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Abstract
Neurophysiological monitoring is of undoubted value for the intraoperative safety of neurosurgical procedures. Widely developed and used for cranial surgery, it is equally as effective, though perhaps less commonly employed, for spinal pathology. The
most frequently used techniques for intraoperative monitoring during spinal surgery include somatosensory evoked potentials
(SSEPs), motor evoked potentials (MEPs) and electromyography, which can either be spontaneous free-running (sEMG) or
triggered (tEMG). The knowledge of the benefits and limitations of each modality is essential in optimising the value of
intraoperative monitoring during spinal procedures. This review will analyse the single techniques, their anatomical and physiological basis, their use in spinal surgery as reliable indicators of functional injury, their limits and their application to specific
procedures in minimally invasive surgery, such as the lateral transpsoas access for interbody fusion and the divergent trajectory
for cortico-pedicular screws. In these particular techniques, because of reduced visual exposure, neuromonitoring is indeed
essential to exploit the full potential of minimally invasive surgery, while avoiding damage to nervous structures.
Keywords Intraoperative neurophysiologic monitoring . Motor evoked potentials . Somatosensory evoked potentials . Spine
surgery . Transpsoas lateral access . Cortical bone trajectory

Introduction
Neurophysiological monitoring is of undoubted value for the
intraoperative safety of neurosurgical spinal procedures. In
oncologic surgery, as well as in the treatment of degenerative
spine conditions, several techniques have developed to help
the surgeon preserve the numerous nervous structures that
could be damaged temporarily or permanently, severely conditioning the clinical outcome of the procedure.
Moreover, with the improvement of technologies [49] and
of anatomical knowledge, the principle of ‘minimally invasive’ in spine surgery arose [62], in response to various problems related to traditional approaches. A reduced anatomical
exposure entails a greater risk of injury to nervous structures
[61]. Therefore, the use of intraoperative neuromonitoring
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becomes a fundamental aid for the surgeon, who most of the
times does not have visual access to the nervous roots and
would therefore not be able to recognise in real time direct
or indirect damage that could cause a postoperative deficit.
Robust class I medical evidence supports the use of electrophysiological monitoring as a diagnostic adjunct to assess
spinal cord integrity in the perioperative setting [19]. The most
frequently used techniques for intraoperative monitoring during spinal surgery include somatosensory evoked potentials
(SSEPs), motor evoked potentials (MEPs) and electromyography, which can either be spontaneous free-running (sEMG)
or triggered (tEMG).
The use of such technologies requires qualified personnel
both for the practical realisation of the monitoring and for its
interpretation. As for all techniques, neuromonitoring is not
immune to the limits of sensitivity and specificity. All intraoperative data must always be interpreted based on the operative setting and on the specific surgical procedure and manoeuvres, through constant and direct interaction between the
surgeon and the neurophysiologist [52, 53]. This is crucial to
make the technique reliable and, most of all, of concrete support, justifying its obvious costs.
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This review is broken up into two sections: one discusses
the single techniques, their anatomical and physiological basis, their use in spinal surgery as reliable indicators of functional injury and their limits; another one discusses their application to specific procedures in minimally invasive surgery,
such as the lateral transpsoas access for interbody fusion and
the divergent trajectory for cortico-pedicular screws. In these
cases particularly, the use of neuromonitoring is of crucial
importance to minimise neurological risks and also to minimise the need for fluoroscopy.

Literature search criteria
The terms ‘spine surgery’, ‘neurophysiological monitoring’,
‘somatosensory evoked potentials’, ‘motor evoked potentials’, ‘EMG’, ‘cost’, ‘minimally invasive spine surgery’,
‘transpsoas lateral access’ and ‘cortical bone trajectory’ were
used as keywords to query the MEDLINE database. Both
abstracts and full-text reports were reviewed. Case reports
were excluded. Expert opinion was sought from academic
spine surgeons specialising in minimally invasive techniques,
deformity surgery, and intradural surgery, as well as
neuroanesthesiologists and neuromonitoring specialists.

Techniques
Somatosensory evoked potentials
Somatosensory evoked potentials (SSEPs) represent the first
intraoperative neurophysiological aid in the history of spinal
surgery, being in use since the 1970s [36]. They were first
introduced in the surgical treatment of spine deformity and
provide monitoring of the dorsal column-medial lemniscus
pathway, which mediates tactile discrimination, vibration sensation, form recognition and joint-muscle sensation [11].
SSEPs monitoring of the upper limbs usually involves the
stimulation of the median nerve or of the ulnar nerve at the
wrist [59]. Alternatively, both these nerves can be stimulated
at the elbow. The radial nerve can be stimulated at the hand.
As for the lower limbs, the posterior tibial nerve is typically
stimulated at the ankle; an alternative stimulation site is the
popliteal fossa. The peroneal nerve can be stimulated near the
head of the fibula.
Anatomical pathways
For the lower limbs, the popliteal potential is generated at the
popliteal fossa. Ascending, the peripheral nerves join first in
the lumbosacral plexus and then in the cauda equina, where
the lumbar potential is generated (N21 potential). The anatomical pathways of tactile and proprioceptive sensitivity that are

normally monitored, then continue for the most part in the
dorsal columns of the spinal cord, finally reaching the cerebral
cortex, where the P37/P40 potential is registered [55]. The
popliteal and lumbar potentials are often difficult to register,
particularly in obese patients.
In the upper limbs, the first potential that can be registered
corresponds to the brachial plexus, at the level of so-called
Erb’s point. Subsequently, at the level of the dorsal columns,
peripheral stimulation yields the N13 potential. The anatomical pathway then continues, after synapsing in the gracile and
cuneatus nuclei, into the medial leminiscus and then in the
thalamus, where part of the N20 potential is generated.
Finally, at cortical level, the N20 and N22 potentials are registered [59].
SSEP intraoperative interpretation and use
SSEPs have low amplitude and require long acquisition
time, because of the need for averaging [55]. Depending
on the background noise, 10 s to 2 min might occur to
notice a significant change in the graph. SSEPs explore
the integrity of the dorsal columns and are therefore inadequate to assess the functional integrity of motor pathways.
Moreover, in the case of myelopathy (frequent occurrence
in cervical surgery) or polyneuropathy, SSEPs might be
unreliable (because of low-quality) or undetectable (actually absent). During spinal cord surgery, SSEPs are frequently lost at the time of myelotomy [12].
A reduction of more than 50% of the amplitude or an increase of at least 10% of the latency of the registered potential
are typically considered significant. The interpretation of such
alterations is influenced by many factors, such as the type of
surgical procedure, the preoperative neurophysiological integrity of the patient, and the operator-dependent reading of the
graph [56]. Because of the relatively high number of synapses
throughout the anatomical pathway to the cortical registration
of the signal, anaesthesia can also affect the reliability of
SSEPs [55].
During spinal cord surgery, the use of SSEPs and direct
spinal stimulation can be very helpful for identifying the exact
position of the midline and, therefore, perform a more accurate
myelotomy [25].
During spinal surgery, the information given by SSEPs
monitoring is of great importance in posterior decompression procedures (Fig. 1) and, in general, whenever a surgical instrument is used beneath the posterior laminae (e.g. to
remove them). In these instances, motor evoked potentials
cannot be of substantial help, since the integrity of motor
pathways, placed more anteriorly in the spinal cord, is not
at direct risk [29].
Nuwer et al. in 1995 [37] reported on results of a
multicentre survey of members of the Scoliosis Research
Society. This survey yielded 51,263 cases in which SSEPs
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Anatomical pathways
The anatomical pathway starts from Brodmann area 4, the
frontal ascending gyrus, which, with its somatotopic organisation, is the beginning of the pyramidal tract. This is where
the stimulus delivered by the electrodes acts [55]. From here,
the fibres enter the centrum semiovale, then converge and
descend in the internal capsule and then into the brainstem.
At this level, a small portion of the fibres ends in the motor
nuclei of cranial nerves. In the medulla oblongata, about 80–
90% of the remaining fibres decussate and descend
contralaterally in the lateral aspect of the spinal cord. This
bundle diminishes gradually in size as its fibres synapse with
the motoneurons of the anterior horns [50]. The remaining 10–
20% of fibres that does not cross over travels in the
corticospinal tract that is placed anteriorly in the spinal cord;
it, too, reaches motoneurons of the anterior horns.
Physiology of MEPs in normal conditions
and under anaesthesia

Fig. 1 SSEPs during dorsal meningioma removal. Young woman with
D5–D6 meningioma compressing the spinal cord. No right lower limb
SSEPs at the beginning of the procedure. At 12:53, during
decompression, progressive reappearance of P40 wave; normal
waveform at the end of the procedure (13:06)

were used as the sole mode of neuromonitoring, with a sensitivity of 92% and a specificity of 98% for new postoperative
motor deficits. More recently, others have reported lower sensitivities ranging from 0 to 52%, with specificities ranging
from 95 to 100% [26]. Overall, we can argue that SSEPs are
highly specific, but not very sensitive for monitoring of spinal
surgical procedures.

Motor evoked potentials
Over the course of the last 30 years, transcranial motor evoked
potentials (TcMEPs) have gained an irreplaceable role, being
extremely efficient and reliable for intraoperative monitoring
in spinal surgery. Direct monitoring of the corticospinal tract
was described by Merton and Morton in 1980, who first illustrated transcranial magnetic stimulation of the motor cortex
[32]. Since then, the technique has been progressively refined,
defining the importance of the type of anaesthesia for successful registration, the possibility of epidural or electromyographic registration, the best type of stimulus and most importantly
the interpretation of the results.

Under normal conditions, with no anaesthetic interference, a
single electrical impulse given to the cortex or the subcortical
white matter will produce a response that can be recorded with
an epidural electrode placed at thoracic level. The first obtainable response is the so-called D-wave, which consists of the
orthodromic nerve potential that derives from the direct stimulation of white matter and therefore of the axons. Following,
several so-called I-waves are registered. These represent the
response to the stimulation of cortical neurons. Peripherally,
muscular registration is not optimal in response to a single
stimulus: it requires a train of multiple stimuli [56].
In all functions that involve synaptic activity or neural network integration, as in the cortex or in the anterior horns,
anaesthesia can modify the responses. With the use of halogenated anaesthetics, a single stimulus is not able to elicit recordable I-waves or muscular responses (MEPs). In general,
during anaesthesia, the activation threshold of neurons located
in the anterior horns is increased, likely due to a reduced
activity of inhibitory interneurons [56]. Muscular MEPs
(mMEPSs) can be nonetheless registered if the doses of halogenated anaesthetics (e.g. isoflurane, sevoflurane and
desflurane) are not too high. However, the problem remains:
in the occurrence of MEP modification during a surgical procedure, it can be extremely difficult to determine whether the
cause is surgical injury or interference by anaesthesia.
Moreover, the disturbing action of halogenated gasses depends not only on their concentration, but also on the total
time of administration, making MEPs less accurate during
the central most important part of surgery. Additionally,
presurgical MEP alterations attributable to the underlying disease complicate the interpretation of the data. It is therefore
universally recommended not to use halogenated anaesthetics
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[54]. Total intravenous anaesthesia (TIVA) has become indeed
widely used, when intraoperative monitoring is required, because of its far inferior interferences.
Moreover, the stimulus is never delivered singly, but in
trains. Not involving any synapse, the D-wave is usually not
disturbed by anaesthetics and can even be used when neuromuscular blocking agents are administered. It must be noted
that high doses of propofol can cause suppression of motoneurons of the anterior horns [22].
Stimulation technique
Stimulation electrodes are positioned at C3 and C4 (10–10
International System) and are potentially able to activate both
upper and lower limbs. C1 and C2 are used when the focus is
on lower limbs, as also with midline positioning of the electrodes. Required voltage and current largely depend on the
type of electrode used: with subdermic needles, a lower voltage and current are used, than with cup electrodes. The train
stimuli used during TcMEPs has an amplitude ranging from
70 to 900 V; maximum currents vary between 0.8 and 0.9 A;
each pulse lasts between 50 and 500 msec [15] and their number is 4 to 13, with a frequency of 150–500 Hz. The threshold
is lower with longer duration of the pulses [56].
Peripheral muscular MEPs (mMEPs)
Muscular MEPs are the most commonly used. Registered potentials are very wide and thus easily readable. Muscular
MEPs allow to monitor the entire motor system, from the
motor cortex to the neuromuscular junction, discriminating
the separate functioning of the four limbs. Unlike SSEPs, no
averaging is required, allowing for real-time updating.
Moreover, mMEPs are present in a higher percentage of patients, even when SSEPs are compromised by the underlying
disease.
D-wave
D-wave monitoring has been shown to be particularly reliable
in spinal tumour surgery [25]. It is considered the gold standard in monitoring of the corticospinal tract and it can be
continuously evoked without causing muscular movements
(unlike mMEPs). It is relatively resistant to anaesthetic effects
and allows the use of neuromuscular blockade [14, 48, 60]. Dwave amplitude is proportional to the number of fibres, the
conduct, the signal and therefore, its reduction signals a proportional loss of function of those fibres. It must be noted that,
in few cases of intramedullary spinal cord lesions or in postactinic myelopathies, D-wave might be absent. It is infrequently used during deformity surgery because of the high
number of false positives, probably due to rotation of the
corticospinal tract during correction manoeuvres [60].

Moreover, D-wave monitoring cannot be used under T11–
T12 for anatomical reasons, since there are not enough
corticospinal fibres to evoke a potential. Lastly, unlike peripheral muscle recordings, it does not allow to investigate
lateralisation of injury.
Intraoperative interpretation
Several criteria have been used and investigated to assess motor response. One of these is the ‘all-or-nothing’ criteria: a
complete loss of a previously recordable signal is indicative
of a clinical injury. This method is of course limited by low
sensibility: modifications not as striking as a complete loss of
signal can still result in clinically evident deficit [8].
Moreover, such injury is potentially recoverable if identified
in real-time during the procedure.
Another criterion, well described by Langeloo et al. [27],
considers the amplitude of the recordings: a reduction of at
least 80% in at least 1 of 6 sites of registration on the body is
deemed indicative. In their study, this method showed sensibility of 100% and specificity of 91%.
The threshold criterion, described by Calancie e Molano
[8], has been applied in a study of 903 operated subjects. An
increased threshold of 100 V required to evoke a motor potential, persistent for at least 1 h (excluding environmental
factors), was correlated with the probability of postoperative
deficits.
Lastly, the morphologic criterion considers modifications
of the pattern or the duration of registered waves. QuinonesHinojosa et al. [41] describe modifications of waves that from
polyphasic become biphasic or vice versa before being
completely lost, in the setting of removal of intramedullary
spinal tumours. It must be noted that, besides anaesthetic
agents, blood pressure, surgical positioning and body temperature might also interfere with the morphology of the registered potentials.
The loss of MEPs is always a main predictor of a clinical
deficit, as well as their reappearance, a positive prognostic
signal (Fig. 2). Reduction of amplitude, acute threshold rise
and morphologic modifications can be considered criteria of
minor, moderate or major importance, depending on the surgical procedure, on the environmental situation and especially
on the experience of the neurophysiologist, who cooperates
with the surgeon must interpret the recordings.
As for the D-wave, a reduction in amplitude of 50% or
more is generally accepted as indicative of clinical loss of
motor function.
To summarise, in the presence of preserved D-wave and
mMEPs, no modifications of clinical status are expected. If Dwave is preserved or reduced by 30 to 50%, with uni- or
bilateral loss of mMEPs, a temporary motor deficit is highly
likely at awakening. A reduction of D-wave amplitude between 30 and 50%, with preserved mMEPS, is not predictive
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Fig. 2 MEPs during posterior cervical surgery. Young woman with cervical myelopathy and tetraparesis. Reappearance of MEP at upper and lower
limbs during surgical decompression

of motor deficit. A reduction of D-wave amplitude of more
than 50%, combined with bilateral loss of mMEPs, is instead
evidence of permanent motor deficit [35].
In intramedullary spinal surgery, the use of mMEPs and Dwave can be crucial in influencing surgical strategy. Direct
stimulation of motor bundles can also be associated; it is especially helpful in high density anatomical areas as in the
cervical spinal cord [17, 24].

patient with an implantable cardioverter defibrillator or a
pacemaker: the possibility of injury should be discussed with
a cardiologist before the procedure. Other implants that might
restrict the use of motor evoked potentials include cochlear
and deep brain stimulation implants [55].

Electromyography (EMG)
Spontaneous free-running EMG and its interpretations

Safety, complications and limits of motor evoked potentials
Because of its high voltage and its released currents, stimulation can potentially injure the staff, if due precautions are not
taken. One of the most common complications is direct stimulation of the trigeminal nerve, with mandibular contraction
and biting of the tongue. Such occurrence can be prevented by
positioning gauzes between the teeth before the beginning of
the procedure [55]. The electrodes, and in general, all the
monitoring equipment, must be placed in such a manner as
not to disturb the surgeon, who must be able to perform the
procedure with no limitation (which could be source of environmental noise).
A limit of motor evoked potentials is that evoking mMEPs
causes muscular jerks, and therefore, the surgeon must usually
temporarily interrupt the procedure. As for D-wave monitoring, its use is mostly limited to intramedullary tumour resection surgery [55].
Surgeons and neurophysiologists must be aware of the theoretical risk of seizures, deriving from excessive cortical stimulation. Lastly, caution is strongly advised in the case of a

Spontaneous EMG (sEMG) is a valid tool to monitor the
condition of a root innervating a given skeletal muscle. For
this purpose, individual muscles must be selected in such a
way as to associate them to single nerve roots, even though a
certain degree of redundancy is well known. One must obviously monitor the nerve roots potentially involved in the procedure. For example, during cervical spine surgery, a possible
involvement of the C5 root is well documented and must
therefore be monitored: the deltoid and brachial biceps muscles are usually selected (being generally innervated by C5
and C6) [7, 16, 21].
No electromyographic activity is normally measurable
in a muscle of a sleeping subject during a surgical procedure. Traction, compression or stretch of a nerve root give
rise to neurotonic discharges that produce a recordable activity in the corresponding muscle. Electromyographic activity can be represented by trains, bursts or spikes [7, 18,
38]. Trains are usually caused by a constant force applied
to the nerve root. In the case of continuous and sustained
manipulation, high frequency or intensity trains indicate
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the possibility of nerve injury. Romstock classified the patterns of trains into types A, B and C [47]; of these, type A,
characterised by high frequency, is the most likely to predict a significant injury. Spikes and bursts usually signal
proximity to the nerve root.
Unlike MEPs, the electromyographic feedback to the surgeon is continuous and instantaneous.
Spontaneous free-running EMG and its limitations
Correct positioning of the electrodes is essential, since the
muscular activity might be incomplete or unsynchronised
and thus only recordable on a portion of the muscle [5, 23].
Moreover, chronic damage of the nerve root, due to long
standing degenerative pathology, can produce fasciculation
or fibrillation that can lead to misinterpretation of EMG. In
this case, however, such alterations are present from the beginning of the procedure. It is therefore helpful to record a
base-line before the procedure has started and after neuromuscular blockade, usually necessary for intubation, is
metabolised.
Spontaneous EMG is extremely sensitive to neuromuscular
blockade, to anaesthesia in general, and to temperature variations [57]. False positive signs might arise in case of irrigation
with cold water or of electrocautery. Lastly, acute transection
of the nerve root usually does not evoke a recordable EMG
activity. Gunnarson et al. [18] reported spontaneous EMG
activation at least once in 77.5% of 213 consecutive lumbosacral cases, which resulted in a sensitivity of 100%, but a
specificity of only 23.5%. Other studies investigating spontaneous EMG reported similar findings of high sensitivity and
low specificity [7, 21, 42].
The low specificity, however, may reflect the fact that
spontaneous EMG is providing constant feedback to the surgeon, leading to alterations in surgical technique that may
prevent a new neurological deficit and thus deceptively elevating the rate of false positives [54].
Triggered EMG
Triggered EMG (tEMG), initially described by Calancie et al.
[10], is commonly used in instrumented spinal surgery to determine if an implanted screw is correctly positioned and does
not breach the pedicular or somatic bone (Fig. 3) [28, 40, 43,
44]. If a screw is positioned too close to a nerve root, the latter
will be stimulated by an electric impulse applied to the screw.
Obviously, the interpretation of triggered EMG depends of the
intensity of the stimulus. Obtaining a radicular response to
stimulation with low intensity current means that the screw
is positioned near the nerve root, because of disruption of the
medial wall of the peduncle, or that between the screw and the
nerve root, there is not enough impedance. The latter occurs,
for instance, in case of severe osteoporosis.

In 2002, with a study that enrolled 662, Toleikis demonstrated that a threshold inferior to 10 mA (duration of stimulus
of 0.2 ms) is indicative of malpositioning of lumbar screws
[58]. More specifically, with values of 5 mA or less, the screw
was in most cases incorrectly positioned; with values higher
than 10 mA, no malpositioning was seen. In 2007, Raynor
et al., having analysed 4857 pedicular screws, assessed a
0.31% frequency of medial wall breach when intraoperative
tEMG threshold was > 8 mA. The percentage rose to 17.4%
for values between 4 and 8 mA, to 54.2% below 4 mA, and to
100% below 2.8 mA [44].
Direct stimulation of the screw conduit might be used before its positioning. In this case, Calancie identified in 1994 a
7 mA limit below which disruption of the medial wall of the
peduncle must be suspected [9].
It is important to underline that the use of tEMG in screws
positioning plays an essential role in decreasing the need for
fluoroscopy and x-rays dose.

Confounding factors and tEMG for screw positioning
In degenerative spine surgery, nerve roots are frequently
already damaged, mainly because of chronic compression,
as is the case for radiculopathies. In such cases, the
threshold for stimulation of the screw is higher [20]. A
misleading high value of threshold might therefore hide
screw malpositioning. Moreover, it may be necessary to
stimulate a screw near a nerve root previously damaged
during surgery. In this case, direct stimulation of the nerve
root might be of aid. The threshold value of direct stimulation of a normal nerve root is usually about 0.2 mA.
Higher values suggest that the nerve root is already damaged [1].
Threshold values vary on the anatomy of the vertebrae. For
thoracic vertebrae, for example, threshold values below 6 mA
are related to a high probability of medial wall disruption
(Raynor et al., Spine 2003) [43].
The phenomenon of current shunting must also be taken
into consideration. Current shunting may occur if a screw is
stimulated after having positioned the bars, which can transmit the stimulus to the whole system. Current shunting may
also depend on the presence of a solution with a high saline
concentration. On the other hand, it may be difficult to stimulate galvanised screws or screws coated with non-conducting
materials [1].
Pharmacologic neuromuscular blockade may also be the
cause of threshold rise [33].
It must be highlighted that all of these confounding
occurrences might affect the positive outcome of the surgery. Besides an extensive technical knowledge, close interaction between the surgeon and the neurophysiologist
is therefore necessary.
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Fig. 3 tEMG young man,
surgical procedure of spinal
lumbar stabilisation with screws.
tEMG during right L4 screw
positioning. Direct stimulation at
1 mA shows an important nerve
root response with high
amplitude. This is the evidence of
a very short distance from nerve
roots and of the need for
removing the screw and changing
its trajectory

Minimally invasive spinal surgery
applications

In 2010, Uribe et al. described the safe entry zones at each
disc level, based on cadaveric studies [61].

Transpsoas lateral access

Type of neuromonitoring

Lumbar plexus and the need for neuromonitoring

As in all spinal surgery, neuromonitoring includes the use
of SSEPs, transcranial MEPs and spontaneous or tEMG.
SSEPs and TcMEPs are not very suitable to study single
nerve roots and are therefore less used. In SSEP monitoring, the peripheral nerves that are stimulated usually derive from multiple nerve roots. Similarly, in TcMEP monitoring, the single nerve root is hard to study because of
the overlapping of adjacent nerve roots in muscular innervation. Therefore, the technique has gradually developed
around EMG monitoring, embedding its use in the construction of dedicated instrumentation.

The lateral transpsoas access was described in the late 1990s.
Early attempts reported significant complication rates [4, 31].
In 2004, Bergey et al. reported a 30% incidence of neurological complications [4]. Such high rate depends on the complex
woven anatomy of the lumbar plexus that the surgeon must
face, before carrying out the microdiscectomy and the lumbar
fusion, typically from L1–L2 to L4–L5 as the technique
allows.
The need for an intraoperative neurophysiological support
became therefore immediately clear, to benefit from a truly
minimally invasive approach, without disabling complications for the patient.
In the early 2000s, anatomical studies intensified, clarifying the disposition of the nerves of the lumbar plexus on a
lateral view [2, 3, 13, 34, 39, 45, 46, 61]. In normal anatomy,
cranially to L3–L4, the components of the lumbar plexus are
sited in the posterior quarter of the vertebral body, while they
are in the posterior half at L3–L4 and L4–L5. The
genitofemoral nerve descends obliquely through the psoas
muscle, becoming superficial at L3 or L4. The ileoinguinal
and ileohypogastric nerves descend obliquely crossing the
muscle wall latero-medially. The lateral femoral cutaneous
nerve has a similar course in the retroperitoneal space.

Neural mapping during surgical access
Generally, the electrodes are placed in the vastus medialis,
tibialis anterior, biceps femoris and medial gastrocnemius.
After blunt dissection of the muscular planes and access to
the retroperitoneal space, the surgical technique requires the
simultaneous use of progressive dilators and nerve stimulators, to reach the intersomatic plane through the psoas muscle.
The surgeon works his way, gradually widening the approach
by splitting the muscular fibres, while constantly monitoring
the proximity to the components of the lumbar plexus with a
pluridirectional stimulator that probes the area at 360°. The
stimulation threshold correlates with the distance of the nerve,
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although, as discussed, thresholds might be higher for chronically injured roots. It must be noted that damage to the nervous structures can either be acute, therefore caused by surgical manipulation during the approach, or chronic, due to the
prolonged use of the final dilator. Therefore, sEMG is usually
associated to tEMG monitoring.
The use of EMG radically modified the outcome of patients
operated with this approach, making neurological deficits a
much rarer complication, according to the latest reviews
[46]. EMG neuromonitoring has therefore made this technique a valid treatment option.
In recent years, changes to the established use of EMG
have been proposed. Block et al. [6] proposed the use of
MEPs to detect potential damage to the femoral nerve, a
major risk in this type of approach, given the anatomy and
the functional importance of the nerve itself, particularly at
L3–L4 and L4–L5 levels. The L2, L3 and L4 roots join in
the psoas muscle to form the femoral nerve trunk; subsequently, no other anatomical nervous contribution reaches
the femoral nerve. Therefore, the lack of quadriceps muscle responses can be considered a reliable index of damage
to the femoral nerve.
For the same principle, Silverstein et al. [51] used SSEPs
monitoring of the saphenous nerve (sensitive branch of the
femoral nerve) and demonstrated that also such technique
can be a reliable tool to predict postoperative deficits and aid
the surgeon during the procedure.

the second one, passing horizontally 1 mm below the
inferior border of the transverse process. From this point,
the trajectory follows a cranial-to-caudal and medial-tolateral course, intercepting the cortical bone first of the
medial wall of the peduncle, then of the vertebral body.
Even with the use of shorter screws, compared to traditional convergent pedicular screws, the described trajectory allows for an effective grip, and thus for a potentially
more stable construct, as it involves three different cortical bone regions [30].
Moreover, as the entry point is more medial compared to
that used for classic pedicular screws, the need for muscle
skeletonisation is notably reduced, which implies less muscular atrophy and denervation injury.
The use of a divergent trajectory therefore allows for
an efficient circumferential arthrodesis, with a smaller access than the common approach for pedicle screws. Being
less invasive, the technique benefits from the important
use of intraoperative neuromonitoring, since it allows to
evaluate positioning error or root damage in real time,
despite a reduced visual exposure (Fig. 5). In this case,
triggered EMG is essential to exploit the potential of this
trajectory and to diminish the need for fluoroscopy.

Posterior approach for divergent cortico-peduncolar
screw placement
In 2009, Santoni et al. [49] described a novel way of positioning pedicular screws, with a mediolateral divergent trajectory
that intercepts a greater quantity of cortical bone (Fig. 4).
The entry point of such screws is located at the junction of two lines: the first one, passing from the centre of
the inferior articular process of the superior vertebra and

Fig. 4 Cortical bone trajectory screws

Fig. 5 Incorrect trajectory for divergent cortico-pedicular screws, breach
of cortical bone. The surgeon inserts a probe (black arrow) for direct
stimulation of the trajectory (black asterisk) with an isthmic entry point
(red arrow). If the neurophysiologist obtains a radicular response with a
low stimulus, a breach in the pedicle or in the somatic cortical bone (red
asterisk) is suspected. Surgeons usually also use direct stimulation of the
screws to confirm trajectories. These methods help the surgeon to identify
a potential misplacement, thus suggesting to change trajectory, and are
especially useful in minimally invasive procedures with reduced visual
access
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