this method depends on the experience of the performer, as
the accuracy in measurements is limited by the presence of background noise and depends on
collaboration from the patients. To perform qualitative MUAP analysis, the number of phases
of a single MUAP and recruitment during voluntary activity are visually analyzed from the
MUAPs.

3.3.2. Semi-quantitative analysis

The classical method consists of manual measurement of duration, amplitude, and number of
phases of individual MUAPs; and then comparison of these data with a set of normal values
for the studied muscle and age group.

3.3.3. Quantitative analysis

The parametric method establishes a comparison between sample mean values and reference
intervals (standard deviation), while the nonparametric method considers both extremes of

Electrodiagnosis in New Frontiers of Clinical Research6



the samples (“outliers”). Both methods offer different sensitivities. The combination of outliers
and mean values may be the optimal way to detect abnormalities in a sample [28,29].

The principal measurements during a voluntary contraction include:

• Count of “turns”: consists of the number of turns recorded in one second. It generally reflects
the number of active MUAPs, their complexity and frequency of discharge. A "turn" was
traditionally defined as any amplitude change signal of 100 uV [30]. It is important to take
in account that a turn may correspond to a peak within an MUAP, an interaction between
superimposed MUAPs, as well as background noise.

• Mean amplitude between turns (A/T) and the number of turns divided by the mean amplitude
between turns (T2/A) are indicators for identifying neuropathies and myopathies, and also
establishing severity [30,31].

• Upper centil amplitude defines the upper limit of the peak-to-peak amplitude; the spikes with
amplitude that exceeds by 1% are identified. This parameter is normal or decreased in some
myopathies, whereas it is normal or increased in neuropathies [30,32].

• Activity parameter measures the ‘fullness’ of the interference pattern, and is the sum of the
duration of specific segments [30,32].

• Number of small segments (NSS) quantifies the small inflexions of MUAPs, including the smallest
segment between subsequent turns. NSS increases with the number of MUAP discharges, but
reaches a constant value at higher MUAP discharge rates. This parameter has been shown as
increased in myopathic and normal or decreased in neurpathic conditions [30].

• Spectral analysis (SA) traditionally consists of a fast Fourier transformation of the EMG
signals; the output displays the range and amplitude of the component frequencies. SA is
been used extensively in the study of muscle fatigue. The diagnostic value varies according
to different power frequencies [33,34].

• Automatic decomposition electromyography comprises the extraction of MUAPs from EMG
interference pattern employing digital filtering; the decomposition and analysis of validated
MUAPs. Measured parameters include duration, amplitude, rise time, area, ratio, area/
amplitude, number of phases, turns and fire rates [35-37].

• Computer-aided MU nerve estimation: high density multichannel EMG recording provides the
spatio-temporal information for MUAPs. This technique allows the assessment of the
number of functioning MUs [38].

3.4. EMG recording in peripheral nerve stimulation

Electroneurography (ENG) assesses the function and integrity of peripheral motor nerve
structures by means of sEMG recording after electrical stimulation. ENG contributes to
localize, typify (axonal or demyelinating nature), and establish the course and the severity of
the lesion, and is temperature sensitive [39]. On the other hand, magnetic stimulation is also
a tool for the electrical stimulation of peripheral nerves and spinal roots [40].
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The summation of all underlying individual muscle fiber action potentials after electrical
stimulation of a peripheral nerve is called compound muscle action potential (CMAP).
Abnormalities of its components are useful in the diagnostic evaluation of neurological
disorders (fig 5).

Figure 5. Parameters of a schematic CMAP assessed in motor nerve conduction study.

Special recording techniques are required when significantly different CMAP amplitude is
recorded  between  two nerve  segments  in  order  to  rule  out  the  presence  of  anatomical
variants [41-44].

On the other hand, the proximal segment of the peripheral motor nerve system can be assessed
by means of determination of late responses: H-waves (elicited by subthreshold activation of
muscle spindle afferents) and F-waves (elicited by supramaximal antidromic activation of
motor neurons) (fig 6). Nevertheless, sensibility and specificity are limited in both tests [44,45].

Figure 6. Late responses. Left: F-wave evoked from supramaximal stimulation of median nerve at the wrist, recording
in abductor pollicis brevis muscle. Right: H-wave recorded over the soleus muscle from submaximal stimulation of tibi‐
al nerve in the popliteal fossa.
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The integrity of some cranial nerves can be assessed by specific tests [46]:

• Electrical elicited Blink Reflex allows the evaluation of the trigeminal-facial reflex arc by
means of stimulating the first division of the trigeminal nerve (fig 7).

Figure 7. Blink reflex. Normal ipsilateral early (R1) with ipsilateral late (R2) responses, and contralateral R2 response
recorded over both orbicularis oculi muscles, by left supraorbital nerve stimulation.

• Masseter reflex is elicited by a brisk tap to the lower jaw and allows assessment of the motor
component of the trigeminal nerve.

However, motor nerve conduction studies have some limitations. First, selectivity is lacking
in the assessment of small muscles and some nerves are not accessible. Second, the greater the
intensity of the stimulation, the greater the chance of the stimulus being perceived as painful
by the patient, especially during proximal stimulation in the assessment of root and plexus. In
addition, stimulation is more difficult in patients who are obese, edemic, or have unusually
thick or calloused skin. Third, variability due to examiner and side differences also exists [47].

Several parameters of a CMAP can be measured:

Latency refers the time from the stimulus to the initial negative deflection from baseline. In
peripheral motor nerve stimulation, the latency obtained from the stimulation of the most
distal segment of the nerve is named “distal latency (DL)". DL reveals nerve conduction time
from the stimulus site to the NMJ, the time delay across the NMJ, and the depolarization time
across the muscle and reflects only the conduction of the fastest conducting motor fibers.
Pathological conditions with delayed CMAPs include:

• Demyelinating diseases [48].

• Axonal degeneration with primary damage of the largest and fastest myelinated fibers [44,49].

Amplitude is commonly measured from baseline to negative peak. It is proportional to the
distance from the recording electrode to the muscle fiber. CMAP amplitude reflects only those
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depolarized fibers nearest to the recording electrode, and is the most studied outcome
measurement.

Abnormalities of CMAP amplitude can be observed in:

• Axonal neuropathies: characterized by axon loss, can show CMAPs of reduced amplitude.
In chronic axonal neuropathies, CMAP amplitude reflects the functioning muscle mass
[44,45].

• NMJ disorders: amplitude of CMAPs is a fundamental parameter in the assessment of the
integrity of neuromuscular transmission by means of repetitive nerve stimulation (RNS).
This technique consists of applying repetitive stimulation at low and high rates, and
determining the decreasing or increasing CMAP responses that in conjunction with the
CMAP at baseline, allows a diagnosis of pre- or postsynaptic NMJ disorders to be established
[49] (Fig. 8).

Figure 8. Repetitive stimulation of ulnar nerve: recording over the abductor digiti minimi muscle. A. In normal sub‐
jects, compound muscle action potential (CMAP) amplitude remains very stable. B. In a miastenia gravis (MG) patient,
CMAP amplitude is normal at rest but decreases during low-rate repeated stimulation at 3 Hz. C. In a patient with
Lambert–Eaton syndrome (LES), the initial CMAP amplitude is reduced. During high-rate repeated stimulation at 20
Hz, CMAP amplitude dramatically increases. NMJ: neuromuscular junction.

• Demyelinating lesions: Impediment to the conduction of the action potential without axonal
degeneration is named conduction block (CB). No absolute expert agreement has been
established in the definition criteria of CB [49]. Nevertheless, a decay of proximal CMAP
amplitude/area of at least 50% has been observed in patients with nerve CB in some studies,
and has even been proposed as criteria for CB. [51-53].

Duration  is  measured from the initial  deflection from baseline to the first  baseline cross‐
ing, but can also be measured from the initial to the terminal deflection back to baseline.
It is a parameter that indicates the synchrony of the activated muscle fibers. It  increases
in conditions that result in slowing of some motor nerve fibers but not others (e.g.,  in a
demyelinating lesion) [44,54].

Electrodiagnosis in New Frontiers of Clinical Research10



Area is conventionally measured between the baseline and the negative peak and represents
a combination of the amplitude and the duration; the calculation is performed by computerized
software. Therefore, CMAP area reflects also the number and synchrony of the muscle fibers
activated close to the recording electrode. “Temporal dispersion” results from the spatial
distribution of the scattered motor end-plates of a MU, and depends on the individual distance
and time of conduction along the muscle fibers. This phenomenon is observed with more
proximal stimulation, while the distance from the recording electrodes increases [55].

Motor conduction Velocity (MCV) obtained from standard recording techniques reflects only the
conduction of the fastest conducting fibers. The determination of true motor conduction
velocity must not include the NMJ transmission and muscle depolarization times. Conduction
velocity along the studied segment is usually calculated with the following formula: (distance
between the proximal and distal stimulation sites) divided by (proximal latency - distal
latency) [44]. MCV is dependent on internode distance and also on the total fiber diameter
(axon plus myelin), since MCV increases proportionally with myelin thickness [56]. MCV
increases progressively during the first 5 years of life, in relation to physiological maturation
of myelinization process. Otherwise, there is a progressive and slight decrease of MCV in
relation with increase of age over 20-30 years [44,57,58].

MCV is an important parameter in the determination of demyelinating disease. In hereditary
demyelinating neuropathies, a uniformly slowed MCV has been shown; whereas in acquired
demyelinating neuropathies, slowed MCV is observed in a patchy way [44]. In reinnervation
process, the slowing in conduction velocity results from the regenerating nerve fibers that
contain thinner axons and myelin sheaths and shorter internodal lengths [59].

3.5. EMG recording in cortical stimulation

Motor evoked potential (MEP) is defined as an EMG response obtained by means of activation
of the corticospinal tract by means of stimulation to the motor cortex. Transcranial Magnetic
Stimulation (TMS), a painless (unlike Transcranial Electrical Stimulation) method is widely
used with this aim [60].

The following components of MEP elicited by single pulse TMS, are measured to evaluate the
integrity of corticospinal pathways:

Latency refers to the time between the delivery of a TMS pulse over the scalp (area corre‐
sponding to the primary motor cortex – M1) and the appearance of MEP at the periphery. MEP
latency is mainly reflective of the efficiency of conduction between the stimulated motor
cortical area and the peripheral target muscle [61].

Central motor conduction time (CCT) can be obtained by two methods of calculation. The CCT
calculated by subtracting the CMAP latency obtained by stimulation of the spinal (cervical or
lumbar) motor root from the latency of MEP [62] includes the time for central motor conduc‐
tion, the synaptic delay at the spinal level and time from the proximal root to the intervertebral
foramen. More precise central conduction time can be calculated by use of F-wave latency [60].
On the other hand, CCT is significantly influenced by the motor system maturation [63], and
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partially dependent upon the subject height. A significant interside difference indicates a
lateralized prolonged CCT even if still within normal values (Fig 9).

Figure 9. Left: MEP recorded from abductor pollicis brevis muscle. The top trace shows the MEP evoked by single pulse
TMS over the corresponding M1. The lower trace shows the MEP elicited by ipsilateral cervical (motor root) stimula‐
tion. Right: MEP recorded from extensor digitorum brevis muscle. The top trace shows the MEP induced by cortical
stimulation. The lower trace shows the MEP elicited by ipsilateral lumbar stimulation.

Amplitude is often measured from peak-to-peak amplitude. MEP amplitude can also be
measured from baseline EMG activity to the first positive or negative deflection. Amplitude
of MEP reflects the integrity and excitability of motor cortex, corticospinal tract, nerve roots
and peripheral motor pathway to the muscles [64]. Dispersion of the alpha-motoneuron
response to the descending volley in the corticospinal tract, leads to a broad range of normal
values. The triple stimulation technique (TST) provides a more precise assessment of cortico‐
spinal tract conduction by suppressing desynchronization of MEPs. The TST involves three
stimuli (transcranial, distal and proximal on the peripheral nerve) timed to produce two
collisions. The TMS descending impulses collide with the antidromic impulses from the distal
stimulus. Proximal stimulation on the nerve evokes orthodromic impulses, which cancel out
any uncollided impulses from the distal stimulus. The response from the third stimulus
therefore reflects the number of peripheral neurons activated from TMS [65].

Lengthening of MEP latency and CCT suggests impairment of the white matter fibers, while
abnormalities of MEP amplitude or absence of responses are more suggestive of loss of neurons
or axons. TMS has the potential to facilitate early diagnosis of myelopathy by detecting signals
of demyelination of the pyramidal tract [66,67], plexus entrapment and injuries [62]. Moreover,
MEP abnormalities may be useful objective markers of progression of amyotrophic lateral
sclerosis (ALS) [68], and effective parameters in spinal pathology for deciding the timing of
the surgical intervention [69].

TMS can however be performed using single pulse or pair pulse paradigm in order to explorer
the reactivity of the motor cortex. Since motor threshold (MT) is believed to reflect membrane
examine of corticospinal neurons, motor neurons in the spinal cord, NMJs and muscle [70], it
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is used as benchmark for the intensity of TMS. MT is usually defined by the lowest intensity
of stimulation required to generate 50% probability of MEPs of more than 50 μV [60].

Silent period (SP) is defined as the period of EMG suppression; normally it refers to the time
from the end of the MEP to the return of voluntary EMG activity, after a single suprathreshold
TMS pulse applied to the M1 corresponding to the active target muscle. The first 50–60 ms of
the SP has been supposedly contributed to spinal inhibition and the late part originates most
likely in the motor cortex, termed cortical silent period [71]. Abnormalities of SP have been
shown in patients with various movement disorders [72,73]. In patients with a diagnosis of
ALS, shortened PS has been observed [74].

Transcallosal conduction (TC): Application of a single suprathreshold TMS pulse to the M1 can
suppress tonic voluntary EMG activity in ipsilateral hand muscles, by transcallosal inhibition.
Delayed or absent TC suggests lesions of the corpus callous [75]. In addition, application of
single stimuli to both motor cortexes at a short interval, allows assessment of the interhemi‐
spheric interactions and also the TC [76].

Short interval intracortical inhibition (SICI) can be accessed by combining a subthreshold (60–
80% of resting MT) conditioning (first) stimulus with a suprathreshold (second) test stimulus
over M1, at short inter-stimulus intervals of 1-6 ms [77]. Significantly reduced SICI has been
observed in patients with dystonia and Parkinson's disease [78,79].

Intracortical facilitation (ICF) reflects the excitatory phenomenon occurring in the M1, and is
elicited by applying a conditioning subthreshold TMS pulse and a suprathreshold test stimulus
over M1 with inter-stimulus intervals between 6 and 20 ms [80]. Significantly enhanced ICF
has been recorded from amputated limbs in patients with neuropathic pain [81].

In addiction to the study of the pathophysiology of diverse neurological diseases, paired-pulse
TMS has been widely used to explore the effects of central nervous system (CNS)-active drugs
on the motor cortex [70].

3.6. EMG recording in Intraoperative neuromonitoring

Intraoperative neuromonitoring includes mapping and true monitoring techniques. Mapping
techniques are used intermittently during surgery for functional identification and preserva‐
tion of anatomically ambiguous nervous tissue. On the other hand, true monitoring techniques
permit a continuous assessment of the functional integrity of neural pathways [82].

In posterior fossa and brainstem surgeries, mapping the floor of the fourth ventricle allows the
surgeon to find a safe entry to the brainstem, and therefore, helps to identify and preserve
cranial nerves and their motor nuclei. Traditionally, Intraoperative monitoring of the facial
nerve has been employed in operations for acoustic tumors to reduce the risk of neural damage.
To date, EMG recording of the activity of selective cranial nerve muscles is currently included
in the intraoperative set during surgical manipulation of the brainstem. [83,84].

During brain surgery, neurophysiological mapping techniques have been employed in the
identification of eloquent areas such as the motor areas. In addition, these techniques have
been introduced in surgery for deep-seated gliomas, insular tumors and lesions involving the
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cerebral peduncle [82,84]. The goal is an aggressive resection of such lesions to the greatest
extent as possible, to improve the patient’s survival chance and the postoperative life quality.
With this aim, monopolar or bipolar stimulation of cortical and subcortical areas is applied
carefully. Visual detection of the elicited movement of the limb contralateral to the operative
side is usually employed during the mapping of motor areas. However, it is difficult to detect
visually a subtle twitch over an entire contralateral limb at once, specially during awake
surgery (because of the specific patient positioning). EMG recording is more sensitive than the
visual detection of muscle twitch. EMG signals precede the visually observed motor activity,
since the applied stimulation may weakly activate motor pathways enough to elicit EMG
responses and yet not recruit a sufficiently large pool of motor neurons to produce visible
muscle movement. Moreover, multichannel EMG recording has three important advantages:
First, it facilitates the monitoring of the face, upper and lower extremities simultaneously,
detecting motor responses that may not be observed during gross inspection (Fig.10). This
advantage is particularly important during mapping of subcortical pathways. Second, EMG
recording also improves the ability to detect subclinical ictal events (EMG activity elicited by
stimulation that persists after the end of the stimulation). In addition, EMG—complementary
to electrocorticography— allows the early detection of spreading muscle activation over a limb
as a sign of seizure. The immediate removal of stimulation diminishes the likelihood of the
progression of a seizure. Third, the sensitivity of EMG recording allows the application of
lower intensity and duration of stimuli during mapping procedures [85-87].

Figure 10. Multichannel EMG recording during mapping for glioma surgery. Stimuli artifact. (  ) Muscle activity

(  ) recorded preceding visual muscle twitch (  ).
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EMG as a monitoring technique has a high sensitivity but a low specificity. To date, some
limitations of EMG recording have been overcome using multimodality intraoperative
monitoring, including motor evoked potentials, somatosensory evoked potentials and some
reflex responses (H- reflex, blink reflex, etc). Transcranial MEP elicited by transcranial
multipulse electric stimulation of the motor cortex (TcMEP) are currently the most effective
means of continuous monitoring of the functional integrity of corticospinal and corticobulbar
pathways in diverse surgical procedures [82,84].

During spinal procedures, free running EMG (frEMG) and stimulus-triggered EMG (stEMG)
are basic monitoring tools to assess the functional integrity of nerve roots, plexus and periph‐
eral nerves. Train activity or neurotonic discharges recorded by means of spontaneous EMG
indicate excessive direct or indirect nerve contact during manipulation; therefore, adjustment
should be made to avoid nerve injury. Recently, frEMG or stEMG have been included in the
intraoperative set applied during minimally invasive surgeries such as transpsoas approaches.
On the other hand, stEMG have been used to control the correct pedicular screw placement
during orthopedic surgery [88]. Unlike the CMAPs recorded in neurophysiological laborato‐
ries, intraoperative CMAP are typically elicited using submaximal stimulation and are
recorded as highly complex polyphasic responses with variable onset latencies and ampli‐
tudes. Stimulus threshold however can provide some information about the proximity to the
nerve root [89].

TMS is likewise an advantageous optional technique in planning brain surgery, based on non-
invasive mapping. TMS mapping consists of locating where the largest MEP responses can be
measured by using suprathreshold single stimuli applied to the assumed area (M1) of the
optimal stimulation site [90]. There is some evidences of the reliability of this planning method
in correlation with the gold standard “direct cortical stimulation” described previously [91,92].
Interestingly, a recent report has provided the first result of the reliability of TMS, in the
assessment of the plasticity changes of the involved M1 concurrent with multistage surgery,
in a patient with a diagnosis of low grade glioma. However, further studies should confirm
the power of this non-invasive mapping technique, in regard to patient-specific variation, and
especially to functional anatomy [93].

4. Conclusion

Virtually all primary neuromuscular diseases result in changes in the electric activity recorded
from the muscle fibers. The pattern of abnormalities can usually mark the underlying pathol‐
ogy as neuropathic (e.g. disorders affecting the CNS, nerve roots, plexuses and peripheral
nerves), myopathic, or NMJ disorder, etc. EMG recording allows measurement of the severity
of the injury, and provides prognostic information.

In the field of intraoperative neuromonitoring, to date, EMG recording – despite its low
specificity - continues to be a valuable tool included in a multimodal monitoring set during
diverse neurosurgical and orthopedic procedures.
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