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Intraoperative neurophysiological monitoring has long
been performed by neurosurgeons during procedures
to release the tethered spinal cord.5,15,17,18,25,26 Urological1

and electrophysiological techniques3,7,17,26 have been ap-
plied to monitor procedures involving the conus and the
cauda equina: continuous recording of EMG activity in
sphincter muscles,7,8 recording of CMAPs from leg17,26 and
sphincter7,17,26 muscles to electrical stimulation in the oper-
ating field, direct SSEP recording from roots to electrical
stimulation in the periphery,4 and measurement of sphinc-
ter tone and bladder pressure.20,26 The use of these tech-
niques in the context of surgery for dysraphism has been
presented in various formats in the past in updates by sev-
eral authors.12,15,23–26

During surgery for release of a tethered cord it may be
necessary to cut the terminal filum, to dissect broad-based
scar tissue that envelops the conus medullaris and/or the

cauda equina nerve roots, to cut numerous fibrous bands
that hold the conus rigidly in its position, or it may be
necessary to resect partially a lipoma located at or within
the conus. Thus, correct distinction between functional
nervous tissue and fibrous bands is essential in these situ-
ations to avoid postoperative sensorimotor deficits and
sphincter dysfunction. Direct stimulation of these struc-
tures in the surgical field or direct recording from them
has improved this distinction beyond morphological re-
cognition under the surgical microscope and reliance on
the surgeon’s experience. By using the mapping concept
all functional neural structures of the lumbosacral region
can be correctly identified and thus preserved.

During untethering procedures the conus or individual
nerve roots may be inadvertently damaged by traction,
compression, or coagulation. Many times this damage is
reversible if detected early and if its cause is corrected. To
detect such potentially reversible damage the functional
integrity of the involved pathways has to be assessed con-
tinuously with monitoring.

Monitoring and mapping of the cauda equina and conus
medullaris includes the simultaneous application of a
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Object. Intraoperative neurophysiological recording techniques have found increasing use in neurosurgical practice.
The development of new recording techniques feasible while the patient receives a general anesthetic have improved
their practical use in a similar way to the use of digital recording, documentation, and video technology. This review
intends to provide an update on the techniques used and their validity.

Methods. Two principal methods are used for intraoperative neurophysiological testing during tethered cord release.
Mapping identifies functional neural structures, namely nerve roots, and monitoring provides continuous information
on the functional integrity of motor and sensory pathways as well as reflex circuitry. Mapping is performed mostly by
using direct electrical stimulation of a structure within the surgical field and recording at a distant site, usually a mus-
cle. Sensory mapping can also be performed with peripheral stimulation and recording within the surgical site.
Monitoring of the motor system is achieved with motor evoked potentials. These are evoked by transcranial electrical
stimulation and recorded from limb muscles and the external anal sphincter. The presence or absence of muscle
responses are the parameters monitored. Sensory potentials evoked by tibial or pudendal nerve stimulation and record-
ed from the dorsal columns via an epidurally inserted electrode and/or from the scalp as cortical responses are used to
access the integrity of sensory pathways. Amplitudes and latencies of these responses are then interpreted. The bulbo-
cavernosus reflex, with stimulation of the pudendal nerve and recording of muscle responses in the external anal
sphincter, is used for continuous monitoring of the reflex circuitry. Presence or absence of this response is the perti-
nent parameter that is monitored. 

Conclusions. Intraoperative neurophysiology provides a wide and reliable set of techniques for intraoperative iden-
tification of neural structures and continuous monitoring of their functional integrity.

KEY WORDS • tethered cord • intraoperative • neurophysiological monitoring •
evoked potentials • mapping
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Abbreviations used in this paper: BCR = bulbocavernosus re-
flex; CMAP = compound muscle action potential; EMG = elec-
tromyography; MEP = motor evoked potential; SSEP = somatosen-
sory evoked potential.



number of modalities. It therefore requires the availability
of a powerful multichannel recording system. All record-
ings in our institution are obtained with the Axon Sen-
tinel-4 EP analyzer (Axon Systems Inc., Hauppauge, NY),
which is equipped with dedicated software for controlling
transcranial stimulation paradigms.

ANESTHESIA

Anesthetic management, which allows intraoperative
MEP monitoring, consists of a constant infusion of propo-
fol (usually in a dose of ~100–150 �g/kg/min) and fen-
tanyl (usually ~1 �g/kg/hr). The use of propofol as an
anesthetic with MEP monitoring has been reported with
various stimulation techniques.9,11,27,29 Halogenated anes-
thetics cannot be used.29 Short-acting muscle relaxants are
given for intubation but not thereafter. Management of an-
esthetics during operations in which intraoperative neuro-
physiolgoical monitoring has been used has recently been
extensively reviewed.27

MAPPING

Mapping is used to identify electrophysiologically mo-
tor and sensory nerve roots and thereby distinguish them
from scar tissue and fibrous bands. This allows safe tran-
section of fibrous tethering structures while ensuring that
optimal untethering is accomplished.

Motor Root Mapping

To identify motor nerve roots of the cauda equina intra-
operatively, structures to be identified are directly stimu-
lated with a hand-held monopolar stimulator or with a
bipolar stimulation forceps. Bilateral recording from seg-
mental target muscles reveals the EMG responses in mus-
cles supplied by the stimulated nerve root. Recording
from segmental target muscles for all lumbosacral myo-
tomes (Table 1) ensures that all pertinent motor roots
are covered. If a nerve root is stimulated, the correspond-
ing muscle on the corresponding side will show a CMAP.
These responses are obtained instantly, thus the mapping
information is available without any delay (Video Clip 1).

Click here to view Video Clip 1. The terminal filum is exposed
and nerve roots of the cauda equina are stimulated using a monopo-
lar hand-held stimulator. Sacral nerve roots are identified by this
technique.

Sensory Root Mapping

After direct stimulation of a sensory nerve root in the
cauda equina one expects a CMAP in the corresponding

segmental muscles, which is generated in the conus the
same way as the H-reflex. If the sacral dorsal roots (S2–4)
are stimulated, an anal sphincter response equivalent to
the BCR can be recorded. Even if the afferents are intact,
the efferent fibers or the corresponding segment in the spi-
nal cord may be impaired, and therefore, there may be no
motor response. Stimulation of this presumed sensory root
with SSEP parameters and recording either from the epi-
dural electrode or from the cortex may identify the root as
sensory.15

Similarly a structure can also be identified as a sensory
nerve root by stimulation at the pudendal nerve and re-
cording of a sensory nerve action potential,4 a technique
originally developed for pudendal afferent mapping to
minimize sphincter dysfunction resulting from surgery
for selective posterior rhizotomy.6 The pudendal nerve
branches are electrically stimulated with surface elec-
trodes that are attached over the dorsal surface of the penis
or clitoris (single stimuli of 200 �sec duration, intensity
20 mA, stimulation rate 13.3 Hz). Based on experience in
performing rhizotomy it has become apparent that the dis-
tribution of pudendal afferent nerve fibers to S2–4 pos-
terior roots bilaterally is frequently not symmetrical or
evenly distributed over these three segmental roots. In ap-
proximately 7% of individuals one single dorsal root on
one side was found to carry all pudendal afferents.4 Injury
to this single root would presumably result in significant
pudendal afferent dysfunction and consequently in a loss
of sphincter function. It must be assumed that the distrib-
ution of pudendal afferents in patients with a dysraphic
condition is at least as asymmetrical and unevenly distri-
buted as in patients with spasticity. Therefore the pin-
pointing of a structure as a root and as a posterior root may
at times be essential. Sensory mapping requires a degree
of signal averaging; therefore, the mapping information is
not instantly available but with a short delay of approxi-
mately 30 seconds to 2 minutes, depending on recording
quality and signal/noise ratio.

MONITORING

Monitoring provides continuous information about the
functional integrity of the monitored system: motor, sen-
sory, or reflex circuitry. 

Muscle MEPs

Muscle MEPs are evoked using transcranial electrical
stimulation with a multipulse or train stimulation tech-
nique,10,12–14,21,28 and recorded from the same segmental tar-
get muscles chosen for mapping (Figs. 1–3). 

Motor sensory evoked potentials provide immediate in-
formation about the functional integrity of the segments
monitored. The presence or absence of recordable poten-
tials with stimulation intensities usually not exceeding
200 mA is the pertinent parameter monitored. Adequate
information for reliable interpretation of changes in stim-
ulation threshold intensities is not available. The presence
of muscle MEPs correlates with preserved motor con-
trol in all instances. Intraoperative loss of muscle MEPs
correlates with a postoperative motor deficit. Unlike in
surgery for more proximal intramedullary spinal cord tu-
mors16 there is, at this time, no clearly defined neuro-
physiological concept of reversible damage. Therefore it
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TABLE 1

Segmental muscle recording sites

Spinal Level Muscle(s)

L-2 gracilis, pectineus
L-3 quadriceps, adductors
L-4 quadriceps, tibialis anterior
L-5 tibialis anterior, extensor hallucis longus
S-1 gastrocnemius, biceps femoris, gluteus maximus
S-2 soleus, external anal sphincter
S-3 abductor hallucis, external anal sphincter
S-4 external anal sphincter



is imperative to preserve MEPs throughout the procedure.
Loss of muscle MEPs in cauda equina or conus surgery
may indicate a complete lower motor neuron lesion, pro-
ducing a postoperative motor deficit with presumably lit-
tle tendency to recover. After loss of a segmental lower
motor neuron, distal plasticity with a secondary increase
in the size of motor units supplying the affected muscle
from neighboring segments could result in long-term
improvement of motor deficits. Unlike monitoring for
spinal cord surgery proximal to the conus, monitoring of
epidural MEPs (D-wave monitoring19) is not possible dur-
ing tethered cord release, because the corticospinal tract
ends in the conus and the structures at risk are in the conus
or distal to it (Video Clip 2).

Click here to view Video Clip 2. Bulbocavernosus reflex
recordings and MEPs are visualized in direct documentation of
video-input from the surgical microscope and direct real-time cor-
relation of the recordings.

Somatosensory Evoked Potentials

Somatosensory evoked potentials, after stimulation of
the tibial nerve at the ankle or knee and recording both
from the spinal cord with an epidurally placed elec-

trode (Fig. 4) and from the cortex, can be used to monitor
continuously the sensory pathways of L-5 and S-1. It is
sometimes possible to record spinal and cortical respons-
es to stimulation of the pudendal nerve as well. The pres-
ervation of these responses indicates intact functional
integrity of the sensory pathways. Their loss or significant
deterioration may be indicative of damage to these tracts
or corresponding posterior roots. The disadvantages of
SSEP monitoring, such as the relatively long averaging
time and response fluctuations, however, do apply. 

The BCR

The dorsal penile/clitoral nerve is stimulated via two
surface electrodes. In males the electrodes are placed on
the dorsum of the penis; in females the cathode is placed
over the clitoris and the anode is placed on the adjacent
labium on one side. Recordings are obtained from the
external anal sphincter muscle with wire or needle elec-
trodes (Fig. 5). 

Because the BCR is an oligosynaptic reflex it could be
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Fig. 1. Baseline and closing recordings of MEPs obtained from
the abductor hallucis and the tibialis anterior muscles bilaterally.
All requisite recordings are present, indicating intact motor control.
MS = microsecond.

Fig. 2. Tracings showing MEPs recorded from the external anal
sphincter after transcranial electrical stimulation. These recordings
are obtained in the same way as MEPs in limb muscles.

Fig. 3. Baseline MEPs obtained in a patient with preopera-
tive sphincter dysfunction. This patient required clean intermittent
catheterization before surgery. There are no MEPs present from the
sphincter. The limb muscle MEPs are present. The presence of
lower-extremity MEPs correlated with intact motor function; the
absence of anal sphincter MEPs correlated with lack of sphincter
control.

Fig. 4. Spinal SSEPs recorded as a traveling wave directly from
the spinal cord at the epiconus level by using an epidurally insert-
ed electrode.



difficult to obtain while the patient is receiving a general
anesthetic particularly when volatile anesthetics are used.
Therefore the same anesthetic regimen as has been out-
lined for MEP monitoring is used when BCR monitoring
is conducted. Temporal summation is necessary to elicit
the BCR under these conditions. This is again achieved by
double stimulation or is optimal with a short train of five
stimuli (Fig. 6).3 The presence of the BCR during surgery
indicates intact sphincter control. Intraoperative loss of
the BCR indicates at least transient loss of sphincter con-
trol; however, intraoperative BCR data and their corre-
lation to long-term sphincter control, sphincter–detrusor
muscle dyssynergia, and sexual function still require fur-
ther investigation (Video Clip 2). 

Continuous EMG Monitoring

All lumbosacral nerve roots can be monitored for pe-
ripheral nerve injury by using continuous monitoring of
the EMG activity in the aforementioned segmental target
muscles. Motor unit potentials and neurotonic discharges
are the injury indicators in nerve roots that have been
damaged by traction, compression, transection, or thermal
injury.2 For cauda equina monitoring as well as for brain-
stem and cranial nerve monitoring the sensitivity and

specificity of these EMG phenomena are still disputed,
and unfortunately the underlying mechanisms are still
poorly understood. Nevertheless, there is little doubt that
in most instances sustained neurotonic discharges and mo-
tor unit potentials indicate some degree of lower motor
neuron damage. This phenomenon has been studied in
considerable detail for facial nerve monitoring during re-
section of vestibular schwannomas. A certain type of sus-
tained neurotonic discharge, called A-waves, are indica-
tors of postoperative nerve dysfunction.22 It is reasonable
to assume that similar phenomena may be observed dur-
ing surgery affecting cauda equina roots; however, in the
experience of our group, such discharges have not been
observed. It should also be understood that continuous
EMG monitoring is not the monitoring of the functional
integrity of a pathway but rather an observation of random
injury evoked activity. Absence of this activity may not
necessarily mean the absence of injury.

CONCLUSIONS

During surgery for release of a tethered cord intraoper-
ative neurophysiological mapping provides accurate and
practical means for identifying neural structures, which
may be difficult to distinguish from fibrous tissue based
on morphological approach alone. Both motor and senso-
ry roots can be mapped. Direct stimulation in the surgical
field is the most straightforward and practical technique
for this purpose. 

Continuous MEP monitoring provides fast real-time
information on the functional integrity of the motor path-
ways with excellent correlation to clinical outcome. By
using BCR, the integrity of the conus reflex circuitry
can be monitored intraoperatively; however, the prognos-
tic value of BCR monitoring still has to be determined.
Monitoring of SSEPs provides information about the sen-
sory pathways with the expected short time delay in-
evitable for a technique that requires signal averaging.
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