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INTRODUCTION

Intraoperative neurophysiological moni-
toring is often associated with reducing the
risk of postoperative neurological deficits in
operations where the nervous system is at
risk of being permanently injured. While the
main use of electrophysiological methods in
the operating room may be for reducing the
risk of postoperative neurological deficits,

From: Intraoperative Neurophysiological Monitoring: Third Edition,
By A.R. Moller, DOI 10.1007/978-1-4419-7436-5_2,
© Springer Science+Business Media, LLC 2011

electrophysiological methods are now in
increasing use for other purposes. For exam-
ple, electrophysiological methods are now
regarded a necessity for guidance in place-
ment of electrodes for deep brain stimulation
(DBP) or for making lesions in specific
structures for treating movement disorders
and pain. Intraoperative electrophysiological
recordings can also help the surgeon in car-
rying out other surgical procedures. Finding
specific neural tissue such as cranial nerves
or specific regions of the cerebral cortex are
examples of tasks that are included in the sub-
specialty of intraoperative neurophysiological
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monitoring. Neurophysiological methods are
increasingly used for diagnostic support in
operations such as those involving peripheral
nerves. In certain operations, intraoperative
neurophysiology can increase the likelihood of
achieving the therapeutical goal of an opera-
tion. Intraoperative neurophysiological record-
ings have shown to be of help identifying the
offending blood vessel in a cranial nerve disor-
der (hemifacial spasm, HFS).

REDUCING THE RISK
OF NEUROLOGICAL DEFICITS

The use of intraoperative neurophysiological
monitoring to reduce the risk of loss of function
in portions of the nervous system is based on
the observation that the function of neural struc-
tures usually changes in a measurable way
before being permanently damaged. Reversing
the surgical manipulation that caused the change
within a certain time will result in a recovery to
normal or near normal function, whereas if no
intervention is taken, there will be a risk of per-
manent postoperative neurological deficit.

Surgical manipulations such as stretching,
compressing, or heating from electrocoagulation
are insults that can injure neural tissue. Ischemia,
caused by impairment of blood supply due to
surgical manipulations or intentional clamping
of arteries, may also result in permanent
(ischemic) injury to neural structures causing a
risk of noticeable postoperative neural deficits.

The effect of such insults represents a con-
tinuum; at one end, function decreases during
the time of the insult, and at the other end of
this continuum, nervous tissue is permanently
damaged, and normal function never recovers
and results in permanent postoperative deficits.
Between these extremes, there is a large range
over which recovery may occur either totally or
partially. Thus, up to a certain degree of injury,
there can be total recovery, but thereafter, the
neural function may be affected for some time.
Following a more severe injury, the recovery of
normal function not only takes a longer time,

but the final recovery would be partial with the
degree of recovery depending on the nature,
degree, and duration of the insult.

Injuries acquired during operations that result
in a permanent neurologic deficit will most
likely reduce the quality of life for the patient
for many years to come and maybe for a life-
time. It is, therefore, important that the person
who is responsible for interpreting the results of
monitoring is aware that the neurophysiologist
has a great degree of responsibility, together
with the surgeon and the anesthesiologist, in
reducing the risk of injury to the patient during
the operation.

Techniques for Reducing Postoperative
Neurological Deficits

The general principle of intraoperative neu-
rophysiological monitoring is to apply a stimu-
lus and then to record the electrical response
from specific neural structures along the neural
pathway that are at risk of being injured. This
can be performed by recording near-field
evoked potentials by placing a recording elec-
trode on a specific neural structure that becomes
exposed during the operation, or, as more com-
monly done, by recording far-field evoked
potentials from, for instance, electrodes placed
on the surface of the scalp.

Intraoperative neurophysiological monitor-
ing that is done for the purpose of reducing the
risk of postoperative neurological deficits makes
use of relatively standard and well-developed
methods for stimulation and recordings of elec-
trical activity in the nervous system. Most of the
methods that are used in intraoperative neuro-
physiological monitoring are similar to those
that have been used in the physiologic labora-
tory and in the clinical testing laboratory for
many years.

Sensory System. Intraoperative neurophys-
iological monitoring of the function of sensory
systems has been widely practiced since the
middle of the 1980s. The earliest uses of
intraoperative neurophysiological monitoring
of sensory systems were modeled after the
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clinical practice of recording sensory evoked
potentials for diagnostic purposes.

Sensory systems are monitored by applying
an appropriate stimulus and recording the
response from the ascending neural pathway,
usually by placing recording electrodes on the
surface of the scalp to pick up evoked far-field
potentials from nerve tracts and nuclei in the
brain (far-field responses).

It has been mainly somatosensory evoked
potentials (SSEP) and auditory brainstem
responses (ABR) that have been recorded in
the operating room for monitoring the function
of these sensory systems for the purpose of
reducing the risk of postoperative neurological
deficits. Visual evoked potentials (VEP) are
also monitored in some operations. When intra-
operative neurophysiological monitoring was
introduced, it was first SSEP that were moni-
tored routinely (/), followed by ABR (2—4).

While the technique used for recording sen-
sory evoked potentials in the operating room is
similar to that used in the clinical diagnostic
laboratory, there are important differences. In
the operating room, it is only changes in the
recorded potentials that occur during the opera-
tion that are of interest, while in the clinical test-
ing laboratory, the deviation from normal values
(laboratory standard) are important measures.

Another important difference is that results
obtained in the operating room must be inter-
preted instantly, which places different demands
on the personnel who are responsible for intra-
operative neurophysiological monitoring than
those working in the clinical laboratory. In the
operating room, it is sometimes possible to
record evoked potentials directly from neural
structures of sensory pathways (near-field
responses) when such structures are exposed
during an operation.

The use of evoked potentials in intraoperative
neurophysiological monitoring for the purpose
of reducing the risk of postoperative permanent
sensory deficits is based on the following:

1. Electrical potentials can be recorded in
response to a stimulus.

2. These potentials change in a noticeable way
before permanent damage occurs from sur-
gical manipulations of heating from
electrocoagulation.

3. Proper surgical intervention, such as reversal
of the manipulation that caused the change,
will reduce the risk that the observed change
in function develops into a permanent neu-
rological deficit or, at least, will reduce the
degree of the postoperative deficits.

Motor Systems. Intraoperative neurophys-
iological monitoring of the facial nerve was
probably the first motor system that was
monitored (5, 6). Systematic monitoring came
later (7, 8). The introduction of skull base
surgery in the beginning of the 1980s (9)
caused an increased demand for monitoring of
other cranial systems, and the use of monitoring
for many cranial motor nerves spread rapidly
(10, 11I). Intraoperative neurophysiological
monitoring of spinal motor systems was delayed
because of technical difficulties, mainly in
eliciting recordable evoked motor responses to
stimulation of the motor cortex in anesthetized
patients. After these technical obstacles in
activating descending spinal motor pathways
were resolved in the 1990s, intraoperative
neurophysiological monitoring of spinal motor
systems gained widespread use (/2). Monitoring
of cranial nerve motor systems commonly
relies on electrical stimulation of specific
cranial motor nerves while recording
electromyographic (EMG) potentials from
muscles that are innervated by the motor nerves
in question. Monitoring of spinal motor systems
makes use of stimulation of the motor cortex
(or cortices) by transcranial electrical stimu-
lation or (rarely) by transcranial magnetic
stimulation while recording directly from the
descending motor pathways of the spinal cord
or EMG potentials from specific muscles
(Chaps. 10 and 11).

Peripheral Nerves. Monitoring of motor
nerves is often accomplished by observing the
electrical activity that can be recorded from one
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or more of the muscles that are innervated by
the motor nerve or motor system that is to be
monitored (evoked EMG potentials). The
respective motor nerve may be stimulated
electrically or by the electrical current that is
induced by a strong magnetic impulse (magnetic
stimulation). Recordings of muscle activity that
is elicited by mechanical stimulation of a motor
nerve or by injury to a motor nerve are important
parts of many forms of monitoring of the motor
system. Such muscle activity is monitored by
the continuous recording of EMG potentials
(“free running EMG”). When such activity is
made audible, it can provide important feedback
to the surgeon, and the surgeon can then modify
his/her operative technique accordingly.

Monitoring peripheral nerves intraopera-
tively may be done by electrically stimulating
the nerve in question at one point and recording
compound action potentials (CAP) at a different
location. Changes in neural conduction that
may occur between these two locations will
result in changes in the latency of the CAP and/
or in the waveform and amplitude of the CAP.
The latency of the CAP is inversely related to
conduction velocity, and decreased conduction
velocity is a typical sign of injury to a nerve.
The latency of the recorded CAP typically
increases as a result of many kinds of insults to
a nerve and its waveform changes.

Interpretation of Neuroelectric Potentials

The success of intraoperative neurophysio-
logical monitoring depends greatly on the cor-
rect interpretation of the recorded neuroelectric
potentials. In most situations, the usefulness of
intraoperative neurophysiological monitoring
depends on the person who watches the display,
makes the interpretation, and decides what
information should be given to the surgeon.
It is, therefore, imperative for success in intra-
operative neurophysiological monitoring that
the person who is responsible for the monitoring
be well trained. It is also important that he/she
is familiar with the different steps in the opera-
tion, the kind of anesthesia used, and well
informed in advance about the patient who is to
be monitored.

It is important that information about changes
in recorded potentials be presented to the sur-
geon in a way that contributes specific descrip-
tive details that the surgeon will find useful and
actionable. Surgeons are not neurophysiologists,
and the knowledge about neurophysiology var-
ies among surgeons. Neurophysiologists who
provide results of monitoring to the surgeon
must, therefore, present their skilled interpreta-
tion of the recorded potentials. The surgeon may
not always appreciate data, such as latency val-
ues, because the surgeon may not understand
what such data represent. Monitoring is of no
value if the surgeon does not take action accord-
ingly. If the surgeon does not understand what
the information provided by the neurophysiolo-
gist means, then there is little chance that he/she
will take appropriate action.

Correct and prompt interpretation of changes
in the waveforms of the recorded potentials is
essential for such monitoring to be useful. The
far-field potentials, such as ABR, SSEP, and
VEP, are often complex and consist of a series of
peaks and troughs that represent the electrical
activity that is generated by successively acti-
vated nerve tracts and nuclei of the ascending
neural pathways of the sensory system. Exact
descriptions of the implications of the changes in
such potentials that may occur as a result of vari-
ous kinds of surgical insults, therefore, requires
thorough knowledge about the anatomy and
physiology of the systems that are monitored
and how the recorded potentials are generated.

The most reliable indicators of changes in
neural function are changes (increases) in the
latencies of specific components of sensory
evoked potentials, but surgically induced insults
to nervous tissue often cause changes in the
amplitude of sensory evoked potentials as well.

It must be remembered that the recorded
sensory evoked potentials do not measure the
function (or changes in function) of the sen-
sory system that is being tested. For example,
there is no direct relationship between the
change in the ABR and the change in the
patient’s hearing threshold or change in speech
discrimination. This is one reason why it has
been difficult to establish guidelines for how
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much evoked potentials may vary during an
operation without presenting a noticeable risk
for postoperative deficits.

Interpretation of sensory evoked potentials is
based on knowledge about the anatomical loca-
tion of the generators of the individual compo-
nents of SSEP, ABR, and VEP in relation to the
structures that are being manipulated in a spe-
cific operation. Interpretation of sensory evoked
potentials also depends on the processing of the
recorded potentials; for example, filters or fil-
tering techniques of various kinds that are used
affect the waveform of the potentials.

The amplitude of these sensory evoked
potentials is smaller than the background noise
(ongoing brain activity such as electroencepha-
lographic potentials) and electrical noise that
enters recording amplifiers from the environ-
ment (see Chap. 18). It is, therefore, necessary
to use signal averaging to enhance the signal-
to-noise ratio of far-field potentials such as
sensory evoked potentials. Signal averaging
(adding the responses to many stimuli) is based
on the assumption that the responses to every
stimulus are identical and that they always
occur at the same time following stimulation.
Since the sensory evoked potentials that are
recorded in the operating room are likely to
change during the time that responses are being
averaged, the averaging process may produce
unpredictable results.

These matters are important to take into
consideration when interpreting sensory evoked
potentials. Signal averaging and filtering are
discussed in detail in Chap. 18. This chapter
also discusses different ways to reduce the time
necessary to obtain an interpretable recording.
The specific techniques that are suitable for
intraoperative neurophysiological monitoring of
the auditory, somatosensory, and visual systems
are dealt with in detail in Part I (Chaps. 6, 7,
and 8, respectively).

In some instance, it is possible to record
evoked potentials from the structures that actu-
ally generate the recorded potentials in question
(near-field potentials). Such potentials often
have sufficiently large amplitudes allowing
observation of the potentials directly without

signal averaging. If it is possible to base the
intraoperative neurophysiological monitoring
on recording of evoked potentials directly from
an active neural structure (nerve, nerve tract, or
nucleus), little or no signal averaging may be
necessary because the amplitudes of such poten-
tials are much larger than those of far-field
potentials such as the ABR and SSEP. Such
near-field potentials can often be viewed in real
time on a computer screen or after only a few
responses have been averaged. These matters
are also discussed in detail in the chapters on
sensory evoked potentials (Part II).

The design of the monitoring system, the
way the recorded potentials are processed, and
the way the recorded potentials are displayed
are important factors in facilitating proper
interpretation of the recorded neuroelectric
potentials (see Chap. 17). The proper choice of
stimulus parameters and the selection of the
location along the nervous pathways where the
responses are recorded also facilitate prompt
interpretation of recorded neuroelectric
potentials.

When recording EMG potentials, it is often
advantageous to make the recorded response
audible (7, 13) so that the neurophysiologist
who is responsible for the monitoring and the
surgeon can hear the response and make his or
her own interpretation. Still, the possibilities to
present the recorded potentials directly to the
surgeon are currently few, and it is questionable
whether it would be advantageous. Few sur-
geons are physiologists, and most surgeons
prefer the results of monitoring to be presented
in a descriptive form rather than raw data.

The importance of being able to detect a
change in function as soon as possible cannot
be emphasized enough. Prompt interpretation
of changes in recorded potentials makes it pos-
sible for the surgeon to accurately identify the
step in the operation that caused the change,
which is a prerequisite for proper and prompt
surgical intervention and thus, the ability to
reduce the risk of postoperative neurological
deficits!

Correct identification of the step in an
operation that entails a risk of complications
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may make it possible to modify the way such
an operation is carried out in the future and to
reduce the risk of complications in subsequent
operations. In this way, intraoperative neuro-
physiological monitoring may also contribute
to the development of safer operating methods
by making it possible to identify which steps in
an operation may cause neurologic deficits, and
it thereby, naturally, plays an important role in
teaching surgical residents and fellows.

When to Inform the Surgeon

It has been debated extensively whether the
surgeon should be informed of all changes in
the recorded electrical activity that could be
regarded as caused by surgical manipulations or
only when such changes reach a level that indi-
cate a noticeable risk for permanent neurologi-
cal deficits. The dilemma is thus: should the
information that is gained be used only as a
warning (alarm) that implies that if no interven-
tion is made there is a likelihood that the patient
will get a permanent postoperative neurological
deficit, or should all information about changes
in function be conveyed to the surgeon?

If only information that is presumed to indi-
cate a high risk of neurological deficits is given
to the surgeon, then it must be known how
large a change in the recorded neuroelectric
potentials can be permitted without causing
any (detectable) permanent damage. So far, this
question has largely remained unanswered.
The degree of the change, the nature of the
change, and the length of time that the adverse
effect has persisted are all factors that are likely
to affect the outcome, and the effect of these
factors on the risk of postoperative neurologi-
cal deficits is largely unknown. Individual vari-
ation in susceptibility to surgical insults to the
nervous system and many other factors affect
the risk of neurological deficits in mostly
unknown ways and degrees. An individual’s
disposition, the patient’s homeostatic condi-
tion, and perhaps the effect of anesthesia on the
patient are likely to affect the susceptibility to
surgically induced injuries. This all means that
it is not possible to define general rules about
the level of changes in recorded potentials that
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does not have any (small) likelihood of causing
permanent effects, and thus, it is not possible to
know what changes are “safe.”

If the surgeon is given information about
any noticeable change in the recorded poten-
tials that may be related to his/her action, it is
not necessary to know how large a change in
recorded potentials can be permitted to occur
before any action is taken to reverse the change.
Such information is in itself important because
it tells the surgeon that the functions of specific
structures have been affected. The surgeon can
use such information in the planning and the
decision making of how to proceed with the
operation. This means that changes in the
recorded potentials that are larger than the
(small) normal variations typically seen in
these recordings should be reported to the sur-
geon if there is reasonable certainty that these
changes are related to surgical manipulations.
In that way, intraoperative neurophysiological
monitoring provides information rather than
warnings. Some authors find that the best use
of intraoperative neurophysiological monitor-
ing is for the purpose of decreasing the risk of
neurological deficits.

If the surgeon is made aware of any change
in the recorded potentials that is larger than
those normally occurring, it can help the sur-
geon to carry out the operation in an optimal
way with as little risk of adverse effect on neu-
ral function as possible. Providing such infor-
mation gives the surgeon the option of altering
his or her course of action in a wide range of
time. If the change in the recorded potentials is
small, it is likely that the surgeon would be able
to reverse the effect by a slight change in the
surgical approach or by avoiding further
manipulation of the neural tissue affected.
Alternatively, the surgeon may choose not to
alter technique if the surgical manipulations
that caused the changes in the recorded
neurophysiological potentials are essential to
carrying out the operation in the anticipated
way. However, even in such a case, the knowl-
edge that the surgical procedure is affecting
neural function in a measurable way is valuable
to the surgeon, and continuous monitoring of
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the change allows the surgeon the ability to
modify or not modify the procedure because
monitoring has identified which step in the
operation caused the change in function.

Other authors have expressed that it is
desirable to have general rules (alarm criteria)
about the size of changes in the recorded
potentials that are allowed and that only when
the changes reach such levels should the sur-
geon be informed. However, if information
about a change in the recorded potentials is
withheld until the change in the recorded elec-
trical potentials have reached such ‘“alarm”
levels, it would be difficult for the surgeon to
determine which step in the surgical procedure
caused the adverse effect, and thus, it would
not be possible for the surgeon to intervene
appropriately because he or she would not
know which step in the procedure had caused
the change. In such a situation, the surgeon
would not have had the freedom of delaying
his or her action to reverse the change because
the problem the change signaled had already
reached dangerous levels.

When conveying information about early
changes in the recorded potentials, it is impor-
tant that it be made clear to the surgeon that
such information represents guidance details,
as opposed to a warning, that the surgical
manipulations are likely to result in a high risk
of serious consequences if appropriate action is
not taken promptly by the surgeon. Warnings
are justified, if, for instance, there is a sudden
large change in the evoked potentials or if the
surgeon has disregarded the need to reverse a
manipulation that has caused a slow change in
the recorded electrical potentials.

Some patients will likely experience neuro-
logical deficits when changes in recorded
potentials during an operation are below such
alarm levels. The more knowledge that is gath-
ered about the effect of mechanical manipula-
tion on nerves, the more it seems apparent that
even slight changes in measures of electrical
activity (such as the CAP) may be signs of
permanent injury. However, studies that relate
changes in evoked potentials to morphological
changes and changes in postoperative function

are still rare. Thus, relatively little is known
quantitatively about the degree to which a
nerve can be stretched, heated, or deprived of
oxygen before a permanent injury results, but
there is no doubt that different nerves respond
in different ways to injury due to mechanical
manipulations or heat. Even less is known
about the relationship between changes in sen-
sory and motor evoked potentials and deficits
from deprivation of oxygen.

Presenting information about changes in the
recorded neuroelectric potentials as soon as
they reach a level where they are detectable
also has an educational benefit in that it tells
the surgeon precisely which steps in an opera-
tion might result in neurologic deficit. It is
often possible on the basis of such knowledge
to modify an operation to avoid similar injuries
in future operations.

The surgeon should be informed of the pos-
sibility of a surgically induced injury even in
cases in which the change (or total disappear-
ance of the recorded potentials) could be caused
by equipment or electrode malfunction. Thus,
only after assuming that the problem is biologi-
cal in nature can equipment failure be consid-
ered as a possible cause of the change. Some
authors have advocated that if sudden large
changes occur, technical problems should be
ruled out before the surgeon is notified. Other
authors are of the opinion that the surgeon must
be informed immediately, and then the neuro-
physiologist can check the equipment. Technical
problems are rare, and if the observed change is
caused by equipment failure after the surgeon
was informed the only loss would be a few
minutes of the surgeon’s time. If, on the other
hand, the observed change was caused by some
major functional change, precious time would
have been wasted if the surgeon’s action was
delayed by the search of a technical cause.

False Alarms

The question of false-positive and false-
negative responses in intraoperative neuro-
physiological monitoring has been extensively
debated. In some of these discussions, a false-
positive response meant that the surgeon was
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alerted to a situation that would not have led to
any noticeable risk of neurological deficits if
no action had been taken.

Before discussing false-positive and false-
negative responses in intraoperative neurophysi-
ologicalmonitoring, themeaningoffalse-positive
and false-negative responses should be clarified.
A typical example of a false-positive result of a
test for a specific disease occurs when the test
showed the presence of a disease while there
was, in fact, no disease present. Using the same
analogy, a false-negative test would mean that
the test failed to show that a certain individual,
in fact, had the specific disease. In the clinic or
in screening of individuals without symptoms,
false-negative results are more serious than
false-positive results. False-positive results may
lead to an incorrect diagnosis or unnecessary
treatment, while false-negative results may have
the dire consequence of no treatment being
given for an existing disease.

These definitions cannot be transposed
directly to the field of intraoperative neuro-
physiological monitoring. One reason is that
the purpose of intraoperative neurophysiologi-
cal monitoring is not to detect when a certain
surgical manipulation will cause a permanent
neurological deficit. Instead, the purpose is to
provide information that a (noticeable) risk of
permanent neurological deficit may occur. In
fact, in most cases when intraoperative neuro-
physiological monitoring shows changes in
function that indicate a risk of causing neuro-
logical deficits, no permanent deficits occur.
There are no serious consequences associated
with these kinds of false-positive responses in
intraoperative neurophysiological monitoring.

A situation in which the surgeon was mis-
takenly alerted to a change in the recorded
potentials that was afterward shown to be a
result of a technical fault or a harmless change
in the nervous system rather than being caused
by surgical manipulations may be regarded as a
true false-positive response.

The occurrences of false-negative results,
which mean that a serious risk has occurred with-
out being noticed, indicate a failure in reaching
the goal of intraoperative neurophysiological

monitoring, and these failures may have serious
consequences.

The conventional definition of false-positive
and false-negative results can, therefore, not be
applied to intraoperative neurophysiological
monitoring because the purpose of monitoring
is to identify signs that have a certain risk
of leading to such deficits if no action is taken,
not to identify individuals with neurological
deficits.

Nonsurgical Causes of Changes
in Recorded Potentials

Alerting the surgeon as soon as a change
occurs implies a faint possibility that a change in
evoked potentials may be caused by technical
problems that affected some part of the equip-
ment that is used or by a loss of contact of one or
more of the electrodes that are used. The charac-
teristics of changes caused by technical problems
are usually so different from those of changes in
the function of some part of the nervous system
caused by injury from surgical manipulations
that these two phenomena can easily be distin-
guished by an experienced neurophysiologist.
It is possible that a total loss of recorded poten-
tials can be caused by a technical failure, but it
could also be caused by a major failure in the part
of the nervous system that is being monitored.
However, if such an event should occur, it is
much better to first assume that the cause is bio-
logic and to promptly alert the surgeon.

Equipment trouble-shooting activities are
secondary actions. In general, when something
unusual happens it is advisable to alert the sur-
geon promptly that something serious may have
happened instead of beginning to check the
equipment and electrodes. It is highly unlikely
that a technical failure will occur and cause a
change in the recorded potentials that may be
confused with a biological cause for the change.
The neurophysiologist should explain to the
surgeon that a potentially serious event has
occurred, and then after alerting the surgeon,
check the equipment and the electrodes for mal-
function. The surgeon should not wait for the
completion of this equipment check. Instead,
he/she should immediately begin his/her own
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investigation to ascertain whether a surgically
induced injury has occurred. If it is discovered
that the change in the recorded potentials was
caused by equipment malfunction, the surgeon
can then be notified, and thus, the only loss that
the incident would have caused was a few min-
utes of the surgeon’s time. If such an occurrence
is regarded as a “false alarm”, then the price for
tolerating such “false alarms,” namely, that the
operation may be delayed unnecessarily for a
brief time, seems small compared with what
could occur if the equipment was checked
before alerting the surgeon.

If the cause of the change in the recorded
neuroelectric potentials was indeed a result of
an injury that was caused by surgical manipula-
tion of neural structures, and appropriate action
was not taken immediately by the surgeon, pre-
cious time would have been lost. This would
occur if the neurophysiologist had assumed
that the cause of the change was technical in
nature. Not only would the opportunity to iden-
tify the cause of the change be missed by taking
the time to check the equipment first, but such
a delay could also have allowed the change in
function to progress, thus increasing the risk of
a permanent neurological deficit. The opportu-
nity to properly reverse the cause of the
observed change in the recorded neuroelectric
potentials may be lost if action is delayed while
searching for technical problems.

In accepting this way of performing intraop-
erative neurophysiological monitoring, it must
also be assumed that everything is done that
can be done to keep technical failures that may
mimic surgically induced changes in the
recorded potentials to an absolute minimum.
Actually, high-quality equipment very seldomly
malfunctions, and if needle electrodes are used
in the way described in the following chapters
and care is taken when placing the electrodes,
incidents of electrode failure will be rare.

There are factors other than surgical manipu-
lations or equipment failure that can cause
changes in the waveform of the recorded poten-
tials, for example, changes in the level of
anesthesia, a change in the patient’s blood pres-
sure, or change in the patient’s body temperature.

It is, therefore, important that the person who is
responsible for the intraoperative neurophysio-
logical monitoring be knowledgeable about how
these factors may affect the neuroelectric poten-
tials that are being recorded. The physiologist
should maintain consistent and frequent commu-
nication with the anesthesiologist to keep
informed about any changes in the level of
anesthesia and changes in the anesthesia regimen
that may affect the electrophysiological parame-
ters that are to be monitored.

How to Evaluate Neurological Deficits

To assess the success in avoiding neurologi-
cal deficits, it is important that patients are
properly examined and tested both pre- and
postoperatively so that changes can be verified
quantitatively. In some cases, an injury is
detectable only by specific neurologic testing,
while in other cases, injury causes impaired
sensory function that is noticeable by the
patient. Other patients may suffer alterations in
neural function that are noticeable to the patient
as well as to others in everyday situations. It is,
therefore, important that careful objective test-
ing and examination of the patient be per-
formed before and after operations to make
accurate quantitative assessments of sensory or
neurological deficits.

There is no doubt that the degree to which
different types of neurological deficits affect
individuals varies, but reducing the risk of any
measurable or noticeable deficit as much as
possible must be the goal of intraoperative neu-
rophysiological monitoring. (See Chap. 19 for
further discussion on these matters.)

AIDING THE SURGEON IN THE
OPERATION

In addition to reducing the risk of neurologi-
cal deficits, the use of neurophysiological tech-
niques in the operating room (intraoperative
neurophysiology) can provide information and
guidance that can help the surgeon carry out the
operation and make better decisions about the
next step in the operation. In its simplest form,



18 Intraoperative Neurophysiological Monitoring

this may consist of identifying the exact
anatomical location of a nerve that cannot be
identified visually, or it may consist of identify-
ing where in a peripheral nerve a block of
transmission has occurred (/4). In operations to
repair peripheral nerves, intraoperative diagno-
sis of the nature of the injury and its exact loca-
tion using neurophysiological methods have
improved the outcome of such operations.

An example of a more complex role of intra-
operative recording is the recording of the
abnormal muscle response in patients undergo-
ing microvascular decompression operations to
relieve HFS (/5, 16). This abnormal muscle
response disappears when the facial nerve is
adequately decompressed (/7), and by observ-
ing this response, it is possible to identify the
blood vessel or blood vessels that caused the
symptoms of HFS, as well as to ensure that the
facial nerve has been adequately decompressed.

Electrophysiological guidance for place-
ment of lesions in the basal ganglia and the
thalamus for treatment of movement disorders
and pain is absolutely essential for the success
of such treatment. More recently, making
lesions in these structures has been replaced by
electrical DBS, and electrophysiological meth-
ods are equally important for guiding the place-
ment of electrodes for DBS (78, 19).

There is no doubt that implantation of elec-
trodes for DBS and for stimulation of specific
structures in the spinal cord will expand during
the coming years. Such treatments are attractive
in comparison with pharmacological (drug)
treatments in that electrophysiological treatments
are more specific and have fewer side effects
than drug treatments. While a physician with a
license to practice medicine can prescribe many
complex medications, procedures such as elec-
trode implantation for DBS require expertise in
both surgery and neurophysiology, and intraop-
erative neurophysiological monitoring must be
performed adequately. This means that the need
for people with neurophysiological knowledge
and operating room experience will be in increas-
ing demand for the foreseeable future.

The future will see the development of many
other presently unexplored areas in which

intraoperative neurophysiological recordings
will become an aid to the surgeon in specific
operations, and the use of neurophysiological
methods in the operating room will expand as a
means to study normal as well as pathological
functions of the nervous system.

WORKING IN THE OPERATING
ROOM

Intraoperative neurophysiological monitor-
ing should interfere minimally with other activ-
ities in the operating room. If monitoring
causes more than minimal interference, there is
a risk that it will not be requested as often as it
should. There is so much activity in modern
neurosurgical, otologic, and orthopedic operat-
ing rooms that adding activity that consumes
time will naturally be met with a negative atti-
tude from all involved and may result in the
omission of intraoperative neurophysiological
monitoring in certain cases. Careful planning is
necessary to ensure that intraoperative neuro-
physiological monitoring interferes with other
forms of monitoring and the use of life-support
equipment as little as possible.

How to Reduce the Risk of Mistakes
in Intraoperative Neurophysiological
Monitoring

The importance of selecting the appropriate
modality of neuroelectric potentials for moni-
toring purposes cannot be overemphasized, and
making sure that the structures of the nervous
system that are at risk are included in the moni-
toring is essential. Thus, monitoring SSEP
elicited by stimulating the median nerve while
operating on the thoracic or lumbar spine may
lead to a disaster because it is the thoracic lum-
bar spinal portion of the somatosensory path-
way that is at risk of being injured while only
the cervical portion of the somatosensory path-
way is being monitored.

Monitoring the wrong side of the patient’s
nervous system is also a serious mistake. An
example of this monitoring error is presenting
the sound stimulus to the ear opposite to the
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side on which the operation is being performed
while monitoring ABR. This kind of mistake
may occur when earphones are fitted in both
ears and selection of which earphone to be used
is controlled by the neurophysiologist. A user
error may select the wrong earphone to be
used. Since the ABR is not fundamentally dif-
ferent when elicited from the opposite side,
such a mistake will not be immediately obvi-
ous, but it will naturally prevent the detection
of any change in the ear or auditory nerve as a
result of surgical manipulation. The possible
catastrophic consequence of failing to detect
any change in the recorded potentials when the
auditory nerve is injured by surgical manipula-
tion is obvious.

Generally speaking, if a mistake can be made
by the action of the user (neurophysiologist),
it will be made, but it may be rare. Mistakes
may be tolerated, depending on the conse-
quences and the frequency of their expected
occurrence. Mistakes can only be avoided if it
is physically impossible to make the mistake.
Thus, only by placing an earphone solely in the
ear on the operated side can the risk of stimu-
lating the wrong ear be eliminated. If earphones
are placed in each ear, the risk of making mis-
takes can be reduced by clearly marking the
right and left earphone and only having prop-
erly trained people operate the stimulus equip-
ment. This will reduce the risk of mistakes but
not eliminate mistakes.

In a similar way, monitoring the wrong part
of the spinal cord may cause serious neurologic
deficits since no change in the recorded neuro-
electric potentials would be noticed during the
operation. When an operation involves the spi-
nal cord distal to the cervical spine and stimu-
lating electrodes are placed in the median nerve
as well as in a nerve of the lower limb, the
median nerve may mistakenly be stimulated
when the intention was to elicit evoked poten-
tials from the lower limb. It is, however, valu-
able to monitor median nerve SSEP because it
is a check that the positioning does not injury
the brachial plexus. The considerable differ-
ence between the waveform of the upper limb
SSEP and that of the lower limb SSEP may

make the mistake of watching median nerve
SSEP instead of lower limb SSEP during the
operation more easily detectable than mistakes
made eliciting ABR by stimulating the wrong
ear or when eliciting SSEP from the wrong part
of the spine.

Reliability of Intraoperative
Neurophysiological Monitoring

Like any other new addition to the operating
room armamentaria, intraoperative neurophysi-
ological monitoring must be reliable to enjoy
routine use. It is not unreasonable to assume
that if intraoperative neurophysiological moni-
toring cannot always be carried out (and conse-
quently, operations are performed without the
aid of monitoring), it may be assumed by the
surgeon that it is not necessary at all to have
such monitoring.

Reliability can best be achieved if only rou-
tines that are well thought through and which
have been thoroughly tested are used in the oper-
ating room. The same methods that have been
found to work well over a long time should be
used consistently. New routines, or modifications
of old routines, should only be introduced in the
operating room after thorough consideration and
testing. Procedures of intraoperative neurophysi-
ological monitoring should be kept as simple as
possible. The KISS (Keep it Simple (and) Stupid
or Keep it Simple and Straightforward) principle
is applicable to intraoperative neurophysiologi-
cal monitoring. These matters are discussed in
detail in Chaps. 17 and 18.

Electrical Safety and Intraoperative
Neurophysiological Monitoring

A final, but not inconsiderable, concern is
that intraoperative neurophysiological moni-
toring should not add risks to the safety, par-
ticularly electrical safety, of any operation.
Intraoperative neurophysiological monitoring
requires the addition of complex electrical
equipment to an operating room already
crowded with a variety of complex electrical
equipment. Electrical safety is naturally of
great concern whenever electronic equipment
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is in direct galvanic contact with patients, but
this is particularly true in the operating room,
where many pieces of electrical equipment are
operated together, often in crowded conditions,
and frequently under wet conditions. The
equipment and procedures used for intraopera-
tive neurophysiological monitoring must,
therefore, be chosen with consideration for the
protection of the patient as well as of the per-
sonnel in the operating room from electrical
hazard. Accidents can best be avoided when
those who work in the operating room and who
use the electronic equipment are knowledgea-
ble about the function of the equipment and
how risks of electrical hazards that are associ-
ated with specific equipment may arise. For the
neurophysiologist, it is important to have a
basic understanding of how electrical hazards
may occur and to specifically have an under-
standing of the basic functions of the various
pieces of equipment used in electrophysiologi-
cal monitoring. The area of greatest concern in
maintaining electrical safety for the patient is
the placement of stimulating and recording
electrodes on the patient. It is particularly
important to consider the safety of the patient
that is connected to equipment by electrodes
placed intracranially for either recording or
stimulation (for details, see Chap. 17).

HOW TO EVALUATE THE BENEFITS
OF INTRAOPERATIVE
NEUROPHYSIOLOGICAL
MONITORING

It is the patient that can gain the most from
intraoperative neurophysiological monitoring.
Many of the severe postoperative neurological
deficits that were common before the introduc-
tion of intraoperative neurophysiological moni-
toring are now rare occurrences. It is not only
the use of intraoperative neurophysiological
monitoring that has enabled these improvements
of medical care; better surgical techniques and
various technological advancements have led to
significant progress as well. There is no doubt
that the introduction of microneurosurgery
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(and more recently, minimally invasive surgery)
has made operations that affect the nervous system
less brutal than they were 25 years ago, and even
the last decade has seen steady improvements in
reducing complications (see also Chap. 19).

Assessment of Reduction of Neurological
Deficits

It has been difficult to accurately assess the
value of intraoperative neurophysiological
monitoring with regard to reducing the risk of
postoperative neurological deficits. One of the
reasons for these difficulties is that it has not
been possible to apply acommonly used method,
such as double-blind methods, to determine the
value of intraoperative neurophysiological
monitoring. Surgeons who have experienced
the advantages of intraoperative neurophysio-
logical monitoring are reluctant to deprive their
patients of the benefits provided by an aid in the
operation that they believe can improve the
outcome. The use of historical data for compari-
son of outcomes before and after the introduc-
tion of monitoring has been described in a few
reports, but such methods are criticized because
advancements in surgical techniques other than
intraoperative neurophysiological monitoring
may have contributed to the observed improve-
ment of outcomes. Even more difficult to evalu-
ate is the increased feeling of security that
surgeons note while operating with the aid of
intraoperative neurophysiological monitoring.

For the sake of evaluating future benefits
from monitoring, it is important that all patients
who are monitored intraoperatively be evaluated
objectively before and after the operation and
that the results obtained during monitoring be
well documented. (For more details about evalu-
ation of the benefit from intraoperative monitor-
ing and neurophysiology, see Chap. 19.)

Which Surgeons Benefit Most from
Intraoperative Monitoring?

Surgeons at all levels of competence may
benefit in one way or another from the use of
intraoperative neurophysiological monitoring,
but the degree and the kind of benefit depends
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on the experience of the surgeon in the particular
kind of operation being performed. While an
extremely experienced surgeon may benefit
from monitoring only in unusual situations or
for confirming the anatomy, a surgeon with
moderate-to-extensive experience may feel more
secure and may have additional help in identify-
ing specific neural structures when using moni-
toring. A surgeon with moderate-to-extensive
experience will also benefit from knowing when
surgical manipulations have injured neural tis-
sue. A less-experienced surgeon who has per-
formed only a few of a specific type of operations
is likely to benefit more extensively from using
intraoperative neurophysiological monitoring,
and surgeons at this level of experience will
learn from intraoperative monitoring and,
through that, improve his/her surgical skills.

Even some extremely experienced surgeons
declare the benefit from neurophysiological
monitoring and appreciate the increased feeling
of security when operating with the assistance
of monitoring. Many very experienced sur-
geons are in fact not willing to operate without
the use of monitoring.

In fact, most surgeons can benefit from intra-
operative neurophysiological monitoring mainly
by its aid in reducing the risk of postoperative
neurological deficits as well as by its ability to
provide the surgeon with a feeling of security
from knowing when neural tissue is being
adversely manipulated. Most surgeons will
appreciate the aid that monitoring can provide
in confirming the anatomy when it deviates
from normal as a result of tumors, other pathol-
ogies, or extreme variations.

RESEARCH OPPORTUNITIES

The operating room offers a wealth of research
opportunities. In fact, many important discover-
ies about the function of the normal nervous
system, as well as about the function of the
pathological nervous system, have been derived
from research activities within the operating
room. Neurophysiological recordings are almost
the only way to study the pathophysiology of

many disorders. Many important discoveries
were made by applying neurophysiological
methods to work in the operating room, but
many discoveries were made before the intro-
duction of intraoperative neurophysiological
monitoring (20, 21), and many studies were
made in connection with intraoperative neuro-
physiological monitoring (/7, 22, 23). Some
studies have concerned basic research (24),
other studies have been directly related to the
development of better treatment and better sur-
gical methods (/7, 22, 23), and some studies
have served both purposes (77, 20, 22, 24-29).
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