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ABSTRACT. Detecting potential intraoperative injuries to the femoral nerve
should be the main goal of neuromonitoring of lateral lumber interbody fusion
(LLIF) procedures. We propose a theory and technique to utilize motor evoked
potentials (MEPs) to protect the femoral nerve (a peripheral nerve), which is at
risk in LLIF procedures. MEPs have been advocated and widely used for mon-
itoring spinal cord function during surgical correction of spinal deformity and
surgery of the cervical and thoracic spine, but have had limited acceptance for use
in lumbar procedures. This is due to the theoretical possibility that MEP record-
ings may not be sensitive in detecting an injury to a single nerve root considering
there is overlapping muscle innervation of adjacent root levels. However, in LLIF
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procedures, the surgeon is more likely to encounter lumbar plexus elements than
nerve roots. Within the substance of the psoas muscle, the L2, L3, and L4 nerve
roots combine in the lumbar plexus to form the trunk of the femoral nerve. At the
point where the nerve roots become the trunk of the femoral nerve, there is no
longer any alternative overlapping innervation to the quadriceps muscles. Insult
to the fully formed femoral nerve, which completely blocks conduction in motor
axons, should theoretically abolish all MEP responses to the quadriceps muscles.
On multiple occasions over the past year, our neuro-monitoring groups have
observed significantly degraded amplitudes of the femoral motor and/or sensory
evoked potentials limited to only the surgical side. Most of these degraded
response amplitudes rapidly returned to baseline values with a surgical interven-
tion (i.e., prompt removal of surgical retraction).

KEY WORDS. Femoral nerve, intraoperative monitoring, lateral lumbar
interbody fusion, motor evoked potentials, somatosensory evoked potentials,
transpsoas lateral access to the spine.

INTRODUCTION

Transcranial motor evoked potentials (MEPs) have been widely advocated and
utilized for monitoring spinal cord function during surgical correction of spinal defor-
mity and surgery of the cervical spine. MEPs can provide surgeons with a useful near-
real-time functional assessment of the spinal motor pathways throughout a surgical
procedure (Li et al. 2012, Lall et al. 2012, Clark et al. 2013). MEPs have had more
limited acceptance for use in lumbar procedures due to the theoretical possibility that
MEP recordings may not be sensitive in detecting an injury to a single nerve root
considering there is overlapping muscle innervation of adjacent root levels (Jahangiri
2013, Lyon et al. 2010, Lyon et al. 2009a, Lyon et al. 2009b, Mok et al. 2008). This
drawback of MEP monitoring for nerve root protection may not apply to MEP
monitoring aimed at protecting more distal neural elements such as the fully formed
peripheral nerves. We propose a theory and technique to utilize MEPs to protect the
femoral nerve (a peripheral nerve), which is at risk in transpsoas lateral lumbar inter-
body fusion (LLIF) procedures (Block and Silverstein 2014).

We will summarize our rationale for the utilization of MEPs and share our initial
observations from our first year of using a multimodal approach for femoral nerve
protection in LLIF procedures, including MEPs, saphenous nerve somatosensory
evoked potentials (SSEPs), and electromyography (EMG).

Relevant Anatomy and Theory

It is essential to have a clear understanding of the lumbar plexus anatomy in
order to monitor LLIF procedures effectively. In this procedure, surgeons are less
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likely to encounter the nerve roots directly than they would be in a transforaminal
lumbar interbody fusion (TLIF) or posterior lumbar interbody fusion (PLIF) proce-
dure, and they are more likely to encounter the lumbar plexus elements, including
the trunk of the femoral nerve. Femoral nerve contributions and even the fully
formed trunk are particularly at risk when the retractor blades are opened (espe-
cially at L4-5) (Davis et al. 2011). This has important clinical implications, as well
as implications for how the procedure can be monitored adequately.

Rationale for MEP Monitoring

Within the substance of the psoas muscle, the L2, L3, and L4 nerve roots combine
to form the trunk of the femoral nerve. At the point where the nerve roots become
the trunk of the femoral nerve, there is no longer any alternative overlapping
innervation to the quadriceps muscles. Thus, a focal insult to the fully formed
femoral nerve, which completely blocks conduction in motor axons, should theore-
tically abolish all MEP responses recorded from the quadriceps muscles. In LLIF
procedures, it is suspected that excessive tissue retraction on the psoas muscle
stretches or compresses the components of the femoral nerve or related vasculature.
Isolated femoral nerve injuries have been well described in the literature (Ahmadian
et al. 2013, Houten et al. 2011, Lykissas et al. 2014, Rodgers et al. 2011, Sofianos
et al. 2012). It is important to make the distinction that these are not nerve root
injuries, which are commonly associated with lumbar spine surgery. Surgeons and
neurophysiologists should appreciate the devastating effects of a high-grade femoral
nerve injury, which can be significantly more debilitating than a nerve root injury.
For example, a complete injury to the L3 nerve root may result in paresis (weakness)
of the quadriceps muscles, as the patient may retain some functional knee extension
from the intact L2 and L4 nerve root contributions to the quadriceps muscles. In
contrast, a complete femoral nerve injury would affect all motor fibers from all root
contributions (L2, L3, and L4), and the patient’s quadriceps would be paralyzed, with
no ability to extend the knee (Figure 1). This example illustrates why femoral nerve
injuries are the most feared neurological complications of LLIF procedures and
femoral nerve protection should be the highest priority for any LLIF neuromonitoring
protocol.

Theory for the Utility of MEPs for LLIFs, and Rationale for Intervention

The suspected mechanism of femoral nerve injury in LLIF procedures is excessive
surgical retraction, which results in stretch or compression affecting the trunk of the
femoral nerve. Excessive retraction can lead to conduction block of the femoral nerve. At
this point, we would theoretically expect to see a significant degradation of the MEP
response amplitude limited to the surgical-side quadriceps muscles. All other MEP
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recordings from distal muscles as well as the contralateral (nonsurgical-side) quadriceps
MEP response amplitude should theoretically remain unchanged (Figures 2A and 2B).

There have been multiple animal studies where peripheral nerve conduction is
recorded while stretch or compressive forces are applied to a peripheral nerve segment
(Kiernan and Kaji, 2013, Li and Shi 2007, Ochs et al. 2000). It has been demonstrated
that with increasing forces applied over time, at some point, nerve conduction ceases
and impulses are no longer conducted across the stretched or compressed segment
(conduction block). These studies also illustrate that peripheral nerves are resilient, so
that if the offending stretch or compression does not structurally damage the nerve and
is discontinued in a timely manner, nerve function tends to return rapidly. These studies
have also illustrated that prolonged or excessive stretch or compression on peripheral

FIG. 1. This illustration shows the theoretical effects of a complete nerve root injury compared to a
complete femoral nerve injury along with the expected effects on the motor evoked responses to the
quadriceps muscles in each scenario. MEP responses may still be present despite a complete injury to
the L3 nerve root, as collateral innervation from the intact L2 and L4 roots will continue to transmit nerve
impulses to the quadriceps muscles. In contrast, complete injury to the trunk of the femoral nerve will
eliminate all motor conduction from the L2, L3, and L4 root contributions to the femoral nerve, andMEPs
will be unobtainable. Picture courtesy of Jon Block, DC, CNIM.
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nerves can lead to irreversible damage (Kiernan and Kaji, 2013, Li and Shi, 2007,
Ochs et al. 2000).

The key to neuromonitoring for femoral nerve protection in LLIF procedures is
to identify and report the point at which femoral nerve conduction begins to fail.
Prompt countermeasures to remove the offending retraction should theoretically
result in a rapid return of function that should correlate with a return of femoral
nerve evoked potentials response amplitude (Figure 3). The ability to alert the
surgeon to a change in the functional status of the femoral nerve is a powerful
tool that can help to prevent excessive surgical retraction from causing irreversible
damage to the femoral nerve. Detecting temporary, reversible conduction block

FIG. 2A. Approach-side attenuation of quadriceps MEPs (VM, VL, and RF). Ipsilateral AHL,
abdominals, and adductors remained unchanged. This occurred during the placement of the
arthrodesis at the L2-L3 level. We hypothesize that retraction of the psoas muscle causing com-
pression of the femoral nerve or significant contributions to the femoral nerve caused the change at
the L2-L3 level. Another theory is that the patient may have had a prefixed lumbar plexus, making
the formation of the femoral nerve aberrant. (L: left, VM: vastus medialis, VL: vastus lateralis, EDB:
extensor digitorum brevis, AHL: abductor hallicus longus, ADD: adductors, RF: rectus femoris, ABS:
abdominals). Picture courtesy of Justin Silverstein, DHSc, CNIM.

40 MEP FOR FEMORAL NERVE PROTECTION

D
ow

nl
oa

de
d 

by
 [

10
0.

40
.3

0.
13

] 
at

 2
0:

19
 2

7 
Ju

ne
 2

01
6 



affecting the femoral nerve should be the primary objective of neuromonitoring of
LLIF procedures (especially at L4-5).

Multimodality Neuromonitoring for Femoral Nerve Protection

Over the last year, we have employed a multimodality approach to monitoring
femoral nerve function during LLIF procedures; this approach utilizes information
obtained from MEP recordings of the quadriceps muscles in conjunction with informa-
tion from saphenous nerve SSEPs (Silverstein et al. 2014). We believe this multi-
modality approach provides the surgeon with a comprehensive intraoperative
assessment of femoral nerve function throughout the procedure. Surgeons should
appreciate that a functional assessment of the femoral nerve cannot be obtained with
triggered EMG using an electrical probe or by stimulating with electrodes that are
placed on retractor blades due to the distinct possibility of false negative responses.
Even in the instance of a fully transected nerve, electrical stimulation within the

FIG. 2B. Approach-side loss of quadriceps MEPs (vastus lateralis and vastus medialis). Note the
presence of repeatable left MEP responses to both quadriceps muscles at baseline and the
absence of responses following removal of the retractors. This occurred while the surgeon was
working on the L4-L5 level. Picture courtesy of Justin Silverstein, DHSc, CNIM.
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surgical field can continue to elicit motor responses in the distal transected nerve
segment, which may remain electrically excitable for up to 72 hours (Lubińska 1977,
Beirowski et al. 2005). Continuous recording of spontaneous EMG has been widely
advocated for LLIFs (Ozgur et al. 2006, Tohmeh et al. 2011). However, using
spontaneous EMG has recently been questioned in the literature with regards to its
usefulness in detecting certain mechanisms of neural injury such as slow stretch/
compression and/or ischemia, which are more likely to be culpable in LLIFs
(Duncan et al. 2012, Silverstein et al. 2014).

METHODS

The most valuable MEP information is obtained from surgical-side quadriceps
muscle recordings. MEPs are elicited in standard fashion with anodal stimulation
applied to the scalp using an M3/4- M4/3 montage, using between 5 and 9 pulses
with an interstimulus interval range between 2 ms and 4 ms and the minimum voltage
required to elicit optimal quadriceps responses (MacDonald et al. 2013). It is important
for the neurophysiologist to adjust the stimulation parameters with the goal of optimiz-
ing the quadriceps muscle responses. Consistent, repeatable MEP responses can be
more difficult to obtain in proximal muscle recordings such as the quadriceps because

FIG. 3. Unilateral, temporary loss of the MEP responses to the surgical-side quadriceps that
correlated with a unilateral loss of the surgical-side saphenous SSEP, which recovered rapidly
after the removal of surgical retraction. Note the contralateral quadriceps MEPs and contralateral
saphenous SSEP remained unchanged. This was during work on the L4-L5 level. Picture courtesy
of Jon Block, DC, CNIM.
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of their limited representation in corticospinal tracts (Houten et al. 2011, Siegel and
Sapru 2010). We recommend recording using needle electrodes from a minimum of
two quadriceps muscles (e.g., rectus femoris and vastus medialis) to increase the
chances of obtaining useful recordings and to reduce the effects of sampling error.
Contralateral quadriceps MEP recordings are useful as a comparison control and
helpful in the interpretation of any changes. In our experience, there is considerable
variability from patient to patient in the quality and utility of the femoral motor and
sensory evoked potential recordings.

The consistency of MEP responses to the quadriceps muscles varies and there are
multiple factors that must be considered that can affect the quality of the MEP
recordings. Similarly, variability in the saphenous SSEP responses is not uncommon.
Because of this patient-to-patient variability, the neurophysiologist must adequately
describe the quality of baseline evoked potential recordings to the surgeon so that he or
she is aware of the diagnostic utility of the neuromonitoring for that particular patient.
In most patients, we have been able to obtain either a repeatable saphenous SSEP
recording and/or a repeatable quadriceps MEP response on the surgical side. Having
redundant information (motor and sensory) on femoral nerve function is helpful
because of the variability of response quality in the two modalities and the potential
of not obtaining useful recordings in one of the modalities at baseline. It should be
understood that it is possible that neither modality will yield repeatable, useful baseline
recordings and therefore that a functional assessment of the femoral nerve will not be
available during the procedure. However, in most cases we have been able to obtain
good- quality, repeatable evoked potential recordings at baseline in at least one of the
modalities and many times in both. Neuromonitoring for femoral nerve protection in
LLIFs is somewhat more technically challenging than traditional spinal cord monitor-
ing, and our neuromonitoring groups have noticed an improved rate of obtaining useful
baseline recordings with time and practice.

Limitations have to be considered when adding MEPs to the monitoring paradigm of
LLIFs. Total intravenous anesthesia (TIVA) is suggested for optimal multimodal
monitoring. Short-acting paralytics (e.g., succinylcholine) may be used at induction,
and all paralytics should be avoided thereafter. Inhalational agents will have a dose-
dependent suppressive effect on the MEP and SSEP response amplitudes and may add
complexity to the interpretation of changes. An anesthesia protocol utilizing TIVA is
highly recommended.

CONCLUSION

Over the last year, on multiple occasions, our neuromonitoring groups have
observed unilateral (surgical-side-only) degraded amplitudes of the femoral motor
and/or sensory evoked potentials, many of which resolved with a surgical intervention
(i.e., prompt removal of surgical retraction). Our initial observations appear promising
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and suggest that MEPs may be an important part of a multimodal neuromonitoring
paradigm, in conjunction with saphenous SSEPs and EMG, to monitor for femoral
nerve protection in LLIF procedures. Though these initial findings are compelling,
more study is needed to better assess the utility of these techniques.
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