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Foreword

P l europhysiologic intraoperative mon-
itoring (NIOM) is undertaken in an

effort to reduce neurological morbidity associ-
ated with types of surgeries.
Postoperative outcomes of some orthopedic,
neurosurgical, and otologic surgeries reveal a
significant incidence of adverse outcomes with
intraoperatively acquired neurologic lesions.
Presumably there is a time in the development
of many lesions when the pathologic process
leading to a lesion is reversible. Initially it
seemed reasonable that although the patient
cannot be directly examined during the surgi-
cal procedure, that demonstration of changes
in electrophysiology might give warnings that
pathophysiologic changes were taking place. If
the changes were corrected, the surgically
induced lesion could be avoided. These
assumptions proved to be true, and various
animal studies revealed that neural damage
was accompanied by changes of evoked
response amplitude, latency, or both and/or
changes of evoked and spontaneous elec-
tromyographic (EMG) activity. Nonpathologic
factors, such as temperature and anesthetic
type and depth, cause changes in activity,
which may be misinterpreted as an impending
neural lesion. Unfortunately such changes may
also be due to purely technical factors. When
changes are seen, the monitoring technologist
should begin a search for technical causes and
simultaneously inform the monitoring neuro-
physiologist and surgeon of the changes.
Initially, the technology provided only
limited capacity for remote monitoring,
requiring the neurophysiologist to be present

some

in the operating room, at least during critical
periods of surgery when a neural lesion was
likely to occur.

Our medicolegal experiences have led us
to examine many surgical records in which
there was an adverse outcome. Too often the
operating surgeon was not informed promptly,
usually because response amplitude dimin-
ished progressively until it was not clear
whether a response was present or not. The
surgeon should be aware that false positives
are common. He or she should be aware that
not all neurophysiologic changes are the result
of surgical manipulations. We advised technol-
ogists that the surgeon should be informed
immediately of the difficulty and the possibil-
ity or even likelihood that the cause was purely
technical. Then as now, rapid troubleshooting
is imperative. It is the surgeon, not the technol-
ogist, who knows the anatomy of the current
surgery. Thus a change in cortical and/or sub-
cortical responses in spinal surgery may be of
little concern if the surgeon is taking a bone
graft and has not been near the spine for many
minutes.

The avoidance of some anesthetic agents
as well as the study and documentation of the
relative resistance of far-field subcortical
responses to anesthetic changes, commonly
altering near-field cortical responses, greatly
enhanced the utility of evoked potentials (EP)
in the operating room setting. Early in the
application of NIOM, with the exception of
direct cord stimulation, the study of EMG
(both spontaneous and evoked responses) was
in its infancy. Now, motor responses from
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stimulation techniques, including transcranial
electrical and magnetic stimulation, are no
longer investigative but are routine in many
centers.

The technical aspects of electroen-
cephalography (EEG), EP, and NIOM are
now largely resolved. Guidelines were pub-
lished by the American EEG Society in 1986,
1988, 1994, and 2006, which represented
consensus knowledge and approaches to these
techniques.

In the mid-1990s we were introduced to
a new postdoctoral fellow in clinical neuro-
physiology. Aatif Husain was one of the first
to take a combined EEG/Epilepsy/EMG fel-
lowship at Duke University Medical Center.
To us he expressed a keen interest in NIOM,
and he was one of the few fellows to respond
to our invitations to come to the operating
room for an orientation to NIOM. He would
arrive in the operating room at 6:00 A.M. to
watch the technical staff prepare patients for
monitoring. In a short time he was asking
probing questions and assisting in “setting
up” the patients for surgery. With his training
in EMG, it was not long before Aatif was
making suggestions as how to better monitor
EMG activity when the surgeon deemed such
monitoring to be appropriate. Those who
have experienced the operating room envi-
ronment know well the potential pitfalls
related to interfacing with operating room
staff. When the monitoring team sets up a
new monitoring service and intrudes with
additional personnel and equipment, they are
not always welcomed with open arms. As in
the early days of EEG, technologists and
interpreters of EP and NIOM were either self-
taught or the product of “on-the-job train-
ing” in centers where such diagnostic
procedures were done. We were training resi-
dents, fellows, and technologists informally,
usually structured by the number of trainees
present. In a short time we found requests for
technologist and interpreter training to be
almost overwhelming. Space and the time
demands of Duke University Medical Center

allowed us to offer only extended weekend
courses. We realized the inadequacy of such
training, but too little training was consid-
ered preferable to no training. Interpreter
classes on EP in general and NIOM in partic-
ular could be larger than technologist classes,
in part because lab time was not offered. We
felt that technologists required a lab expo-
sure, and thus their classes were limited to 20
attendees. Dr. Husain attended many of these
technician training sessions, realizing that
technologist training was both important and
necessary. Subsequently, Dr. Husain champi-
oned the long Duke tradition of emphasizing
intensive training for technologists, and he
has actively supported the American Society
of Electroneurodiagnostic Technologists
(ASET) courses and the American Board of
Registration in Electroencephalographic and
Evoked Potential Technology (ABRET) by
serving initially as an invited examiner and
later as an elected board member.

Course offerings in these topics were and
are now available at numerous medical cen-
ters and national technologist and physician
societies have incorporated EP and NIOM
into their course offerings at their annual
meetings. For physicians, the American Board
of Clinical Neurophysiology (ABCN) devel-
oped a special NIOM certification examina-
tion and the American Board of Psychiatry
and Neurology (ABPN) developed the
Subspecialty Examination in Clinical Neuro-
physiology, which incorporated NIOM ques-
tions. Early on there was a continuing need to
educate surgeons and anesthesiologists on
strategies for enhancing NIOM techniques,
because cooperation between the surgical and
monitoring teams is essential. Dr. Husain’s
text will no doubt serve well to promote such
cooperation. On the technologist front,
ABRET offered the first examination of
Certification in Neurophysiologic Intra-
operative Monitoring (CNIM) in 1996.

Since that time, Aatif’s career in clinical
neurophysiology has progressed impressively;
his publications alone attest to his broad



interest in the field. Aatif directs Duke’s
NIOM program. We have retired from the
active practice of medicine and left clinical
neurophysiology and NIOM to younger eyes
and minds.

On all these levels, from local teaching to
national society offerings to national board
examinations, Dr. Husain has contributed his
time and expertise to the benefit of trainees at
all experience levels. We feel that we must all
be trainees; otherwise we close our minds to
new information. We share Dr. Husain’s
enthusiasm for the field and this text. No text
can solve all of the training issues of such a
broad audience, but this work is clearly an
important step forward. We are honored to
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have been asked to write this foreword and to
have participated in the formative period of
this fascinating field.

C. William Erwin, MD

Professor Emeritus

Duke University Medical Center
Past President ABRET and ACNS
Past Chairman, ABCN

Andrea C. Erwin, R EP T, CNIM

Past Manager

Clinical Neurophysiology Laboratories
Duke University Medical Center

Past ABRET Section Chair

EP Examining Committee






Preface

Seldom has a field in medicine grown as
rapidly as neurophysiologic intraoper-
ative monitoring (NIOM). Twenty-five years
ago, few people had heard of NIOM. About
20 vyears ago, the initial seminal papers
appeared, documenting the utility of somato-
sensory and brainstem auditory evoked poten-
tial monitoring in reducing the morbidity of
scoliosis and brainstem surgery. Fifteen years
ago, NIOM was available only in large,
academic hospitals, often with equipment
cobbled together by experienced neuro-
physiologists. As recently as 10 years ago,
there were few educational offerings where
one could learn more about NIOM.

The last decade has seen remarkable
advances in NIOM. Not only have new
modalities, such as motor evoked potentials,
become available, but the equipment used for
monitoring has improved considerably.
Advances in telecommunications have enabled
remote real-time review of NIOM data by
neurophysiologists. Educational programs and
courses in NIOM are much more common and
are offered during meetings of many neuro-
physiology societies. Trained technologists
have done much to further advance the field.
Research has documented the utility of many
types of NIOM in reducing the morbidity not
only in orthopedic surgery and neurosurgery
but also otolaryngologic, vascular, and cardio-
thoracic surgery. Surgeons, anesthesiologists,
neurologists, and other healthcare profession-
als now accept the value of NIOM in making
many types of surgeries safer.

Although most large academic and many
community hospitals now offer NIOM services,

xiii

there remains a shortage of qualified neuro-
physiologists and technologists to meet the
demand. Education in NIOM is seldom avail-
able in traditional residency, fellowship, or
other training programs. Technologists also
learn on the job and often have no formal cur-
riculum to follow. Textbooks on the subject
are few and often limited in scope to neuro-
surgical and orthopedic procedures. Learning
about medicolegal issues surrounding NIOM
is even more difficult.

With this book I hope to bridge some of
the gaps on NIOM education and clinical
practice. It is divided in two main sections. In
the first section, “Basic Principles,” the reader
will learn the basics of NIOM. This includes
not only the modalities used in monitoring,
but also topics not usually discussed. The
novice will find an introduction to the operat-
ing room, where basics about sterile technique
and the various machines that might be
encountered are discussed. Chapters on
remote monitoring, billing, and ethical issues
will help those trying to set up laboratories.
All will benefit from the buyer’s guide to
NIOM machines. The second part of the
book, “Clinical Methods,” reviews the use of
NIOM in various types of surgeries. The
chapters present the basics of anatomy, physi-
ology, and surgery of the various procedures
so that the reader will better understand what
happens during these procedures. Details of
the monitoring modalities and their interpre-
tive criteria are then presented. Whenever
possible, data supporting the use of NIOM in
the particular type of surgery is also pre-
sented. A unique feature of every chapter is
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that it is written not only by an experienced
neurophysiologist but also a senior technolo-
gist who has contributed to a technical section.
This section reviews practical information
about the logistics of monitoring a particular
type of surgery, and it will be especially useful
for technologists.

Many different professionals will find this
book useful. Neurophysiology trainees and
technologists will benefit in reading it in its
entirety. Experienced neurophysiologists will
find it useful every day in clinical practice, as
information about many different types of
surgery and monitoring is easily accessible.
Surgeons and anesthesiologists will find useful
information that will help them understand
what the NIOM team does. Laboratory man-
agers will find material that will help them set
up laboratory procedures and protocols.

There are many individuals that have con-
tributed to this book and must be recognized.
Foremost, I am extremely grateful to my col-

leagues who contributed to this text. They
have helped create a truly unique book. R.
Craig Percy and his colleagues at Demos
Medical Publishing have been incredibly sup-
portive of this project and must be recognized
and appreciated for their foresight in seeing
the need for such a book. A special note of
thanks is due to the many technologists,
neurophysiologists, and surgeons at Duke
University Medical Center who have taught
me extensively. Special mention is due to Dr.
C. William Erwin and Andrea Erwin, my
mentors, without whom I would not have
been introduced to NIOM. Of course, none of
this would be possible without our patients,
who have done the most to advance this field.
Finally, I am indebted to my wife, Sarwat, and
children, Aamer and Aayaz, for enduring my
absenteeism for the many, many nights and
weekends I worked on this book.

Aatif M. Husain
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Introduction to the
Operating Room

Kristine H. Ashton
Dharmen Shah
Aatif M. Husain

he operating room can be an intimi-

dating environment for most nonsur-
gical healthcare personnel. Lack of operating
room knowledge, unfamiliarity with aseptic
techniques and sterile field, and minimal sur-
gical training contribute to the anxiety. This
basic knowledge is critical for neurophysio-
logic intraoperative monitoring (NIOM) staff,
since it helps them to understand the roles of
various personnel and how their jobs dovetail
with those of others. Familiarity with the per-
sonnel, instrumentation, and environment of
the operating room can help make NIOM
successful. This chapter serves as an introduc-
tion to the operating room, discussing aseptic
technique, personnel, equipment likely to be
encountered, and the basics of preparation,
safety, and cleanup related to NIOM.

ASEPTIC TECHNIQUE

“Aseptic technique” refers to practices
used to minimize the patient’s exposure of
pathogens, usually one undergoing a surgical
procedure. This technique involves not only
cleaning surgical instruments so that they are
free of pathogens but also routines followed
by surgeons and operating room personnel to
minimize the spread of microorganisms. In
this section, sterilization techniques are dis-

cussed first, followed by a review of how sur-
geons and other staff should be attired.

Sterilization Methods

Sterilization is a process by which objects
are cleansed of living organisms, including
spores. It is important to differentiate sterili-
zation from disinfection. Disinfection reduces
the number of viable organisms, whereas ster-
ilization kills all organisms. Common disin-
fectants include alcohol and phenolic
compounds. However, sterilization—not dis-
infection—is necessary in the operating room.

Three methods of sterilization are avail-
able: thermal, chemical, and radiation. Each
method uses different devices to measure and
ensure the integrity of the sterilization.
Knowing about methods of sterilization is
important for NIOM staff, as instruments
needing to be sterilized must be packed
according to the method that will be used to
sterilize them.

Thermal Sterilization

Heat is a reliable method of sterilization.
Moisture, in the form of steam, combined
with heat hastens the process. This process
causes denaturation and coagulation of
enzymes and protein systems of microorgan-
isms. All living organisms are killed with
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steam at a temperature of 115°C (240°F) for
15 minutes (1). Higher temperatures require
less time. The exact temperature and time
needed to thermally sterilize an object
depends on its size and what else is placed in
the sterilization chamber.

Steam sterilizers are often referred to as
autoclaves. Three types of steam pressure ster-
ilizers are commonly used: prevacuum steriliz-
ers, gravity displacement sterilizers, and
flash/high-speed pressure sterilizers. As name
indicates, the prevacuum sterilizer vacuums
air for several minutes prior to entry of the
steam into the chamber. Because of the vac-
uum created, as soon as steam enters the
chamber it penetrates to the center of pack-
ages placed in the chamber. A temperature
between 132° and 141°C (270° and 285°F) at
27 Ib/in? for 15 to 30 minutes is needed for
sterilization in prevacuum sterilizers (1).

A gravity displacement sterilizer has two
openings. Steam enters the chamber through
one opening, displacing heavy air out of the
chamber from the other opening. Once the
heavy air is removed from the chamber, the
second opening is closed. The steam penetrat-
ing objects within the chamber kills the organ-
isms. Gravity displacement sterilizers require
a temperature of 121° to 123°C (250° to
254°F) at 15 Ib/in? for 15 minutes to complete
sterilization (1).

A flash/high-speed pressure sterilizer uses
either a prevacuum or gravity displacement
cycle. If a prevacuum cycle is used, the tem-
perature requirement is 132° to 134°C (270°
to 275°F) at 27 1b/in? for 3 minutes to kill
microorganisms on a nonporous object. For
porous objects, the time must be extended to
4 minutes. If the gravity displacement cycle is
used, the time should be extended to at least
10 minutes (1). Flash/high-speed sterilization
should be used only in emergencies and not to
compensate for a shortage of supplies.

Electrodes, stimulators, and other objects
used in NIOM that require sterilization
should be thermally sterilized. Flash/high-
speed pressure sterilization should be used

only in emergencies, as when a one-of-a-kind
instrument is inadvertently contaminated,
such as by dropping on the floor.

The advantages of thermal sterilization
are that it is fast, easy, inexpensive, and safe.
It disadvantages include the need for cleaning
the objects prior to sterilization, ensuring the
steam contact with items in the chamber, and
different standards regarding exposure time
and temperature according to object size.

Chemical Sterilization

Multiple different chemicals have been
utilized for chemical sterilization; however,
only those listed by the U.S. Environmental
Protection Agency (EPA) as chemical steri-
lants should be used as such. This list
includes ethylene oxide gas, hydrogen perox-
ide, formaldehyde, and formaldehyde gas.
Most of these chemical agents interfere with
the metabolism of the organism, leading to
cell death and ensuring sterility. Chemical
sterilization is most commonly used for items
that can easily erode and have low melting
points, such as plastic. It is extensively used
by commercial companies to prolong the
shelf life of their products. In general, items
that can be sterilized with steam should not
be sterilized with chemical agents. Electrodes
and other objects used by the NIOM team
needing sterilization should not be chemically
sterilized.

Radiation Sterilization

Ionizing radiation is mostly used for com-
mercial sterilization. It kills microorganisms
by forcefully dislodging electrons from ions
and disrupting their deoxyribonucleic acid
(DNA). The free electrons from gamma rays
penetrate objects to be sterilized; efficacy
depends on the electrons penetrating the
entire object. Thus thick and dense objects
may not get properly sterilized. However, high
heat is not involved, so heat-sensitive objects
can be sterilized in this manner. Gamma radi-
ation is very expensive, and exposure of
healthcare personnel to the radiation must be
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closely monitored (2). Radiation sterilization
is seldom needed by NIOM personnel.

Operating Room Attire

Since human skin is harbors living organ-
isms, operating room attire has been created
to provide an effective barrier against the
spread of these organisms to the patient. To
maintain the integrity of the sterile environ-
ment of the operating room, street clothes are
not allowed into the restricted area, and oper-
ating room attire should not be worn outside
the operating room. Different clothing
requirements exist for those individuals who
are scrubbed for a procedure and for those
not scrubbed.

Individuals who are not scrubbed for the
actual surgery have four required components
of their attire: body cover, head cover, shoe
covers, and mask. Body covers are available in
either two-piece pantsuits or one-piece over-
alls. If a two-piece suit is worn, the shirt
should be tucked inside the pants’ drawstring
to avoid contact with the sterile field. The
required head and shoe covers are usually
made of special paper and should be replaced
each time the individual exits and enters the
restricted area. Two types of face masks are
available, conical and cup-shaped. The appli-
cation of the mask is also critical for its effec-
tive use. The upper strings should always be
tied at the back of the head, while the lower
strings are tied behind the neck. Multiple dif-
ferent personal protective devices are also
available—such as aprons, eyewear, nonsterile
glove, etc.—however, their use is not manda-
tory. NIOM personnel must wear the pre-
scribed attire when they are in the operating
room.

Personnel who are operating or otherwise
scrubbed in for the surgery must undergo
three processes to become sterile: scrubbing,
gowning, and gloving. Scrubbing the hands
and arms with special soaps removes many
Operating rooms may have
requirements for how long or how many

organisms.

brush strokes are necessary for adequate
scrubbing. After drying with a sterile towel, a
sterile gown is immediately put on. Details
about gowning and gloving are not be dis-
cussed further, as NIOM personnel will gener-
ally do not need to be scrubbed. Such details
can be found elsewhere in operating room
texts (1,3).

Sterile Field

Knowledge of the sterile field is critical as
a small mistake can result in a significant dis-
ruption to the operating room environment.
The sterile field includes the patient and his or
her periphery, personnel wearing sterile attire,
furniture covered with sterile drapes, and
items within the sterile field. The integrity of
the sterile field must be maintained by allow-
ing only sterile items to enter or touch it. If
there is a question regarding an item’s sterility,
it should be considered nonsterile.

Sterile gowns worn by the surgeon and
the staff assisting him or her are considered
sterile in front of the chest, at and above the
level of the sterile field but not below it. Also,
the area 2 inches above the elbows to the cuffs
is considered sterile. The back of the gown is
considered nonsterile, as it is not under close
observation. Persons wearing sterile attire
should keep their hands at or above waist
level or at the level of the sterile field. All sur-
gical team members should maintain the same
height in relation to other surgical team mem-
ber to protect the integrity of the sterile field.
A drastic change in the position of one surgi-
cal team member, such as the sitting position,
will require a change in position of all other
members of the surgical team as well (3).

Sterile tables are considered sterile only
on the top areas. Drapes extending below the
operating tables are considered nonsterile.
The NIOM personnel must secure all electri-
cal cords with nonperforating clips to prevent
them from sliding onto the sterile areas.
Sterile items on the table are continuously
observed and maintained by the main scrub
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nurse. The circulating nurse (discussed later)
is responsible for getting instruments and sup-
plies that are not on the sterile tray of instru-
ments. He or she will then hand the
instrument to the scrub nurse or place them in
the sterile field, maintaining integrity of the
object and the sterile field. If the item is
wrapped in a peel package, the edges of the
package should be rolled over the presenter’s
hands and the inner sterile contents presented
to the scrub nurse. This must be done in a
manner that avoids contamination of the
object, the scrub nurse, and the sterile field.
Nonsterile persons should never reach over
the sterile field to transfer the sterile items. On
the other hand, a sterile person should never
reach over a nonsterile area (1,3).

The NIOM staff must be able to follow
the sterile technique and learn to transfer
objects such as electrodes and stimulators in
a sterile manner. If they are unable or not sure
how to do so, they should consider using the
circulating nurse to transfer their supplies to
the operating table. Like all other personnel
in the operating room, the NIOM staff also
have a responsibility of helping keep the ster-
ile field intact and alerting the appropriate
personnel (scrub or circulating nurse) if a
breach occurs.

PERSONNEL

Many different people are likely to be
encountered by the NIOM team in the operat-
ing room. It is useful to know who these peo-
ple are, what responsibilities they have, and
how they can affect NIOM.

Surgical Team

In addition to the attending surgeon,
other members of the surgical team may be
present in the operating room. Several of these
may scrub in the case and assist the surgeon.
The NIOM staff must know who is in charge
of the case, as this person must be kept

abreast of any changes or other issues with
NIOM.

Attending Surgeon

The surgical team consists first of an
attending surgeon, the physician ultimately
responsible for the patient and everything that
occurs during the surgery. The attending sur-
geon decides which patients should undergo
NIOM and, in conjunction with the neuro-
physiologist, decides what type of NIOM to
use. Changes in NIOM during surgery must
be communicated to the attending surgeon so
that appropriate corrective action can be
taken if possible. Additionally, any issues with
setup of a case should be referred to the
attending surgeon so that he or she is aware
and can address them if necessary. The attend-
ing surgeon is usually not in a position to
serve as the interpreter of NIOM data.

Surgical Resident

One or more surgical residents (surgeons
in training) may be training with the attend-
ing surgeon and assist with the case. Senior
residents may open and close the case inde-
pendently. Depending on their skill level,
chief residents may perform most of a surgery
independently. When the attending surgeon is
not in the room, the senior resident is in
charge. In such a situation, responsibilities
noted above for the attending surgeon are
assumed by the resident in charge. Changes in
NIOM data must then be communicated to
this resident.

Medical Students

At some centers, particularly teaching
hospitals, medical students may be present
and perform certain duties, such as inserting
Foley catheters. With the surgeon’s permis-
sion, they may scrub in on the case. They gen-
erally are not present in the surgery by
themselves. Whereas informing medical stu-
dents about NIOM may be educational for
them, it is not a substitute for informing the
surgeon in charge. Medical students should
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not be relied upon to convey NIOM informa-
tion to the attending surgeon.

Physician Assistants (PAs) and Nurse

Practitioners (NPs)

PAs and NPs work in large and small hos-
pitals and may scrub in to assist the attending
surgeon when necessary. In these situations,
PAs and NPs play a role similar to that of a
surgical resident. However, they will seldom
perform large parts of the surgery independ-
ently. If the PA or NP is the only member of
the surgical team present in the room, he or
she must be kept informed of NIOM changes;
if the attending surgeon is present, he or she
must be informed.

Anesthesia Team

The anesthesia team typically consists of
an attending physician and technician who
float between several operating rooms and an
anesthesia resident or clinical registered nurse
anesthetist (CRNA) who is dedicated to one
operating room. The monitoring technologist
should communicate with the anesthesia team
about the best time to apply electrodes and
other requirements for NIOM.

Attending Anesthesiologist

The attending anesthesiologist is the
physician in charge of all aspects of the
patient’s anesthesia. Often he or she is respon-
sible for overseeing the anesthetic care of
patients in multiple rooms. Although the
attending anesthesiologist will not be physi-
cally present in the operating room for the
duration of the surgery, an anesthesia resident
or CRNA will be present at all times. The
attending anesthesiologist will usually inter-
view the patient in the preoperative holding
area prior to surgery. The NIOM team should
communicate any special requirements, such
as total intravenous anesthesia (TIVA), with
the attending anesthesiologist. When changes
in NIOM data occur, in addition to the sur-
geon being informed, the anesthesiologist

should also be kept aware in case changes in
anesthesia are needed.

Anesthesia Resident

The anesthesia resident is an anesthesiol-
ogist in training and is responsible for the
patient’s immediate care; he or she remains in
the operating room with the patient at all
times. The monitoring technologist will fre-
quently encounter the resident in the operat-
ing room very early in the morning while both
are setting up equipment to begin a case. It is
courteous to begin communications regarding
anesthetic requirements at this time, since the
anesthesia team may need to gather different
drugs than anticipated. Additionally, they
may require additional infusion pumps and
some extra time to program these. During the
surgery, if NIOM changes are noted, along
with the surgeon, the anesthesia resident
should be kept apprised of these if the attend-
ing anesthesiologist is not in the room.

Clinical Registered Nurse Anesthetist

A CRNA is an anesthesia team member
who has completed a master’s degree program
in nurse anesthesia. This person functions in
much the same way as the anesthesia resident
and is present with the patient during the
entire surgery.

Anesthesia Technician

Anesthesia technicians assist the team in
setting up the case in a variety of ways. They
gather equipment, set up infusion pumps, pre-
pare electrocardiogram leads and blood pres-
sure cuffs, gather intravenous supplies, and do
any other job that can help the anesthesia team
get a case started. Throughout the case, the
technician takes samples to the lab, gets blood,
operates machines such as the cell saver, and
again carries out other duties as needed.

Nursing Team

The nursing team usually consists of two
nurses who are assigned to the operating
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room for all of the cases scheduled in that
room for the day. They are almost always reg-
istered nurses (RNs) and may have a number
of other degrees/certifications.

Circulating Nurse

The circulating nurse, also known as the
circulator, is responsible for keeping track of
personnel in the room, retrieving items
required during surgery, maintaining docu-
mentation, answering the phone, and doing
any other task that need to be done by some-
one who is not sterile. It is important for the
monitoring technologist to check in with the
circulating nurse at the start of the case. A
cooperative relationship about the location of
equipment, access to the patient, and draping
of electrodes is essential to successful monitor-
ing of a case.

Scrub Nurse

The scrub nurse scrubs in prior to the case
in order to set up the instruments. He or she
remains sterile throughout the case and passes
instruments to the surgeons. If the monitoring
technologist has any sterile probes, stimula-
tors, electrodes, or cables for the surgeon to
use, these are passed in a sterile fashion to the
scrub nurse.

Room Attendant

The room attendant brings large equip-
ment such as beds or microscopes into the
room. He or she also helps to turn and posi-
tion the patient. The circulating nurse will
often call on the room attendant to locate
odds and ends, such as extension cords or
hair clippers. Attendants are usually assigned
to several operating rooms and run between
rooms, helping out wherever they can. An
experienced room attendant can be an invalu-
able resource to the monitoring technologist,
since he or she often arrives early in the
morning to set up rooms, knows how the
rooms are arranged and where best to place
the NIOM equipment, knows where to find

supplies, and knows a variety of personnel
who may be of help.

Allied Health Personnel

Depending on the type of surgery, a vari-
ety of allied health personnel may be called in
to help or may be present in the room
throughout the surgery.

Radiology Technician

The radiology technician is one of the
allied health professionals whom the monitor-
ing tech will encounter often in the operating
room. The radiology technician is usually
operating one of two types of equipment,
either a traditional x-ray or a C-arm machine.
It is important for the monitoring technologist
to establish communication with the radiol-
ogy technician about the location of any wires
or cords on the patient or bed so that the
movement of the radiology machines does not
disrupt NIOM.

Perfusionist

A perfusionist is present in cardiothoracic
surgeries and operates the cardiopulmonary
bypass (CPB) machine. The monitoring tech-
nologist should be aware that the perfusionist
can deliver anesthetic agents through the CPB
machine. Consequently, in these cases, not
only the anesthesia team but also the perfu-
sionist must be asked what anesthetics the
patient will be receiving. The perfusionist is
also responsible for inducing hypothermia
when needed, and the monitoring technologist
must be aware of that as well.

EQUIPMENT

A variety of different machines can be
found in the operating room. The NIOM
team must know not only their function but
also the effect they can have on monitoring.
Many machines will produce high-amplitude
artifacts that must be recognized.
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Electrocautery

The electrocautery (Figure 1.1), also
known simply as cautery, is used in almost
every operation. The cautery is used to electri-
cally cut skin and to burn bleeding blood ves-
sels closed. It causes a very large artifact that
cannot be averaged through (Figure 1.2). The
monitoring technologist will need to “pause”
the NIOM machine during active cautery.

FIGURE I.l1 An electrocautery machine.
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FIGURE 1.2 Example of artifact caused by elec-
trocautery. This was seen when tibial somatosen-
sory evoked potentials were being averaged.

Cardiopulmonary Bypass Machine

The CPB machine is used for aortic sur-
gery (Figure 1.3). In these surgeries, electroen-
cephalography (EEG), somatosensory evoked
potentials (SEPs) or motor evoked potentials
(MEPs) may be monitored. The perfusionist
operates the CPB machine and can administer
a variety of anesthetics through it. As noted
above, the monitoring technologist must be
aware of the drugs being administered
through the CPB machine, as they may affect
NIOM. The CPB machine can also be used for
inducing hypothermia, and when this is being
done, the monitoring technologist should
make a note, as that will affect the monitoring
as well. At times the CPB machine can pro-
duce significant artifact that makes interpreta-
tion of NIOM difficult. This is particularly
true in cases where EEG activity is being
recorded at 2 pV/mm to determine electro-
cerebral inactivity; at such a high sensitivity,
artifacts are difficult eliminate.

Microscope and Monitor

The microscope is much used in neuro-
surgery (Figure 1.4). The monitoring technol-
ogist must position his or her equipment and
cables in such a way as not to interfere with

FIGURE 1.3 A cardiopulmonary bypass machine.

This machine can also be used to administer anes-
thetic agents and other drugs as well as for induc-
ing hypothermia.
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FIGURE 1.4 An operating surgical microscope.
During surgery, this microscope will be draped
with sterile sheets.

the microscope moving in and out of the field.
There is rarely an artifact problem related to
the microscope. The microscope will be sterile
and draped prior to the start of the case and
should not be touched once draped. Often the
microscope is connected to a monitor that dis-
plays what the surgeon is seeing through the
microscope (Figure 1.5). This is helpful, as all
operating personnel can then see what is hap-
pening in the surgical field.

Ultrasound

Various types of ultrasound are commonly
used in the operating room in a variety of sur-
geries (Figure 1.6). The ultrasound probes are
usually operated by the surgeon, but they can
be used by the anesthesiologist as well.

Intraoperative Ultrasound

A standard ultrasound machine is used to
precisely locate tumors or other lesions in the
surgical field. The ultrasound probe is covered
in a sterile sheath and held by the surgeon.
This type of ultrasound is used sporadically
during the surgery.

FIGURE 1.5 A monitor that displays images of
the surgical microscope.

Transesophageal Echocardiography

During aortic surgery, a procedure called
transesophageal echocardiography (TEE) may
be performed by the anesthesiologist. During
this procedure, the anesthesiologist often has
his or her fingers in the patient’s mouth,
manipulating the TEE probe. TEE usually
does not produce artifact that affects NIOM.
However, if MEP monitoring is being per-
formed, it is important to be sure the anesthe-
siologist does not have his or her fingers in the

FIGURE 1.6 An ultrasound machine commonly
used in the operating room.
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patient’s mouth, since a transcranial electrical
stimulus will cause the patient to bite down. A
surprise MEP stimulation could therefore
cause injury to the anesthesiologist. It is best
to alert both the surgeon and anesthesiologist
when a MEP stimulus is about to be delivered.

Laser

A carbon dioxide (CO,) laser is some-
times used during surgeries in which a tumor,
such as a lipoma, must be broken down. This
is often done in tethered cord surgery. Special
CO, goggles must be worn by operating room
personnel to protect their eyes against dam-
age. This laser does not often produce an arti-
fact that affects NIOM.

Cavitron Ultrasonic Surgical Aspirator

The cavitron ultrasonic surgical aspirator
(CUSA) is another device that uses sound
waves to break down tissue, usually tumors. It
is used in many different types of surgical pro-
cedures. At times it can produce an artifact
that makes it difficult to average evoked
potentials (EPs).

Anesthesia Equipment

The anesthesia work station includes
monitoring equipment, gas delivery devices, a
documentation station, storage area, work
platform, and a variety of other anesthetic
tools (Figure 1.7). This equipment generally
does not produce artifact in NIOM. However,
the monitoring technologist should learn to
identify anesthetics delivered, inspired and
expired gases, blood pressures, and tempera-
ture, all of which are displayed on the anes-
thesia equipment.

X-ray

A standard x-ray machine is found most
often in orthopedic and neurosurgery to locate
bone structures so as to determine surgical

FIGURE 1.7 The anesthesia work station.

starting points. The x-ray machine does not
produce an artifact that interferes with NIOM.

Fluoroscopy

Fluoroscopy, a type of x-ray system, is
used in the operating room; its images can be
visualized immediately without having to be
processed. It is composed of at least two parts
and, if needed, can be used with an injector for
visualizing blood vessels. When fluoroscopy is
being used, the monitoring technologist should
make sure that he or she is appropriately cov-
ered with lead protective garments.

C-Arm

A C-arm is that part of a fluoroscopy
device that is brought in close proximity to
the patient and through which the x-rays pass
(Figure 1.8). It can be used for diagnostic and
interventional purposes. Although a C-arm
can be wall-mounted, in the operating room it
is often mobile so that it can be positioned
appropriately. The C-arm can be angulated in
any direction so as to provide the best possi-
ble imaging study. Mobile C-arm units pro-
vide image recording by either spot-film or
digital image acquisition.

Monitor
Various image recording devices may be
incorporated, including a film changer, cine
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FIGURE 1.8 The C-arm. Notice that it is draped
with sterile sheets.

camera, or digital image acquisition for digital
subtraction. Most often a monitor is used to
display the digital image (Figure 1.9).

Injector

The injector is the part of the fluoroscopy
system through which a dye can be injected to
visualize blood vessels. It is used often in
endovascular surgeries. Fluoroscopy seldom
causes significant artifact that would prevent
adequate NIOM.

Cell Saver

The cell saver is used to process the
patient’s blood and return the red blood cells
to the patient (hence the name). At times,
especially when grounding is faulty, the cell
saver can produce significant artifact that
impairs averaging EPs.

Image-guided Surgery Systems

Image-guided surgery systems are sophis-
ticated systems that help surgeons identify
and locate structures deep to the surface. They
work in a manner similar to global position-

FIGURE 1.9 The monitor used to display fluo-
roscopy images during surgery.

ing systems. A magnetic resonance imaging
(MRI) study is preloaded in the computer and
sensors are attached to the patient. An
infrared camera detects the position of the
patient’s head. Surgical instruments can also
have sensors that make them appear on the
MRI, making localization easier. An example
of this is the BrainLAB, used in neurosurgical
procedures (Figure 1.10). Image-guided sur-
gery systems seldom produce artifact that
would hamper NIOM.

Surgical Table

Surgical tables are of many different
types. They are usually electrically powered
and plug into an AC outlet. In addition to
moving up and down, they can turn in various
directions to help optimize patient position-
ing. Because they plug into the AC outlet, they
can also produce artifact, which can make
averaging EPs difficult (Figure 1.11). The arti-
fact can be isolated to the bed if unplugging
the bed eliminates the artifact. If this happens,
a discussion with the anesthesia team about
whether the operating table can remain dis-
connected must take place.
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FIGURE 1.10 The BrainLAB, which helps localize
structures in the surgical field.
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FIGURE I.11 Example of artifact caused by the
operating table. Disconnecting the table eliminated
the artifact.

Surgical Drill

Many surgical procedures involving the
skull and other bones require the use of a
handheld drill by the surgeon. The appear-
ance of such a drill is similar to that of a drill
used around the home; however, they are
made to surgical specifications and have spe-
cial drill bits. When a drill is being used, sig-
nificant artifact is produced, so that EP
monitoring is not possible (Figure 1.12).
Many times it is best to stop averaging Es
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FIGURE 1.12 Example of artifact caused by a sur-
gical drill. This was noted during microvascular
decompression surgery for trigeminal neuralgia.
After exposure, when the drill was no longer in use,
the artifact disappeared.

until after the drilling has been completed.
This is commonly seen in retromastoid cran-
iotomies, such as those done for cerebellopon-
tine angle surgeries.

PREPARATION

Preparing for a surgery in which monitor-
ing will be used is among the most important
things that the NIOM team does. Thorough
planning reduces anxiety during the surgery
and ensures that the best possible monitoring
is performed.

Preoperative Studies

Preoperative studies are EP or EEG studies
performed at least one day prior to surgery.
Although it is not always possible to perform
preoperative studies, they should be consid-
ered if and when possible. The primary reason
for performing a preoperative study is verifica-
tion that the patient has responses that can be
monitored during surgery. If any abnormalities
exist, these are identified and the surgeon is
notified prior to the surgery. This process also
allows for a greater degree of confidence in the
baseline responses in the operating room.
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In certain centers, patients may be
screened for preoperative studies based on
their medical history. Those with a higher like-
lihood of abnormal or absent responses may
be candidates for preoperative studies. These
would include patients with tumors of the cen-
tral nervous system, patients with peripheral
neuropathy, etc.

Contraindications to NIOM

There are very few absolute contraindica-
tions to NIOM. The presence of a cardiac pace-
maker and cranial and other implants is a
contraindication to MEP monitoring. In the
past, a history of epilepsy was also considered a
contraindication to MEP monitoring. However,
recent data suggest that the risk of provoking
seizures with MEP is very low (4). There are no
contraindications to other types of monitoring.

Supplies

Some of the supplies the monitoring tech-
nologist needs can be found in the operating
room. Most of them, however, will need to be

brought in by the technologist. Usually the
technologist will carry a small toolbox, apron,
or bucket with supplies needed for any situa-
tion. The most important of all is, of course,
electrodes. Available electrode types include
disposable needles, disposable foam pads,
reusable gold cups, corkscrew needles, and a
variety of other electrodes found in many sup-
ply catalogs. A list of supplies that the tech-
nologist should have on hand is presented in
Table 1.1. This is not meant to be an exhaus-
tive list but should be a good start for the
beginning technologist.

Setup

The type and site of surgery being per-
formed will determine the type of monitoring
that is needed. Many centers will have proto-
cols that specify which modalities are to be
monitored for each type of case. If a new type
of procedure is being performed, the surgeon,
anesthesiologist, and neurophysiologist
should jointly decide which monitoring
modalities are needed. Ideally, this should
happen well before the morning of the case.

TABLE 1.1 A List of Supplies that Must be Present in the “Tool Box” of a Monitoring Technologist

Supplies Applications

A variety of tapes
Conductive gel
Exfoliant

Alcohol preps
Skin-marking pen
Collodion

Acetone

1-inch gauze
Conductive paste
Cotton applicator tips
Syringes

Tape measure

Air dryer To dry collodion
Cotton balls
Blunt-tip applicator

To remove collodion

To apply exfoliant

To attach surface and needle electrodes

To use for disc electrode conduction

To prepare the skin prior to application of surface electrodes

To disinfect skin before placing needles and also for cleanup afterwards
Head and muscle marking

For gluing surface electrodes to head

Used with collodion to reinforce the attachment of surface electrodes

To use for disc electrode conduction

To hold and apply collodion and conductive gel

To measure head and body markings

Used with acetone to remove collodion

Used with syringe to apply conductive gel into disc electrode hole
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Access to the patient should be coordi-
nated with the surgical team, anesthesia team,
and the circulating nurse. If there are surface
electrodes that need to be applied, it is often
easier to apply these in the preoperative hold-
ing area or induction room rather than in the
operating room. For the patient’s comfort,
needle electrodes are often placed after the
patient has been anesthetized.

It is important to place the electrodes
securely, since it will be difficult to access
them once the patient is prepped and draped.
The wires should be guided along the patient’s
body, toward the NIOM machine. They
should be secured along the operating table
and not left to dangle, so that they do not trip
the surgeons or get caught in a C-arm or other
piece of equipment. The setup is extremely
important. It will determine the integrity of
the waveforms and the ease with which the
technologist can monitor the case.

Anesthetic Considerations

Detailed descriptions of anesthetic applica-
tions are given elsewhere in this text. However,
it should be mentioned that the monitoring
technologist should have frequent, open, and
clear communications with the anesthesia team
prior to and during the case. A case requiring
electromyographic (EMG) monitoring calls for
few changes on the part of the anesthesiologist
other than restricting the use of neuromuscular
blocking agents. Cortical potentials of the SEPs
are sensitive to inhalational agents and should
be limited to a low and steady concentration if
used; subcortical and peripheral SEP responses
are less sensitive to these agents. Brainstem
auditory evoked potentials (BAEPs) are resist-
ant to most anesthetic agents, so there are few
restrictions when monitoring only BAEPs.
However, BAEPs are often monitored concur-
rently with cranial nerve VII (CN VII) EMG
during posterior fossa tumor resections. In
these cases, neuromuscular blocking agents
should be limited. Indeed, many cases involve
multiple modalities monitored together.

MEP monitoring is sensitive to inhala-
tional agents. Additionally, neuromuscular
blocking agents can obliterate MEP responses.
When MEPs are performed, consideration
should be given to a TIVA technique, as with
propofol and opioids.

EEG monitoring is sensitive to sedative-
hypnotic agents such as barbiturates, propofol,
etc. These agents can induce a burst-suppres-
sion pattern. Low dose of inhalational agent
may be preferred when EEG monitoring is
being performed. A more complete discussion
of anesthetics and their affect on NIOM is pre-
sented in a later chapter.

Remote Monitoring

Many times the neurophysiologist who is
responsible for interpreting the NIOM is not
present in the operating room. In these situa-
tions, the neurophysiologist must review the
data remotely. It is the monitoring technolo-
gist’s responsibility to connect the NIOM
equipment to a remote monitoring system and
ensure its working order. The neurophysiolo-
gist must do the same with his or her equip-
ment. It is a good idea for the technologist to
have a dedicated telephone line rather than
using the operating room phone. The various
systems available for remote monitoring are
discussed in a later chapter.

SAFETY

Safety is of utmost importance in the
operating room. The monitoring technologists
must be not only concerned with the safety of
the patient but also with his or her own safety
and the safety of the other personnel in the
operating room. Attention to the issues listed
below can help ensure safety for all.

Cords and Cables

It has already been mentioned that elec-
trode wires need to be neatly strung along the
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side of the bed so that the staff will not trip
over them. There are many other cords and
cables that the monitoring technologist must
deal with. All of these should be run from the
bed to the monitoring computer flat along the
floor, neatly tied together. Some “no trip”
operating room supplies are available to cover
these cords for everyone’s safety.

Grounding

The patient will have an electrical ground
through the electrocautery system. An addi-
tional ground will be necessary for NIOM
only if the monitoring equipment requires it
as a system reference.

Infection Control

The NIOM team should always practice
universal precautions for infection control. If
needle electrodes are being used, the skin
should be prepped with alcohol skin prep.
Needle electrodes are for a single use only and
should be disposed of in a sharps container.
Surface electrodes may be reused and should
be cleaned and disinfected using the individ-
ual laboratory’s protocol.

Burns

Although burns are rare, they do occa-
sionally occur and are most often associated
with improper electrocautery grounding.
When the electrocautery cannot find proper
ground, it seeks another outlet for the cur-
rent. The next available outlet is usually a
monitoring electrode. Needle electrodes cause
greater injury than surface electrodes because
they are smaller and have a greater concen-
tration of current in a smaller area. To pre-
vent or reduce these types of injuries, the
technologist should assist the circulating
nurse in placing the electrocautery ground to
ensure its proper placement. If a burn occurs,
the surgeon and the neurophysiologist should
be notified immediately.

Personal Protective Equipment

Personal protective equipment is worn by
the monitoring technologist and other person-
nel in the operating room. If a CO, laser is in
use, everyone in the operating room should
wear proper goggles to protect their eyes.
When overhead ultraviolet (UV) lights are in
use, a visor or plastic goggles should be worn
to protect against UV light. During x-rays,
including those taken with the C-arm (fluo-
roscopy), the technologist should either exit
the room or wear lead protection covering at
least the reproductive organs and thyroid.
Gloves should always be worn when handling
a patient, as this is fundamental to universal
precautions.

ETIQUETTE AND PROTOCOL

As is true when one goes into any new
environment, going into the operating room
requires knowledge of etiquettes and proto-
cols that are specific to the operating room.
The monitoring technologist should familiar-
ize himself or herself with these etiquettes and
protocols so that the surgery can be helped to
move along faster.

Patient Access

Access to the patient before a case begins
can be somewhat of a competition. The pre-
operative nurse must check the patient in, get
vital signs, place an intravenous line, and per-
form a variety of other tasks before the
patient can go to the operating room. The cir-
culating nurse must meet the patient, check
allergies, etc. The anesthesia team must
explain anesthetic protocol to the patient,
check allergies, answer questions, and per-
form other tasks before anesthetic procedures
are begun. The surgeons need patient access
to mark the surgical site, answer last-minute
questions, sign consents, etc. The monitoring
technologist must meet the patient, explain his
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or her part of the procedure and why it is
important, take a history, and place elec-
trodes. All this must happen in a coordinated
manner so that an inordinate amount of time
is not spent in this process. The monitoring
technologist will likely find it easier to work
with other members of the operating room
team in a collaborative effort. In other words,
it is most effective to introduce oneself to the
other team members, explain what needs to
be done, and ask when would be a good time
to apply electrodes.

Attire

Before entering the operating room
restricted area, the NIOM staff must be
dressed in the proper hospital-issued scrubs.
They are usually supplied in the locker room
or by vending machines. If scrubs are not
available, disposable paper scrubs or “bunny
suits” should be worn over street clothes prior
to entering the restricted area. Head covering
and shoe covers must be worn into the
restricted area. These covers and disposable
paper scrubs must be removed when leaving
the restricted area. Face masks must be worn
when entering the operating room.

Cleanup and Follow-up

The work of the NIOM team does not
end with the termination of the surgery. A
substantial amount of time is required for dis-
posing of supplies and cleaning others as well
as performing follow-up of the service pro-

vided.

Disinfecting Equipment and Supplies

Upon completion of the surgery, cables,
head boxes, stimulating boxes, and amplifiers
should be wiped down with a disinfecting
solution and stored neatly on the NIOM
machine. Any pencils, tape measures, or other
tools that touched the patient or may have
been cross-contaminated should be disinfec-

ted also. Any reusable electrodes should be
scrubbed of any gross contamination and then
soaked in a disinfectant. Disposable supplies
should be disposed of properly.

Postsurgical Testing

When the patient awakens from surgery,
the monitoring technologist should be present
for testing of the pathways that were moni-
tored during the case. This includes moving
toes, moving hands, feeling touch sensation
on the feet and hands, smiling, hearing, or
other testing as appropriate. This is especially
important if changes were seen during NIOM,
as they can be correlated to the neurologic
examination. It is important for the technolo-
gist to be present for this testing so that, if the
patient does not respond as expected, the sur-
geon can question the technologist (and neu-
rophysiologist) about the NIOM. In addition,
if the surgeon finds it necessary to reoperate
emergently, the NIOM team may be asked to
monitor for the emergent procedure.

DOCUMENTATION

Thorough and complete documentation is
of critical importance in NIOM. It serves not
only to provide information about what hap-
pened during the casebut also to protect the
NIOM team should postoperative complica-
tions occur (5).

Preoperative Documentation

Prior to the date of surgery, if a preopera-
tive EP or EEG study is performed, it must be
interpreted and abnormal results communi-
cated to the surgeon. On the day of surgery,
the patient’s history must be recorded, with
particular attention focusing on any con-
traindications for MEP monitoring. If such a
contraindication exists, it must be discussed
with the surgeon and noted in the patient’s
medical record.
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Documentation During Surgery

This is the most important documenta-
tion performed by the monitoring technolo-
gist. The exact modalities being tested and
when each test is performed should be noted,
along with the measured latencies of the peaks
of interest or intensity of current needed to
stimulate a particular structure. Many mod-
ern NIOM machines allow the technologist to
enter notes directly onto the waveforms, mak-
ing documentation easier. The technologists
should also note the anesthetics used, their
concentrations, and when they were changed.
Physiologic parameters, such as blood pres-
sure and temperature, and important surgical
milestones should also be noted. When an
alarm based on changes seen in NIOM is
sounded, that must be recorded by the tech-
nologist. Preferably, the surgeon’s response to
the alarm should also be noted. Similarly, dis-
cussions with the anesthesiologist should be
noted as well. These help protect the NIOM
team, as the documentation confirms that the
NIOM team attempted to alert the responsi-
ble parties when problems occurred.

As important as complete and thorough
documentation is, noting irrelevant comments
in the patient’s permanent medical record is
not advisable. For example, a discussion
between the attending surgeon and the surgi-
cal resident about how easy or difficult a par-
ticular case is does not need to be noted by the
monitoring technologist. Arguments between
operating room staff should also not be noted
unless they are directly relevant to the NIOM.

Postoperative Documentation

After the surgery is over, the monitoring
technologist should make certain that docu-
mentation is complete. If certain elements of
documentation could not be completed during
the case because of concurrent responsibilities,
they should be finished at this time. Significant
findings noted on the postsurgery examination
should also be noted. Per laboratory protocol,

data sheets (or waveform sheets/discs) are sub-
mitted to the neurophysiologist for report gen-
eration and storage. Unlike other types of
reports for medical procedures, this NIOM
report serves mostly a billing and medicolegal
purpose rather than a clinical one. The clinical
interpretation is provided in real time and not
with the report. As such, the NIOM report
should include the reason for NIOM, the
modalities performed and how, whether any
significant changes were noted and if so, what
they were. Documentation that the surgeon was
notified of these changes immediately is very
important. Finally, the number of hours spent
for interpretation should be included. The
patient’s chart, along with technical (number of
hours spent on the case by the monitoring tech-
nologist) and professional (number of hours
spent interpreting the case by the neurophysiol-
ogist) charges are sent to the proper personnel.

CONCLUSIONS

Performing NIOM is not simply perform-
ing clinical EP or EEG studies in the operating
room. It requires a different knowledge and
mind set. The operating room can be an
intimidating environment for new NIOM
staff. Beginners should learn the etiquettes
and policies of their operating rooms. They
must know who the other members of the
operating team are and their roles. There are
many pieces of equipment that may be present
in the room, and the technologist must know
which one will cause problems with NIOM.
Attention to detail in setup, performing the
NIOM, and afterwards will help the NIOM
team provide a safe and effective service that
will help reduce morbidity.
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Basic Neurophysiologic
Intraoperative Monitoring
Techniques

Robert E. Minahan
Allen S. Mandir

his chapter discusses and introduces

the basic techniques of neurophysio-
logic intraoperative monitoring (NIOM).
Techniques for electromyography (EMG),
motor nerve conduction studies, somatosen-
sory evoked potentials (SEPs), motor evoked
potentials (MEPs), brainstem auditory evoked
potentials (BAEPs), and electroencephalogra-
phy (EEG) are all discussed. A full discussion
of all signal acquisition parameters is beyond
the scope of this chapter, but Table 2.1 sum-
marizes the data necessary to allow proper
configuration of these tests. All recording
parameters are selected based on the expected
frequency range, size, and latency of target sig-
nals while stimulus parameters are provided.

FREE-RUNNING EMG AND MOTOR
NERVE CONDUCTION STUDIES

Background

EMG can be monitored in any muscle
accessible to a needle, wire, or surface elec-
trode. Mechanical irritation of peripheral
nerves or nerve roots results in muscle activity
of the corresponding musculature. The conse-
quent EMG recordings provide essentially
instantaneous feedback to the surgeon regard-
ing the effects of his or her actions. EMG

21

monitoring is most effective in cases where
nerve injury results from repetitive mechanical
irritation of a nerve.

Anatomy and Physiology

The most common surgeries in which
EMG is monitored are those that place cranial
nerves or spinal roots at risk. Therefore it is
important that muscles innervated by the ele-
ments at risk be assessed. Commonly used
spinal root or cranial nerve innervated mus-
cles are listed in Table 2.2. Note that each
spinal root innervates many muscles (and this
group of muscles is termed the myotome for
that root); conversely, most muscles are inner-
vated by multiple spinal roots.

In order to understand EMG potentials
due to surgical irritation, we need to first con-
sider the motor unit potential (MUP). The
MUP is a group of muscle fibers innervated by
a single axon. A single axon may innervate as
few as three muscle fibers (as in eye muscles)
or more than 500 (as in the gastrocnemius). In
the typical scenario when surgical irritation of
axons is sufficient, axonal depolarization
results in the activation of the muscle fibers
innervated by those axons. Depolarization of
a single axon leads to single MUP, which is
recorded as a “spike” on EMG.

For NIOM, EMG is typically presented
both visually on a monitor and aurally over a
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TABLE 2.2 Muscles Commonly Used in EMG Monitoring*

Cranial nerve-innervated muscles
IIL, TV, VI — Extraocular muscles
V — Masseter, temporalis

VII —Frontalis, orbicularis oculus, orbicularis
oris, mentalis, others

IX - Stylopharyngeus

X — Pharyngeal and laryngeal muscles

XI - Sternocleidomastoid, trapezius

XII - Tongue

Spinal root myotomes

C1 - None

C2 - Sternocleidomastoid

C3 - Trapezius, sternocleidomastoid

C4 - Trapezius, levator scapulae

CS5 - Deltoid, biceps

C6 —Biceps, triceps, brachioradialis, pronator
teres, flexor carpi radialis (FCR)

C7 —Triceps, pronator teres, FCR, forearm
extensors

C8 —Triceps, ulnar forearm muscles, all hand
intrinsic muscles (incl. abductor pollicis bre-
vis, first dorsal interosseous, adductor digiti
minimi)

T1 -Hand intrinsic muscles, flexor carpi ulnaris

T2,T3, T4, T5, T6 — Intercostal muscles,
paraspinal muscles

T6,T7, T8 — Upper rectus abdominis,
paraspinal muscles, intercostal muscles

T8,T9, T10 — Middle rectus abdominis,
paraspinal muscles, intercostal muscles

T10, T11, T12 — Lower rectus abdominis,
paraspinal muscles, intercostal muscles

L1 —Quadratus lumborum, paraspinals,
cremaster = iliopsoas = internal oblique

L2 -Iliopsoas, adductor longus, quadriceps,
adductor magnus

L3 —Quadriceps, adductor longus, adductor
magnus, iliopsoas

L4 —Quadriceps, tibialis anterior, adductor
longus, adductor magnus, iliopsoas

LS -Tibialis anterior, peroneus longus, adductor
magnus

S1 — Gastrocnemius, abductor hallucis
S2 — Gastrocnemius, abductor hallucis

$2-S5 — Anal sphincter, urethral sphincter

*This list should not be considered inclusive and additional appropriate muscles for monitoring can be found in any

diagnostic EMG text.

speaker. Irritation triggers motor units in a
variety of patterns that are influenced by the
preexisting condition of the nerve, the degree
and mechanism of neural irritation, and the
integrity of distal neuromuscular function. An
EMG “burst” describes a brief period of
polyphasic EMG activity representing the
near simultaneous activation of multiple
axons (motor units). An EMG “train”
describes repetitive firing of one or more
motor units lasting from a second to minutes.
With intense multiaxonal irritation or volun-
tary muscle activation, MUPs may fill the
recording channel. In this case, MUP overlap
and no individual MUPs are distinguishable.
When this is seen during diagnostic EMG, it is
termed an interference pattern, and in relation
to a surgical irritation can be thought of as an

extended burst. Typically this activity will
cease with removal of the irritating factor,
though a train of one or more MUPs may per-
sist, as described in more detail below (Figure
1.1A to D).

Characterization and Interpretation

In order to understand what level of clin-
ical significance a pattern of EMG activity
represents, the activity must be characterized
beyond a simple burst or train description.
The most important feature suggesting signif-
icance is a relation to surgical events at the
time. In addition, a number of electrical fea-
tures of EMG activity can suggest greater or
lesser degrees of irritation and therefore
greater or lesser clinical significance.
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FIGURE 2.1 EMG may be seen in a variety of patterns. A. A minor burst of activity occurring as a lum-
bar root is manipulated. B. A more intense burst occurring on the background of an ongoing train of activ-

ity. C. Intense ongoing trains of activity from multiple motor units (asynchronous activity). D. A residual

train of activity as the effect of nerve root irritation wanes. E. An interference pattern in the left gastro-

cnemius muscle after inadvertent trauma to the corresponding nerve root.

Relation to Surgical Events

The onset of EMG activity with a surgical
action suggests a causative role. In addition to
mechanical irritation, temperature (cold
saline, heat from electrocautery) and osmotic
irritation may induce intense EMG activity.

Recognition of nonmechanical causes is
important, because under usual circumstances
these have little or no clinical implication.
Mechanical irritation, on the other hand, is
associated with a risk of injury to the corre-
sponding nerve either immediately or with
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repetitive trauma. Mechanical irritation may
induce a wide range of EMG patterns, as
described in greater detail below; as a rule,
however, the degree of irritation will correlate
roughly with the intensity of the EMG activ-
ity. In addition, EMG activity that persists
after the cessation of the irritative maneuver
also suggests a relatively intense initial irrita-
tion.

EMG activity may occur without appar-
ent modulation related to ongoing surgical
activity. The most clinically important but for-
tunately least common situation in which this
might occur is when irritation is due to prior
surgical actions that leave the nerve in an irri-
tated state. Examples of such situations
include a bone fragment that is in contact
with a nerve or a nerve root compressed dur-
ing tightening of instrumentation. If the
causative role is not or cannot be identified
immediately, ongoing EMG activity is likely
to persist and the source of irritation may
remain unidentified. More commonly, EMG
activity that is not correlated to surgical
events may be attributed to benign causes,
such as return of muscle tone and voluntary
muscle activity. Muscle tone may return with
low levels of neuromuscular blockade and
low anesthetic depth. Some muscles are more
prone to demonstrate return of tone (e.g.,
frontalis, anal sphincter), but depending on
the patient, this may include other muscles. In
the extreme case of low anesthetic depth, vol-
untary muscle contraction may occur and
electrical activity typically precedes gross clin-
ical movement. Finally, EMG activity may be
present prior to incision in some patients.
Although a number of clinical conditions may
lead to continuous muscle activity, in the set-
ting of EMG NIOM, the cause is likely to
relate to the reason for surgery (e.g., radicu-
lopathy) and in these patients only increased
EMG activity over this baseline is likely to
reflect further nerve irritation.

EMG activity may also be correlated to
surgical activity when the surgical activity is
trivial or remote from the neural elements

activated. Once some degree of nerve damage
is established (either intraoperatively or pre-
operatively), minor manipulation of the corre-
sponding nerve or even patient movement
may elicit strong EMG activity (see below).
For example, in many patients with severe
preoperative spinal stenosis, EMG activity
may be elicited by trivial surgical actions due
at least in part to an increased proclivity of
axons to fire. EMG activity in these cases is
common and, when associated with surgical
actions remote from neural elements, poses a
very low risk of further damage to nerves.
Finally, it is possible that reflexive EMG
activity may be triggered in myotomes remote
from surgical activity through nociceptive
input or other mechanisms. Such reflexive
mechanisms are not well described in the
EMG monitoring literature; however, a clear
correlation of EMG activity to surgical activ-
ity, even when not in the expected myotomes,
should trigger suspicion of a causative role.

Number of MUPs

Each distinct MUP represents a separate
depolarizing axon. Thus, greater numbers of
axons affected by any irritative source will
result in larger numbers of distinct MUPs
recorded and a greater intensity of recorded

EMG activity.

Firing Rate

The rate at which MUPs fire correlates to
the degree of irritation, with higher rates indi-
cating a greater degrees of irritation. Rates of
firing for individual units tend to be constant
over short periods but may gradually wax
(persistent irritation) or wane (irritative
source typically removed) over time. Activity
may abruptly cease at any time. Most firing
patterns are regular for individual MUPs; but
when many MUPs are activated, each will
have its own onset, offset, and rate. This com-
bination of different rates, initiation, and ces-
sation of MUPs results in what has been
described as an “asynchronous” pattern of
EMG firing. The extreme case of asynchro-
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FIGURE 2.2 Repetitive microtrauma to nerves
may produce intense EMG activity, as seen in this
vestibular neuroma resection. The orbicularis oculi
shows myokymia and the orbicularis oris shows
asynchronous high-rate trains of activity reflecting
significant irritation and likely clinically apparent
postoperative neuropathy.

nous firing is the interference pattern, as
described above (Figure 2.2).

Shape

The shape of MUPs is largely determined
by the distance and orientation of the MUP
with respect to the recording electrodes cou-
pled with the number of muscle fibers in the
MUP. Some authors have tried to correlate the
shape of the MUP with significance (multi-
phasic being more significant than monopha-
sic), but this distinction is likely to be most
useful in distinguishing artifact from MUP.
When correctly identified, a monophasic
MUP is likely to reflect recording from a dis-
tant muscle. The monophasic MUP therefore
suggests ongoing axonal depolarization,
although the absence of closer units may sug-
gest relatively sparse activity. In addition, the
shape and size of any single MUP is usually
consistent over time. However, with partial
neuromuscular blockade, some variation may
be present due to inconsistent activation of
component muscle fibers.

Amplitude
High-amplitude EMG activity resulting
from the superimposition of multiple MUPs

suggests a higher degree of irritation, as dis-
cussed above under “Number of MUPs.” On
the other hand, the amplitude of any single
MUP is likely unimportant, as a single MUP
represents activation of a single axon. No
studies have determined if the axons associ-
ated with either large or small MUP are pref-
erentially activated due
irritation; therefore it may be that small or
large units are essentially recruited by chance.
In addition, chronic nerve or root denervation
may lead to remodeling of motor units, with
more muscle fibers innervated by single axons.
If this is the case, patients with preexisting
chronic radiculopathy are likely to have large
motor units. Finally, the recorded amplitude is
also a function of how close the motor unit’s
muscle fibers are to the recording electrode.

to mechanical

Relation of EMG Activity

to Degree of Nerve Dysfunction

EMG is the only signal in NIOM in which
an absence of activity is the expected state in
both normal nerves and with complete loss of
function of the monitored neural target.
Given this convergence of extremes, one must
examine the effect of a given irritative maneu-
ver through the entire spectrum of nerve dys-
function.

Stripping of epineurium, perineurium,
and possibly myelin appears to increase the
propensity of axons to depolarize in response
to irritants. As a result, the undisturbed nerve
is less likely to be irritated with minor manip-
ulation than a nerve that has undergone non-
axonal damage. Once the axon itself is
disrupted, that axon will not produce MUPs
with proximal irritation (though the cut end
of the distal portion of the axon may retain an
ability to depolarize). Thus, as progressive
axonal injury occurs, the nerve may once
again show lesser degrees of EMG activity
with manipulation proximal to the injury.
This phenomenon is best illustrated when a
nerve is subject to repetitive microtrauma, as
with resection of neural tumors. In these
cases, first, progressively increasing intensity
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of EMG activity is often seen. At its maxi-
mum, myokymic potentials and very high
rates of neurotonic trains may be seen (50 to
100 Hz) (1). When myokymic or high-rate
neurotonic patterns are encountered, the
gradual subsequent reduction in EMG activity
despite continued surgical manipulation may
reflect either less irritation or suggest progres-
sive dysfunction of the nerve (Figure 2.2).

Repetitive microtrauma to the nerve
nicely demonstrates the spectrum of EMG
responses that might be observed with grad-
ual and progressive dysfunction. However, the
mechanism of neural injury will determine
which if any of the intermediate stages of dys-
function are reached. For example, abrupt
transection of a nerve may be associated with
a single burst of EMG activity followed by
electrical silence thereafter. In fact, sharp tran-
section may not have any EMG correlate. As
a result, one must consider the mechanisms of
potential injury and the likely timing of asso-
ciated progression through the range of dys-
function in considering the significance of
EMG in relation to the surgical activity at the
time (Figure 2.2).

The onset of nerve ischemia may be irrita-
tive under appropriate conditions, but under
most conditions we consider ischemia to be
nonirritative and therefore no EMG may be
present. As a result, compressive nerve insults
may vyield variable EMG correlates if coinci-
dent ischemia blocks axonal depolarization.
In addition, any source of neuromuscular dys-
function distal to the site of surgical irritation
will reduce sensitivity from EMG monitoring
and allow false-negative results. These include
distal nerve compression or ischemia, distal
neuropathy, limb ischemia, excessive neuro-
muscular junction blockade, or inexcitable
myopathy.

Communication with the Surgeon

EMG is considered by many to be the
simplest form of NIOM. While this may be
the case, the above discussion shows that one
must still have a healthy respect for the com-

plexities involved with EMG monitoring. It is
the monitoring team’s duty to identify the
location, pattern, intensity, and duration of
this activity and then communicate it to the
surgeon when appropriate. At least as impor-
tant as the type of EMG activity is the relation
to surgical activity at the time of occurrence.
Thus, the neurophysiologist must maintain
awareness of surgical events and give feed-
back immediately upon occurrence, so that
the surgeon understands the relationship of
EMG to his or her activities.

Short bursts of activity and low-frequency
trains of activity are usually, at worst, low-
level irritation with a low risk for persisting
injury. The burst is typically a physiologic
phenomenon due to the excitation of
mechanoreceptors on the axon. The report of
brief bursts to the surgeon should suggest
manipulation of a nerve but little else. The
surgeon may find reports of bursts helpful if
he or she is not aware of being in contact with
neural structures or if that activity is restricted
to simple bursts without more ominous pat-
terns present. Such activity is often described
as “minor,” so that its typically benign nature
is clear.

Activity that persists after the cessation of
the offending surgical action suggests some
level of ongoing insult or injury (often sub-
clinical) and is more often described as “sig-
nificant.” Persistent trains of one or a few
MUP at lower rates are described as moderate
activity, and activity with many MUP or par-
ticularly high train rates described as intense.

Motor Nerve Conduction Studies
(“Triggered EMG”)

Electrical Evaluation of

Pedicle Holes and Screws

Spinal instrumentation must be anchored
to the vertebral column in order to provide
support and allow bony fusion. Screws are
often placed in the pedicle to provide this
anchor; if they are malpositioned, however,
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they may impinge on exiting nerve roots,
causing radiculopathy. Pedicle holes and
screws should be electrically tested to assess
for perforation of the pedicle wall. If the hole
drilled in the pedicle perforates the wall, a
low-impedance pathway will be created
between stimulation within the hole and
nearby exiting nerve roots. When a perfora-
tion exists, a relatively low level of electrical
stimulation will activate these nerve roots,
with resultant activity recorded from their
corresponding muscles. Thus the integrity of
the pedicle can be assessed based on the min-
imum level of electrical current needed to acti-
vate nearby nerve roots. At lumbosacral root
levels using monopolar cathodal stimulation
at 0.2-ms duration, thresholds can be inter-
preted as shown in Table 2.3 (2).

Typically, if pedicle screws stimulate (acti-
vate nearby roots) at less than 7 mA, a perfo-
ration has occurred, whereas if they stimulate
at greater than 10 mA, a perforation is
unlikely. For holes, however, if activation is
noted at less than 5 mA, a perforation is
likely; if they stimulate at greater than 7 mA,
perforation is unlikely. In this context, “hole”
refers to stimulation of the pedicle hole using
a ball-tipped electrode as the cathode. If,
instead, the hole is indirectly stimulated via an
instrument (e.g., tap), then current shunting
may occur if that instrument is in contact with
any tissue or fluid and results will be skewed.
“Screw” refers to stimulation of the head of
the screw shaft after placement. If, instead,
the mobile top of a polyaxial screw is stimu-
lated, there may be an inconsistent electrical
connection to the shaft and again results may
be skewed. In cases where low thresholds are

TABLE 2.3 Threshold Values Indicating the
Likelihood of Pedicle Screw Malpositioning

Perforation  Perforation Perforation
probable possible unlikely
Hole <5 mA 5-7 mA >7 mA
Screw <7 mA 7-10 mA >10 mA

found, the surgeon may choose to remove or
redirect the screw at that site. Alternatively, in
a situation where redirection is not practical
or a screw is particularly important to the suc-
cess of fusion, the surgeon may leave the
screw in place after probing the hole and/or
performing fluoroscopy or other radiographic
imaging in an attempt to determine if the
pedicle wall is likely to be perforated in a clin-
ically significant manner—i.e., there is poten-
tial impingement on a nerve root. The
presence of free-running EMG activity corre-
sponding to screw placement or probing sug-
gests that a perforation with nerve
impingement is present.

Pedicle screws or lateral mass screws at
thoracic and cervical levels may also be elec-
trically evaluated, and cutoff threshold values
are likely to be similar to those for lum-
bosacral levels. However, evidence for specific
values remains to be fully determined (Figure
2.3).

Motor Nerve Conduction

Studies for Purposes Other than

Pedicle Screw Evaluation

Motor nerve conduction studies may be
used in a variety of settings where motor
nerves are accessible to the surgeon and
potentially at risk of injury. In these cases, the
surgeon will directly stimulate nerves of inter-
est and motor responses recorded in the cor-
responding muscle. This technique may
assess the continuity and function of nerves
from the point of stimulation to the muscle
and can explore whether neural structures are
in or near an area of proposed resection or
electrocautery. A common use of these tech-
niques is for vestibular schwannoma resec-
tion, where the facial nerve must first be
located and then assessed.

Anesthesia

Anesthetic agents have little effect on the
recorded muscle responses of EMG or motor
nerve conduction studies. Neuromuscular
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FIGURE 2.3 A CMAP is seen in the right quadriceps muscle after stimulation of the right L3 pedicle screw
at 3 mA. This is a low threshold, indicating a low-impedance pathway (pedicle wall perforation) between

the screw and exiting nerve roots.

blocking agents, on the other hand, may
have a profound effect if sufficient residual
neuromuscular function is not present. When
partial neuromuscular blockade is used dur-
ing EMG monitoring or motor nerve con-
duction studies, we target a level that does
not depresses the abductor pollicis brevis
compound motor action potential amplitude
more than 80% relative to an awake value.
This level is reasonably approximated by a
train-of-four ratio (ratio of the fourth to first
compound motor action potential using
repetitive nerve stimulation at 2 Hz) in the
gastrocnemius muscle of > 0.3 or the pres-
ence of at least two responses in the abduc-
tor pollicis brevis exceeding 600 pV in
amplitude (unpublished data). If the anesthe-
siologist is assessing visual responses to
train-of-four testing, then four out of four
twitches is the only reliable criterion due to
the imprecision of that test. However, in
most cases, two or three visible twitches will
also be adequate, but the confidence in this
finding is reduced.

SOMATOSENSORY EVOKED
POTENTIALS

Background

SEPs have been the primary spinal cord
monitoring modality for decades and have
more recently been augmented but not sup-
planted by motor evoked potentials (MEPs).
SEPs remain a ubiquitous form of neuromon-
itoring because they assess all levels of the
neuraxis from the peripheral nerve to the cere-
bral hemispheres.

SEPs are well suited for NIOM for a num-
ber of reasons. First, with modern techniques
and equipment, responses have a definable
amplitude and latency that can be quantified
for comparison throughout a procedure.
Second, the signals have reasonable stability,
so that injury can be identified with confi-
dence. Third, multiple recording sites can be
employed along the course of the assessed
somatosensory pathways and the neural gen-
erators for each of these sites are known
within practical precision. This latter aspect
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allows localization to peripheral nerve, spinal
cord, or brain when a neural insult occurs and
thus allows the most appropriate corrective
actions to be taken. Finally, an SEP can be
elicited from almost any nerve containing sen-
sory fibers, with median, ulnar, and tibial
nerves used most frequently.

SEP Generators and Localization

Localization of neural deficits based on
patterns of SEP changes relies on an under-
standing of the neural generators producing
the observed waveforms. If the generators are
known, it is a simple matter to understand that

after stimulation of a single nerve, loss of sig-
nals at a point along the course of its propaga-
tion to the brain suggests an insult between the
most proximal generator with a retained signal
and the next most proximal generator with a
degraded signal. Table 2.4 shows generators
for median and tibial nerve SEPs.

The cervicomedullary signals generated
by upper extremity SEPs are among the most
complex, because multiple signal components
contribute to the response recorded at 13 to
14 ms when using standard recording tech-
niques. In recording with an electrode over
the posterior neck, there are negative compo-
nents contributed by the cervical spinal cord.

TABLE 2.4 Neural Generators for Median and Tibial Nerve SEP Generators

Median Nerve SEP Generators

Tibial Nerve SEP Generators

Common Common
channels Alternate channels Alternate
Label Generator used labels Label  Generator used labels
N9 Brachial plexus EPi-EPc Erb’s Popliteal ~Tibial nerve Popliteal
action potential
N11 Spinal nerve Crv-Fpz N23 Dorsal horn T12-iliac cr. Lumbar
root interneurons point
N13a  Dorsal horn Crv6-Fpz Cervical, P31 Medulla Crv-Fpz, Cervical,
interneurons subcortical Mast-Fpz  sub-
cortical
N13b  Dorsal column Crv2-Fpz Cervical, N34 Primary Cc-Fpz N37
subcortical sensory cortex
P13 Spinomedullary Crv-Fpz, Cervical, P38 Primary Ci-Fpz, P39, P40,
junction Mast-Fpz  subcortical sensory cortex  Cz'-Fpz, cortical
Ci-Cc,
Cz'-Cc
P14 Lemniscal paths, Crv-Fpz, Cervical, N38 Primary Cc-Fpz
cuneate nucleus Mast-Fpz  subcortical sensory cortex
N18 Brainstem/ Ci-
thalamic noncephalic
N19 Primary Cc-Fz, N20,
sensory cortex  Cc-Ci cortical
P22 Primary Cc-Fz,
motor cortex Ce-Ci

EP = Erb’s point; Crv = electrode over spinous process, Crv2 and Crvé refer to the vertebral level; Cc = C3' or C4',
whichever is contralateral; Ci = C3' or C4', whichever is ipsilateral; Bold = more important and more consistently

recorded signals.
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At roughly the same latency there are positive
components recorded from Fpz that are con-
tributed by the medulla. Referencing these
electrodes together summates the component
signals and produces the observed “subcorti-
cal” response. When a surgery is performed at
the cervical level, it is best that the entire sub-
cortical signal be generated above the level of
surgery so that it will be reliably affected
should a cervical-level cord injury occur. For
this purpose a mastoid or ear electrode is ref-
erenced to FPz to record a signal that is gener-
ated at or above the foramen magnum. In this
case a cervical-level electrode is omitted so
that the associated spinal cord generators do
not contribute to the recorded subcortical sig-
nal. This prevents a portion of the subcortical
signal to persist in the presence of a cervical
cord injury and avoids recording novel gener-
ators that may arise with an injury (far-field
signals due to abrupt termination of axon
conduction). As an example, an anterior cer-
vical spine procedure may be associated with
a number of different SEP changes reflecting
different events (Table 2.5).

Localization must also include informa-
tion from other monitoring modalities. Figure
2.4 is a demonstration of bilateral loss of tib-
ial nerve SEP signals during lower thoracic
decompression and fusion in a patient with
spinal stenosis due to Pott’s disease. The loss
of cortical SEP signals following tibial nerve
stimulation occurred in the setting of intact
signals at the popliteal fossa, intact SEPs fol-
lowing median nerve stimulation, and intact
MEP signals. These findings suggest dysfunc-
tion of large fiber somatosensory pathways

above the level of the knee and below the cer-
vical cord. This was presumed to result from
thoracic posterior column dysfunction at the
level of surgery, and the surgeon elected to
expeditiously decompress the spine at that
level. Signals returned as decompression was
achieved.

Interpretation

The most commonly used criteria for
identifying a significant degradation of the
SEPs are drop in amplitude below 50% of the
baseline and/or a latency prolongation of
10% over the baseline value. These criteria
are based on clinical experience and standards
may vary among NIOM groups. Application
of these “standard” criteria may need to be
modified in cases where signals are of poor
initial quality or where confounding systemic
factors exist, such as alteration of anesthetic
gases, low level of neuromuscular blockade,
dramatic blood loss, or other metabolic
derangements.

When a “significant” SEP degradation
meets the above criteria, it must, of course, be
interpreted within its clinical context. Once
again, localization of the dysfunction allows
appropriate action and may prevent warnings
to the surgeon in cases where anesthetic, posi-
tioning, or technical issues are present. In
addition, correct localization can help direct
the surgeon to the most appropriate course to
correct dysfunction due to surgical events.
Finally, timing of the SEP changes in respect to
surgical events is helpful in identifying a cul-
prit surgical maneuver. This latter statement

TABLE 2.5 Localization of Neural Dysfunction Based on Pattern of SEP Changes*

Locus of neural insult

Associated pattern of SEP degradation

Spinal cord dysfunction
Limb malpositioning
Cerebral ischemia (carotid retraction)

Anesthetic effect

Loss of subcorticaland cortical signals, Erb’s point intact
Unilateral loss of Erb’s point, subcortical and cortical signals
Unilateral cortical loss, intact subcortical signal

Global cortical loss, intact subcortical signals

*This allows identification of a number of different sources of insult during an anterior cervical procedure.
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comes with the caveat that the advent of MEP
testing has made clear that SEP changes may
be significantly delayed when dysfunction pri-
marily affects the anterior spinal cord.

Indications

Given that SEP assess all levels of the neu-
raxis, it is not surprising that SEPs are a staple
part of most neuromonitoring configurations.
Any surgery that places somatosensory path-
ways at significant risk is likely to benefit from
monitoring with SEPs if a corrective action is
possible when dysfunction is identified. A
review of SEP monitoring at all levels of the
neuraxis is beyond the scope of this chapter,
but appropriate cases include cervical or tho-
racic-level spinal surgeries, posterior fossa sur-
geries, hemispheric and deep brain surgeries,
and surgeries that place the peripheral nerve at
risk. The SEP has poor sensitivity at the level
of the spinal nerve root. SEPs from peripheral
nerves are typically mediated by multiple nerve
roots and, as such, have poor sensitivity to
monoradiculopathies. Despite this, surgeries
that place multiple roots at risk simultaneously
(e.g., the cauda equina) may still benefit from
SEP monitoring.

The most common use of SEPs is for
spinal cord monitoring; thus this deserves spe-
cial note. A 1995 Scoliosis Research Society
poll found that there was a 50% decline in
major neurologic deficits associated with sco-
liosis surgery after introduction of NIOM,
that SEP identified insults with a sensitivity of
92% and a specificity of 98.9%, and that par-
ticipation of experienced monitoring teams
was associated with half the rate of neurologic
deficits compared to results with inexperi-
enced teams (3).

Anesthesia

Anesthetic considerations for SEP moni-
toring are discussed in greater detail in
another chapter. As a general principle,
volatile anesthetics suppress cortical SEP sig-

nals in a dose-dependent manner. On a “per
MAC” basis, this effect is similar for nitrous
oxide and potent inhalation agents; however,
the rapid onset and offset of nitrous oxide’s
effects when its concentration is altered make
its suppressive effect potentially more difficult
to distinguish from neural insults. Propofol
also may suppress SEP signals, but with less
potency than the volatile agents.

Rigid cutoff values for anesthetic levels
are not necessary for the management of
SEPs, although guideline targets may be help-
ful to the anesthesia team. Levels must be suf-
ficiently low that robust and stable signals are
obtained at a postequilibration baseline. From
that point forward it is the stability of the
anesthetic regimen that is most important.

TRANSCRANIAL ELECTRICAL
MOTOR EVOKED POTENTIALS

Background

Traditional NIOM of the spinal cord has
relied upon SEPs despite the fact that motor
dysfunction is the most feared form of spinal
cord injury. SEPs allow monitoring of signals
that traverse the dorsal columns of the spinal
cord, whereas motor function is only indi-
rectly assessed, relying on coexisting dysfunc-
tion in sensory pathways to predict motor
injury. Unfortunately, motor pathways may be
injured while sparing sensory pathways for at
least two reasons. First, there is anatomic sep-
aration between motor and dorsal column
sensory pathways, with motor structures
residing in the anterior cord. Second, the vas-
cular supply to the anterior spinal cord is dis-
tinct from that to the posterior columns. The
anterior spinal cord may be selectively vulner-
able to ischemia due to a less robust vascular
anastomotic network that does not compen-
sate as well as the posterior vasculature in the
face of hypoperfusion. In addition and possi-
bly more importantly, motor gray matter
(neurons) in the spinal cord is far more sensi-
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tive to ischemia than the dorsal column sen-
sory white matter (axons) and thus is selec-
tively vulnerable for this reason as well.

The lack of direct anterior cord monitor-
ing with SEP is problematic, and cases of iso-
lated injury with preserved SEP spinal cord
monitoring have occurred. In addition, it is
now clear that MEP signal changes may pre-
cede SEP signal changes, allowing earlier iden-
tification of spinal cord dysfunction and thus
better correlation to surgical events with more
timely intervention. At the same time, SEPs
remain useful in identifying sensory dysfunc-
tion and in providing a second, independent
test of cord function. In addition, posterior
columns may also be injured while anterior
cord pathways are spared (see Figure 2.4).
Thus, MEPs are almost always performed in
conjunction with SEP monitoring, and these
test modalities function as complementary
tests.

MEP Technique

Recording

Transcranial stimulation nonspecifically
activates motor fibers subserving many or all
levels of the spinal cord, and choosing appro-
priate muscles for recording is important to
localize motor tract deficits. Ideally, recording
is performed from at least two muscles on
each side below the surgical level and one
muscle above it to serve as a control signal.
Common muscles used for this purpose are
abductor pollicis brevis, tibialis anterior, and
abductor hallucis. Other muscles may be
added as needed for redundancy and greater
localization precision (see Table 2.2 for com-
monly used muscles).

Alternatively, averaged  “D-wave”
responses may be obtained from the spinal
cord white matter tracts using an electrode
placed in the epidural or subdural space. This
technique allows high-quality signals without
significant degradation from anesthetic agents
or neuromuscular blockade. D waves are not

discussed in detail in this chapter but excellent
references are available (4,5).

Stimulation

Transcranial activation of subcortical
motor tracts is elicited most efficiently with
anodal stimulation. A number of electrode con-
figurations may be used for transcranial stimu-
lation, but all utilize anodal stimulation with
the anode placed over or adjacent to the tar-
geted portion of the motor strip. Although an
optimized configuration is yet to be agreed
upon, usually one electrode is placed on C1
(expanded International 10-20 System) and the
other on C2, with the anode being on the side
of the targeted brain and the other electrode
used as cathode. In any given patient the opti-
mal location of these electrodes is variable and
more lateral placement at C3 or C4 for one or
both of the electrodes may be attempted.

MEPs are best elicited using a train of
stimuli, which serves to overcome anesthetic
inhibition of the synapse at the anterior horn
cell of the spinal cord. Trains of four to nine
stimuli are delivered with an interstimulus
interval of 2 to 4 ms.

Signal Optimization

Myogenic MEP signals are frequently
variable in their amplitude and morphology,
making interpretation of changes challenging
compared to other NIOM methods. If MEP
signals are poor, there are three general types
of causes to consider: signal acquisition meth-
ods, anesthetic/systemic variables, and patient
pathophysiology.

Signal acquisition methods relate to fac-
tors controlled by the monitoring team and the
monitoring system must be confirmed as
working correctly with electrode positions and
stimulation parameters optimized. Anesthetic
and systemic variables are those factors man-
aged by the anesthesiology team, such as anes-
thetic agents, blood pressure, temperature,
oxygenation, neuromuscular blockade, and
myriad others. Finally, patient-related factors
may relate to physiologic or pathophysiologic



CHAPTER 2: Basic Neurophysiologic Intraoperative Monitoring Techniques ° 35

sources of poor MEP signals. Preexisting dys-
function of motor pathways such as stroke,
myelopathy, or neuropathy may limit the ini-
tial quality of signals, while deterioration of
MEP signals may reflect surgical injury to
motor pathways or benign causes such as
alteration of stimulation efficiency resulting
from scalp edema or cerebrospinal fluid (CSF)
drainage (Figure 2.5).

Degradation of signals is often multifac-
torial, and adjustments or allowances must be
made for factors within any or all of these
general categories. A full discussion of all pos-
sibilities within these categories is beyond the
scope of this chapter, but at minimum, each
category should be considered in detail when
MEP signals are suboptimal or deteriorating.

MEDP Interpretation

There are no universally accepted criteria
for identification of significant myogenic MEP
signal changes. While this may be a source of
frustration for those looking for easy “rules”
by which to interpret MEPs, it should come as
no surprise. Initially, obtained MEP signals in
one patient may be robust and stable, may be
widely variable in their amplitude and mor-
phology in another, and may be absent in

Is the problem...
Physiologic?

Preoperative Perioperative  Systemic
Deficit msult effect

ﬁ Anesth'/\

Surgic esia

Positioning insult

another despite an optimized regimen. For a
given patient, initial signal quality may fall
anywhere along the continuum from robust to
absent. If excellent monitoring techniques are
assumed to be used, the variability among dif-
ferent patients stems from varying anatomy,
degrees of preexisting motor pathway dysfunc-
tion, and sensitivity to anesthetic agents used.

More importantly, one should not expect
to apply the same interpretative criteria to sig-
nals that are robust initially as to those that
are initially barely present. A number of crite-
ria have been proposed, including a specific
percentage of signal loss, presence vs. absence
of signals, an increase in stimulation threshold
necessary to obtain signals, and complexity/
polyphasia of the recorded response. Any cri-
terion must be applied in a manner that makes
sense based on initial signal quality and vari-
ability as well within the context of changes in
systemic variables that may occur.

For robust signals, the authors use com-
plete loss of a signal or abrupt significant
decrease in amplitude of 80% or more in the
absence of an explanation other than surgical
injury. Gradual changes in signals more com-
monly reflect systemic factors or an “anes-
thetic fade” phenomenon, so gradual changes
might be given less credence unless the onset

Or Technical?

{suboptimal set up or system malfunction)

Stimulation Recording

Other (rising temperature, low BP, hemodilution, poor oxygenation, ete.)

FIGURE 2.5 Poor-quality MEP signals may be due to suboptimal signal acquisition methods, unfavorable

anesthetic or systemic variables, and/or the patient’s physiology or pathophysiology.
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FIGURE 2.6 Right-body MEP signals are lost during scoliosis correction. MEP signals are robust immedi-
ately preceding spinal correction (A). Lower extremity right-body MEP signals are lost soon after correc-
tion was initiated, while the left-hand and left-body signals are preserved (B). Signals immediately started
to improve after corrective forces were relaxed and were comparable to baseline minutes later (C). APB =
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of the change can be related to a surgical event
that may result in gradual dysfunction (6). For
poor initial signals, the criterion used is usu-
ally limited to the presence or absence of the
signal. This criterion risks false-negative find-
ings but represents a balance with what would

otherwise be an untenable false-positive rate
(Figure 2.6A to C).

MEP Complications and
Contraindications

The most common complication of MEP
testing is tongue laceration due to contraction
of the masseter muscle triggered by transcra-
nial stimulation. This can be minimized by
routine use of a soft bite block. Another near
universal aspect of MEP monitoring is patient
movement due to muscle contraction after
transcranial stimulation. This is an expected
part of MEP, although it could lead to compli-
cations if movement occurs unexpectedly dur-
ing a delicate portion of a surgery. As a result,
the surgeon is typically warned prior to stim-
ulation, and testing is delayed if there is an
objection from the surgeon. These and the fol-
lowing less common complications have been
reviewed by McDonald (7), who reported one
case of mandibular fracture, presumably due
to masseter contraction. Seizures have rarely
been seen intraoperatively in the setting of
MEP testing, with the review by McDonald
finding 5 instances in 15,000 cases. Cardiac
arrhythmia was reported in one case, but
there was no clear relation to the MEP stimu-
lation. Interference with cardiac pacemaker
programming is a theoretical concern, but no
reports of interference have been made and
the magnetic fields produced by MEP stimula-
tion are likely to be small relative to routinely
used electrocautery. The authors’ practice in
the setting of a pacemaker is to proceed with
MEP testing but to discuss this low risk with
the anesthesia team, so that they are prepared
should any cardiac anomaly arise.

Contraindications to MEP testing include
the presence of indwelling deep brain stimula-

tion electrodes and cochlear implants. In addi-
tion, the presence of plegia in the target limbs
obviates the need to attempt MEP testing and
makes successful acquisition unlikely. Finally,
we avoid MEP testing in patients with recent
craniotomy or skull fracture for two reasons.
First, we do not want to cause damage by
shifting unstable skull elements due to scalp
muscle contraction, and second, we do not
want to place electrodes into skull defects.
There are few data on patients under 2 years
of age, and similar skull stability concerns
should be considered.

MEP Indications

MEP monitoring adds sensitivity and con-
fidence to more traditional SEP monitoring
protocols. MEPs are used in those cases with
a reasonable probability of motor injury that
spares dorsal columns sensory pathways
and/or in high-risk procedures where a second
independent test of spinal cord function is
desired. For spinal cord monitoring, some will
argue that MEPs should be used in every case
where the spinal cord is at risk, while others
are still more selective. Although this debate
cannot be resolved here, there is good evi-
dence for addition of MEP monitoring in
intramedullary spinal cord tumor cases, most
cervicothoracic spinal deformity cases, tho-
racic aortic aneurysm surgeries, and compli-
cated cervical-level cases. In addition, MEP
monitoring may also be useful at other levels
of the nervous system, as for selected intracra-
nial tumors or cerebral aneurysms. Finally, the
use of MEP for lumbar-level procedures is
usually not recommended on a routine basis
due to a low likelihood of disassociated sen-
sory and motor injury and imperfect sensitiv-
ity of MEPs to individual root injury.

Anesthesia

The stimulus for transcranial electrical
MEPs activates subcortical white matter,
which effectively bypasses the cortical effects
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TABLE 2.6 Anesthetic Agents Inhibit MEPs with
Varying Levels Of Potency

Degree of MEP

inhibition Anesthetic agent

High Potent volatile agents,
N,O

Moderate Propofol, benzodiazepines

Ftomidate and derivatives,
ketamine, narcotics

Little or none

of anesthetic agents. Unfortunately, anesthetics
are also potent inhibitors of the synapses at the
anterior horn cell in the spinal cord, and this is
the primary locus of the undesirable inhibition
of MEPs. In a simple sense, one can stratify
these agents according to the extent of their
effect on the anterior horn cell, as in Table 2.6.

Ideal anesthetic regimens for MEP moni-
toring are a matter of significant debate.
However, grouping into potent, moderate,
and little inhibition is widely accepted. As one
shifts from more a potent inhibition to less
potent group (at similar depths of anesthesia),
MEPs will tend to improve (if originally pres-
ent) or be more likely to appear (if originally
absent). At some centers, those anesthetic reg-
imens with low levels of inhibition may be less
familiar to the anesthesia team and therefore
more difficult to manage compared to stan-
dard anesthetic regimens. In general, the
acquisition of robust and therefore reliable
MEPs will be dramatically aided when anes-
thesiologists experienced in MEP anesthesia
are available. Finally, lower inhibition regi-
mens may also be slightly more expensive, but
cost differences are minor.

Ideally,
adjusted and tailored to the individual patient
based on MEP quality during the early por-
tions of the procedure. However, given limited
available time, this may not be feasible in all
cases; in most cases, a gradual, stepwise shift
will not allow adequate acquisition and eval-
uation of signals before critical portions of the
procedure begin.

anesthetic regimens can be

Neuromuscular blockade will also impact
MEP signals. In general, neuromuscular
blockade has a more predictable and linear
effect on MEPs, whereas volatile anesthetics
have an unpredictable nonlinear effect.
Typically, at reasonable levels of partial neu-
romuscular blockade, MEPs will be obtain-
able if the anesthetic agents are appropriate.
However, if only low-amplitude MEP signals
can be obtained, it may be necessary to forgo
the use of partial neuromuscular blockade.

ELECTROENCEPHALOGRAPHY (EEG)

Background

EEG is a measure of cortical activity in
real time. As it is applied in NIOM, EEG often
is useful to detect widespread, gross changes
in cortical function and does not require the
high spatial resolution typically found in diag-
nostic EEG studies. Since it is not an evoked
potential, EEG cannot make use of averaging
techniques to increase its signal-to-noise ratio.
However, the recorded EEG is typically much
larger (tens of microvolts) compared to
evoked responses like SEPs.

Generators

EEG recordings comprise postsynaptic
potentials from cerebrocortical neurons.
Surprisingly, cortical action potentials, though
larger in amplitude than postsynaptic poten-
tials, do not contribute to the EEG waveform
due in part to physiologic filtering through tis-
sue and bone as well as the longer duration of
postsynaptic potentials. Furthermore, not all
cortical neurons are represented in recorded
EEGs from the scalp; it is the large pyramidal
cells in cortex layer V that are primarily rep-
resented in scalp EEGs. This is due to the rel-
atively large postsynaptic potentials produced
in layer V of the cortex and the vertical
dipoles created, which are more likely to be
recorded at the scalp. Finally, patterns and
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distribution of synchronous firing also favors
these large pyramidal cells to be represented
in surface EEGs.

Classification of Frequency

Frequencies of EEG waveforms are classi-
cally divided into ranges as follows: delta < 4
Hz; theta 4 to 7 Hz; alpha 8 to 12 Hz, and
beta 13 to 30 Hz. In normal individuals with-
out the presence of anesthesia, states of wake-
fulness correlate to frequency, with the higher
ranges expressed in states of wakefulness.
During NIOM, however, when anesthetics are
present, the depth of anesthesia will influence
the EEG frequency. As a general rule, as anes-
thesia is induced, the EEG goes through a
stage of activation (beta activity) early on,
which then gives way to slowing. As the depth
of anesthesia increases, slowing potentiates,
which leads to burst suppression and eventu-
ally to electrocerebral inactivity.

Recording Montages

The choice of EEG montage may need to
be tailored according to the surgery at hand.
Reasons for modifying the montage may
result from physical limitations in electrode
placement or the need to focus on a region of
interest. For intracranial surgeries, the loca-
tion of the sterile field may necessitate adjust-
ment of a standard electrode placement. To
increase focus on an area of interest, addi-
tional scalp or subdural electrodes may be
placed, including the use of cortical electrode
strips. For uses in extracranial surgeries, as in
carotid endarterectomies (CEAs), EEG may be
employed to monitor cortex directly at risk
for ischemia. In other procedures where only
more general assessment of cerebral function
is required (e.g., in MEP anesthetic assess-
ment), a simpler montage may be used. In
addition, EEG monitoring is often performed
along with other modalities, including SEP,
where electrodes are placed that may also be
used as part of the EEG montage.

For CEA surgeries, the authors employ a
modified eight-channel montage that takes
advantage of C3' and C4' electrodes placed
for SSEP recordings, with good sensitivity for
quickly detecting gross changes (Figure 2.7).
The eight channels represent anterior and pos-
terior derivations with lateral and medial rep-
resentations (Fp1 to P3; P3 to O1; Fp1 to C3';
C3' to O1; Fp2 to P4; P4 to O2; Fp2 to C4';
C4' to O2). A more complex montage may be
used, but with the trade-off that real-time
monitoring may be more difficult to follow
without clear benefits of sensitivity.

For MEP monitoring, only a simpler,
more general setup is required, with montages
utilizing existing derivations of existing SEP
scalp electrodes to assess for burst suppres-
sion (Figure 2.8).

Patterns

As in other NIOM modalities, EEG
changes are assessed compared to the patient’s
baseline and particular attention is paid to
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FIGURE 2.7 A sample snapshot of an EEG mon-
tage used in carotid endarterectomy procedures
employing eight channels to include frontal and
posterior channels on medial and lateral aspects.
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FIGURE 2.8 In MEP cases, a simplified EEG montage may be employed for purposes for monitoring for

presence and levels of burst suppression. This sample demonstrates a burst suppression pattern.

new asymmetries that develop during the
operative procedure. Both amplitude and fre-
quency composition may change from an
intraoperative insult. As cortex is depressed,
say from ischemia, lower frequencies may be
observed (delta or theta), while higher fre-
quencies (alpha or beta) are reduced or lost.
Conversely, the amplitude of the EEG may ini-
tially increase as the underlying cortex
becomes more synchronous under these
adverse conditions. As ischemia progressively
worsens, amplitudes will depress, as in condi-
tions of suppression or cerebral silence. The
sequential pattern change from normal EEG
to slowing to suppression to silence reflects
predictable underlying levels of cerebral
hypoperfusion (8).

During CEA procedures, increased slow-
ing ipsilateral to the surgical side may be seen
following carotid cross-clamping, typically
with a frontal predominance. However, bilat-
eral changes may also result from unilateral
occlusion and it is helpful to ensure a stable
anesthetic regimen around the time of cross-
clamping to help distinguish surgical- from
anesthetic-induced changes. In order to ensure
reasonable sensitivity for detecting changes in
EEG, levels of anesthesia should ideally not
induce a level that overly suppresses EEG
waveforms. Particular attention may be paid
to timing of delivering boluses of anesthetic
agents (e.g., around time of anticipated

carotid clamping during CEA procedures) to
prevent undue EEG suppression.

The burst suppression pattern is charac-
teristic of anesthetic boluses or of excessive
anesthetic depth. (Figure 2.8). Burst suppres-
sion seen during MEP procedures can alert the
anesthetist to excessive anesthetic and explain
degraded MEPs due to inhibition at the ante-
rior horn cell. For intracranial procedures, a
state of burst suppression or silence may be
chosen as a means of cerebral protection. In
these cases, EEG monitoring may be helpful in
titrating the depth of this suppression.

Artifact

As with other NIOM modalities, achieving
acceptable signal-to-noise ratios may be a chal-
lenge within the operating room. Common
sources of NIOM external electrical noise
include those devices, leads, and cables located
near the head of the patient. Especially during
periods of electrocautery, EEG monitoring is
precluded. In addition, mechanical artifacts
from surgeon movement of EEG leads, adjacent
wires, or the patient while working near or on
the skull may also contribute to EEG artifacts.

Processing Methods

Continuous EEG patterns are sufficient for
the experienced examiner to follow during
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NIOM to detect changes and patterns of inter-
est. However, several methods of EEG process-
ing exist that may assist in interpreting the EEG
for changes. These methods should not replace
monitoring raw, real-time EEG in order to
avoid misinterpretation of artifact that may
mask changes or result in false-positive results.
A common method of processing is to trans-
form the raw EEG signal into frequency spec-
tra to separate out the EEG frequency ranges
graphically. Fourier analysis is applied to the
raw EEG traces and the power of the signal at
a frequency is plotted and updated over time.
Other processing methods have been intro-
duced that are meant to process EEG and ana-
lyze for the depth of anesthesia, the details of
which are beyond the scope of this chapter.

Applications

EEG may be used in NIOM for proce-
dures where the cortex is directly at risk or, as
discussed earlier, as a means to indirectly
assess anesthetic effects. Procedures such as
the resection of an arteriovenous malforma-
tion (AVM), aneurysm repair, and carotid
endarterectery (CEA) are examples where vas-
cular supply to the cortex is at risk for com-
promise. Often EEG is combined with other
modalities such as SEPs in these procedures.

When burst suppression is induced, as for
cerebral protection, EEG can identify the pres-
ence of that state and its depth. The depth of
burst suppression can be roughly estimated by
the length of interburst suppressive period,
with a typical target range of 10 to 15 seconds.

Direct cortical EEG recording (electrocor-
ticography) may be used to direct resection of
epileptogenic tissue in epilepsy surgery or as
part of eloquent cortex mapping techniques
used to guide resection of dysfunctional brain.

Changes of Significance

Once a reliable EEG baseline is obtained
and an anesthetic regimen stabilized, changes
in amplitude and frequency composition will

give clues to surgically induced changes affect-
ing the cerebral cortex. As with all NIOM
modalities, the timing and nature of the change
as well as correlative evidence assist with inter-
pretation of a clinically significant event. When
looking for evidence of significant cerebral
hypoperfusion, as during carotid endarterec-
tomy, typical criteria indicating the need for
carotid shunting are 50% loss of overall ampli-
tude, 50% loss of alpha and beta activity, or a
doubling of low-frequency activity (9).

BRAINSTEM AUDITORY EVOKED
RESPONSES

Background

BAEPs reflect peripheral and brainstem
generators within the pathway following
vestibulocochlear nerve (CN VIII) activation.
The first five waves of the response are resist-
ant to anesthesia and therefore well suited to
NIOM. Furthermore, the multiple generators
represented allow relative localization of
insults during brainstem and CN VIII path-
way procedures. In addition to classic BAEP
recordings, direct recording of a CN VIII
nerve action potential may be performed and
allows robust and rapidly acquired auditory-
induced signals.

Auditory Pathways

Although exact generators may be in dis-
pute, the auditory pathways involved in clas-
sic BAEP recordings include the distal CN
VIII (wave I of the BAEP) to the cochlear
nucleus (wave II; with perhaps contribution in
part from cochlear nerve), superior olivary
nucleus (wave III), lateral lemniscus (wave
IV), and inferior colliculus (wave V). For
NIOM, waveforms I to V may be reliably fol-
lowed, representing a pathway from cochlear
nerve to midbrain. Later waveforms generated
in BAEP recordings presumably arise from
thalamus and cortical radiations to auditory
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cortex, but these are typically absent or unre-
liable, especially under conditions of anesthe-
sia. The later components may be useful as a
marker of depth of anesthesia, but these uses
are still investigational.

Stimulation and Recording Techniques

BAEPs are elicited by delivering a click
stimulus to the ear being monitored. To avoid
contribution from the contralateral ear, mask-
ing white noise is introduced to the contralat-
eral ear at approximately 60 dBnHL. Many
hundreds of averaged trials are required to
record reliable potentials; thus long acquisi-
tion times must be balanced against the loss of
waveform resolution that occurs as the stimu-
lation rate is unduly increased. A rate of
approximately 11 Hz provides a reasonable
balance. As with all signal-averaging tech-
niques, stimulation rates should avoid divisors
of 60 so as to avoid incorporation of 60-Hz
noise within the average. BAEP morphology is
dependent upon the polarity of the square-
wave pulse delivered. A rarefaction (pulling
pulse on the eardrum) or condensation (push-
ing pulse) may be chosen with typically an
enhanced wave I from the former.

Two channels are used to record BAEPs (1:
ipsilateral ear — Cz; 2: contralateral ear —Cz),
and others may be added as desired (e.g., ipsi-
lateral ear—contralateral ear). Wave I is a nega-
tive potential recorded at the ipsilateral ear,
while the later waves are positive potentials
widely distributed across the scalp and
recorded at the vertex for ease of electrode
application and to minimize EMG interference.
The channel from the contralateral ear is reflec-
tive of the ipsilateral channel, but without the
presence of wave I and typically with better
separation of waves IV and V. This information
may be helpful in elucidating the different
waveforms, especially for an ear with deficits
that exhibits dispersed and delayed peaks.

If CN VIII is at risk and exposed during
surgery, as may be the case with cerebellopon-
tine angle tumor procedures, a specialized

recording electrode may be placed directly on
the nerve. This allows an averaged CN VIII
nerve action potential to be directly recorded
using the same click stimuli as described
above. However, far fewer stimuli are required
in recording a stable averaged response (10).

Interpretation

As with other NIOM modalities, BAEPs
are compared throughout the procedure to
baseline recordings performed during early
stages of the procedure. It may also be helpful
to have preoperative BAEP studies to help
with identification of waveforms and to pro-
vide reasonable expectation as whether sig-
nals will be present intraoperatively. A pretest
expectation of signals may be particularly
helpful when an intraoperative absence of all
waveforms is identified at baseline. As may be
reasoned, BAEPs are similarly affected by the
inability to deliver an effective sound stimulus
to the cochlea and by dysfunction of the
cochlea. Thus the absence of wave I and sub-
sequent waveforms is equally explained by
either poor transduction of the sound pulse
through the ear or dysfunction of the cochlea.
The former may arise from a myriad of tech-
nical issues, including too low or absent a
stimulus intensity from the sound generator,
dislodgement of the tubal insert, or fluid/wax
within the ear dampening the sound pulse.
Thus a prior expectation of signal presence
may prompt additional steps to identify and
correct technical issues, while an expectation
of an absence of signals can avoid extraordi-
nary troubleshooting measures.

Similarly, if all waveforms including wave
[ are degraded intraoperatively, technical
issues must be distinguished from pathophys-
iologic conditions. Given the potential non-
physiologic causes, a full evaluation of
stimulus and recording systems is performed.
However, when abrupt loss of wave I occurs
and is correlated to surgical events, it often
reflects loss of cochlear function; the most
common cause is compromise of the internal
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auditory artery. When this loss of all wave-
forms is due to surgical action, the risk of
deafness is high.

Persistence of wave I with loss of all later
components suggests dysfunction at the level
of the cochlear nerve. This pattern may reflect
total nerve transection, transient conduction
block, or desynchronization of the conducted
auditory activity. Thus prognosis is more vari-
able in this case and will depend on the under-
lying cause.

Waves subsequent to wave I are generated
in the brainstem, with waves IIl and V being
the most reproducible. Changes in latencies
and amplitudes of these components help to
localize dysfunction of corresponding brain-
stem structures. Tracking the interpeak laten-
cies of waves I to IIl and III to V assists in
discerning anatomic areas of dysfunction. A
signal delay within the cochlear nerve, for
instance, may present with prolongation of
waves I to III, while isolated prolongation of
the Il to V interpeak latency may be seen with
brainstem retraction.

In general, a loss of wave V amplitude
greater than 50% or a 0.5-ms prolongation of
its latency is considered a significant change in
BAEP. However, refinement of these arbitrary
levels is likely needed and may be have to be
tailored to the type of surgery (11). As with
other modalities of NIOM, the timing of
observed changes is important in interpreting
changes in relation to both surgical events and
other monitored signals. For example, if
changes in BAEP accompany changes in SEP,
a brainstem insult is likely.

Indications

Operations that involve the cerebellopon-
tine angle are the most common ones requir-
ing BAEP monitoring as part of a
multimodality monitoring regimen. Brainstem
tumor and vascular procedures, microvascu-
lar decompression, vestibular neurectomy,
and other posterior fossa procedures may
benefit from BAEP NIOM. Changes in BAEPs

may be seen from irreversible actions (e.g.,
cochlear nerve transection) or from reversible
causes (such as brainstem retraction), so that
timely information to the surgical team may
be of assistance to spare function. Indeed, the
duration of deteriorated waveforms is sug-
gested to have a predictive correlation to clin-
(12). The wuse
recordings of cranial nerve VIII allows more
rapid feedback and may allow for additional
information when artifact would interfere
with BAEP identification or when BAEPs are
poorly formed but hearing is preserved.

ical outcome of direct

Anesthesia and Other
Factors Affecting BAEP

Commonly used anesthetics including
volatile agents have little or no effect on BAEP,
making these waveforms relatively unique in
their resilience to fluctuating anesthetics.
However, BAEPs are susceptible to influences
of auditory noise sources in the operating room
that may not affect other NIOM modalities.
Sound and electrical sources that affect the
BAEPs include the presence of drilling, ultra-
sonic aspirators, electrocautery, intraoperative
microscopes, and EMG artifact. The first three
on this list are the most common offenders of
interference and BAEP acquisition may need to
be paused during their use. Frequently BAEPs
are performed during acoustic nerve surgeries,
where facial nerve EMG is also monitored and
thus neuromuscular blockade is low or absent.
The placement of recording electrodes at the
vertex and either ear helps to minimize EMG
interference, as little muscle mass exists under
these electrodes. Body temperature will influ-
ence BAEP latency. In particular, with aggres-
sive cooling conditions (e.g., < 27°C), the BAEP
will be obliterated.

CONCLUSIONS

Many different neurophysiologic testing
modalities can be used for NIOM. Often more
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than one modality will be needed during a sur-
gical procedure. It behooves the neurophysiol-
ogist to understand the surgical procedures and
know which neural structures will be at risk.
Based on this assessment, a combination of
various modalities should be chosen for
NIOM. A clear understanding of the various
neurophysiologic tests in the diagnostic labora-
tory helps the neurophysiologist interpret them
when they are used in the operating room.
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Remote Monitoring

Ronald G. Emerson

ptimal supervision of neurophysio-

logic intraoperative monitoring
(NIOM) and the ability to respond in a timely
manner to problems and emergencies require
that the clinical neurophysiologist have real-
time access to NIOM data. When the neuro-
physiologist is not present physically in the
operating room (OR), a remote data connec-
tion can provide suitable access. Indeed, many
vendors of NIOM equipment also supply
remote monitoring software. In hospitals with
modern network infrastructures, remote mon-
itoring within the facility can be as simple as
installing these programs. Monitoring from
more distant sites or from sites with subopti-
mal or more complex data connections can be
more complicated. Nonetheless, in most cases
a suitable solution is available.

BACKGROUND

Although it is not the intent here is not to
offer a tutorial on the computer networking
or the Internet, a few necessary basics are cov-
ered. Today’s Internet is a direct descendent of
an initiative from the Cold War era to develop
a robust communication network that would
survive wartime damage. In contrast to tradi-
tional telephony, where communication is
continuous between two points, data trans-
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mitted across the Internet are broken into dis-
crete packets that can follow different routes
between sender and receiver. Internet data
packets are even permitted to arrive out of
order, to be resequenced at the destination.
The influence of the Internet is so pervasive
that protocols evolved to serve it govern
almost all computer networks regardless of
whether they actually connect to the Internet.

Networked computers are identified by
their IP (Internet Protocol) address. Much like
a street address, an IP address indicates the
location of the computer on the network. IP
addresses are usually assigned by special
servers that are part of the network infrastruc-
ture; the network infrastructure also imple-
ments a set of rules for routing data packets
between computers based on their IP
addresses.

Just as the NIOM team needs to be able
to detect and resolve technical problems that
compromise monitoring, it is helpful for the
team to be able to recognize and fix simple
problems with remote monitoring. To deter-
mine the IP address of a Windows-based
NIOM system, simply click Start > Programs
> Accessories > Command Prompt and type
“ipconfig” (Figure 3.1A). The IP address of
the NIOM machine may remain constant, or
it may change from day to day; within an
institution, changes usually affect only the



46 ] SECTION I: Basic Principles
4 B Command Prompt
— T e
D}i Mew OFfice Document: :; zrllluaDFlrefox v ',3 ::;ipad
[ 14 Open e bt Q Internet Explorer :_) ‘windows Explorer
el Microsoft Office » _d wWordPad
@ Set Program Access and Defaults @ iTunes » ¥
7] Insight 3
Windows Catalog e
[7] Snagltd ]
Windows Update ResalyMC 3
] Divil »
gl Ui E.E Adobe ImageReady 7.0.1
@ Adobe Photoshop 7.0.1
Programs ¥
© IES
g _‘; Documents 3
% G) Settings 3
£
= /_) Search 3
% t)/' Help and Support
= -
§ 4=] Run...
-
=
= iOI Shut Down,
B C:WINDOWS' system32' cnd.exe

Microzoft Windows

AP [Uerzion H.1.26801

(G Copyright 1985-2881 Microsoft Corp.

H:=“>ipconf ig

Windows IP Configuration

Ethernet adapter Local Area Connection:

Connection—specific DNS Suffix

IP Address. . . . . . .

Subnet Mask . . . . . .
Default Gateway . . . .

neuro.columbia.edu
. 18.2_27.21
255_255.08.8
18.2.2 16

FIGURE 3.1 To determine the IP address of a Windows computer, (A) first open a Command Prompt
Window by clicking Start a Programs —> Accessories —> Command Prompt. (B) in the Command Prompt
Window, type “ipconfig.” The system will respond with information that includes the IP address of your
machine and also the IP address of your default gateway.

rightmost digits (e.g., 21 in Figure 3.1B). An
IP address of 0.0.0.0 or, by convention,
169.254.x.x! is invalid and usually indicate
that your computer was unable to obtain a
proper address. An easy way to verify connec-

!'In this notation, x is an integer from 0 to 255.

tion to the network and that the network is
working is to send a test message (or “ping”)
to some other machine on the network. If the
message is received, the target machine will
respond with the time it took for the test mes-
sage to be received. If the message is not
received, the ping will fail.



FIGURE 3.2 To ping a machine,
Command Prompt Window (see Figure 3.1), and

open a

type “ping,” followed by the IP address of the tar-
get system. In this example, the target is 10.2.2.16.
The ping is successful, with times between 1 and 2
milliseconds.

The “default gateway,” the device that
typically connects the computers on a floor or
building with a larger network or to the
Internet, is often a good choice for pinging.
“Ipconfig” also displays a machine’s address
(Figure 3.1B). In Figure 3.2, the command
“ping 10.2.2.16” sends a series of four test
messages to the default gateway; in each case
the gateway machine responds promptly. In
contrast, in Figure 3.3, the connection has
been lost and the ping fails.

On Window machines, the network con-
nection can be partially tested by clicking on
the network icon in the system tray, usually at
the lower right of the screen (Figure 3.4). A
bad network connection may return a mes-
sage indicating “limited connection” or “net-
work cable unplugged.” A defective network
cable can be physically plugged in but func-
tionally disconnected; loss of resilience with
use of the plastic tab on the network connec-
tor is a common cause of an unreliable or

rale round Lr
num = Bm n

FIGURE 3.3 Example of a failed ping, returning
the message “request timed out.”
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PLETT!
FIGURE 3.4 Network icon in the System Tray,

usually at the lower-right-hand corner of a
Windows computer.

intermittent connection on portable equip-
ment (Figure 3.5).

Local networks are generally designed to
permit data to flow freely between all con-
nected devices. At points where a local net-
work joins a larger network or the Internet,
routers and firewalls may selectively limit the
flow of data. Some types of data may be per-
mitted to reach only specific destinations,
while others may be excluded entirely.
Generally, institutional firewalls have a “deny
all” policy for inbound traffic, with exceptions
provided for special data types. The firewall
illustrated in Figure 3.6 block all inbound traf-
fic but web and mail data; designated servers
are the only permitted destinations.

Filtering by data type is easily accom-
plished because, in addition to the data “pay-
load” and the IP addresses of sending and
receiving computers, data packets also specify
source and destination “port numbers,”
which effectively specify the type of data car-

FIGURE 3.5 Ethernet cable connector. The arrow
points to a plastic tab that commonly loses

resilience with age, causing an unreliable electrical
connection.
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FIGURE 3.6 Institutional firewall blocks all inbound traffic except for packets bound for the mail and web
server. Packets that are inbound but are responding to messages sent by inside computers are also permitted.

ried in the payload (Figure 3.7). In Figure 3.6,
the firewall is configured to permit inbound
traffic only to the web server on Port 80 and
the mail server on Port 25.

By convention, IP numbers in the
192.168.x.x and 10.x.x.x ranges are non-
routable on the Internet and reserved for use
on private networks. Commonly, institutions
make use of nonroutable IP numbers inter-
nally; the network address translation (NAT)
protocol is used by the firewall to enable
internal machines to communicate with exter-
nal hosts. This arrangement makes internal
machines invisible to the Internet unless com-
munication is initiated by the internal system
or special firewall provisions are made to
“map” specific internal machines to addi-
tional, routable IP addresses.

Destination Data
IP and Port Payload

Saurce
IF and Port

FIGURE 3.7 Typical data packet consisting of a
“data payload” plus the source and destination IP
addresses and ports.

REMOTE CONNECTION TECHNIQUES

Various options exist for remote data con-
nections. The best choice will depend on the
type and quality of the remote Internet con-
nection and the services and policies of the
hospital.

Virtual Private Networks

One approach entails the use of a virtual
private network (VPN). A VPN is effectively a
secure tunnel through the Internet connecting
the hospital’s internal network and a remote
site. A VPN makes the computer (or an entire
remote site) appear as if it were within the
hospital, behind its firewall (Figure 3.8). If the
hospital uses private (192.168.x.x or
10.x.x.x) IP addresses, these can be directly
accessible on a VPN. Technically, virtual pri-
vate networking is accomplished by wrapping
the internal network packets (including both
internal IP addresses and the data payload)
inside another packet whose IP addresses
specify the ends of the tunnel (Figure 3.9). In
this arrangement, the remote computer has
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FIGURE 3.8 A VPN creates a secure tunnel through the Internet, allowing an external computer to func-

tion as if it were behind the institutional firewall.

two IP addresses: a normal Internet IP address
and an IP address that is actually part of the
hospital network. Generally, the internal net-
work packets are encrypted before they are
wrapped inside the VPN packets and are
decrypted as they emerge from the tunnel.

Security concerns may cause some institu-
tions to not offer or restrict remote VPN con-
nections. Since a VPN logically moves the
remote computer to within the institutional
firewall, it also exposes the internal network to
viruses and other potentially dangerous soft-
ware that may be present on remote machines.
Although desktop computers within an institu-
tion may be actively managed, kept up to date
with antivirus software and security patches,
and restricted to running properly vetted soft-
ware, a similar level of control of home com-
puters is likely to be more difficult.

VPN tunnels can be intolerant of subopti-
mal network connection. Communication
glitches, common on the Internet, may inter-
rupt VPN traffic, requiring the user to
reestablish connection. VPN may not work in
some settings (e.g., on some hotel guest net-
works).

Remote Application Servers

An alternative approach to remote access
is to run the applications to be accessed
remotely on special remote application
servers. When remote users connect, their
computers become the virtual keyboards and
monitors of a remote server on which the
application actually runs. Only the image to
be displayed plus keyboard and mouse clicks
are transmitted between the server and the

Encrypted data payload

Internet Source
IP and Port

Internet Dest
IP and Port

Internal Source
IP and Port

Data
Fayload

Internal Destination
IP and Port

FIGURE 3.9 VPN data packet. An internal data packet is encrypted and becomes the data payload carried

by the VPN “wrapper.”
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FIGURE 3.10 Only virtual screen images plus keyboard and mouse clicks travel beyond the institutional

firewall in this remote application server implementation. Although it appears to the user that applications

are running on the remote computer, they are really running on the remote application server.

remote user (Figure 3.10). If desired, remote
users can be permitted to view documents but
prohibited from transferring files.

In contrast to VPN, which can expose
internal networks to viruses and other security
threats posed by unmanaged remote comput-
ers, the remote application server solution can
fully shield the internal network. Additionally,
remote application systems can require less
bandwidth and can offer better performance
under suboptimal Internet conditions.
Conditions that would cause a VPN to discon-
nect may cause remote application systems to
simply stutter or become momentarily unre-
sponsive. On the other hand, given sufficient
bandwidth and stable Internet connectivity,
some software may perform better over a
VPN. Although remote desktop systems
require special client software to be present on
the remote system, this client software often
requires minimal or no user configuration.

Microsoft’s Windows Servers 2000 and
2003 support remote application services.
Citrix Systems offers a well-known remote
application solution based on Microsoft’s

Windows Terminal Services but may provide
better security and performance (1,2). Citrix
also provides a web-based interface that also
checks for the client software on the remote
machine; if it is not there, the user is directed
through a very simple one-time installation
process.

REMOTE NIOM REVIEW SOLUTIONS

In addition to establishing a remote con-
nection with the NIOM machine, a technique
must exist to transmit the data being collected
for remote NIOM review. Several techniques
are available for such review.

Vendor-Specific Remote
Display Software

Vendors of NIOM systems commonly
provide companion programs for remote dis-
play of NIOM data in real time over a net-
work connection. These programs typically
emulate the display and review functions of



the NIOM machine. They permit the remote
user to view ongoing recordings in real time as
well as to review prior data from earlier in a
case. Since the actual physiologic waveform
data are sent to the remote site, the user is typ-
ically able to manipulate the remote display
(e.g., to change gains and filters independently
of the technologist in the OR).

In-Hospital Use of Vendor-Specific

Remote Display Software

Vendor-specific remote software generally
functions seamlessly on internal hospital net-
works. There are, however, a few important
technical points of which the user should be
aware. If the NIOM or remote machines have
“personal firewalls,” it will probably be nec-
essary to open the port used by the remote
software. Personal firewalls are enabled by
default in Windows XP service pack 2.

To use the remote software, the user typi-
cally needs to know the IP address or name of
the NIOM machine. Depending upon institu-
tional policy and whether the NIOM
machines is used in more than one location
within the hospital, the NIOM machine will
be assigned either a fixed IP address or will
receive a “dynamic” address that may change
from day to day. In the latter case, the techni-
cian in the OR will need to make the remote
user aware of the machine’s IP address.

The remote software may also permit
the user to specify the NIOM machine by
name. A machine may be identified by an
official “fully qualified” name (e.g.,
NIOM2.neuro.columbia.edu), by a simple
(NIOM2), or by both.
Depending upon how the NIOM machine is
configured and the network naming protocols
in use, the remote user may have better suc-
cess using the IP number than the name.

shorter name

Remote Use of Vendor-Specific

Remote Display Software

Special provisions are likely to be neces-
sary for using vendor-specific remote software
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from beyond the hospital firewall. Typically,
the firewall will prevent software running on
an outside computer from initiating communi-
cation with the NIOM machine in the OR. A
VPN is commonly used to access to a hospi-
tal’s internal network from outside its firewall.
Vendor-specific remote client running over
a VPN can be the ideal remote monitoring
solution, providing the remote monitoring sta-
tion with full functionality—the same as
would be available from within the hospital.
The requirements are (a) support of the VPN
by the hospital, (b) installation of both VPN
“client” and vendor-specific remote software
on the remote computer, and (c) a stable, high-
quality Internet connection to the remote site.
Use of a remote application server can be
a reasonable alternative if it is compatible
with the vendor-specific remote application.
Because one remote system will effectively be
running on top of another, remote monitoring
may seem somewhat sluggishly responsive to
key and mouse clicks. Nonetheless, a remote
application server implementation has the
advantages of (a) only a single license for the
vendor—supplied remote software may be
necessary, (b) less software—and no NIOM
specific software—needs to be installed on the
remote computer so that virtually any
Internet-connected computer can be a remote
monitoring station, and (c¢) it may function
more reliably than a VPN if the Internet con-
nection is slow or otherwise suboptimal.

Screen Capture Remote
Control Software

Generic screen-capture software is an
alternative to a vendor-specific remote pro-
gram. Typically, the “server” version of the
software is installed on the NIOM machines
and the “client” version on the remote
machine. Rather than transmitting waveform
data to the remote site, screen-capture soft-
ware simply transmits an image of the NIOM
machine’s screen. An obvious limitation to
this is that the remote station can see only
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what is happening in the OR in real time; the
user cannot replay past events or change set-
tings independently. The corresponding
advantage is that the remote station displays
exactly what is happening in the OR without
requiring the user to choose settings or make
adjustments. Assuming that the remote user
has simultaneous voice or “instant messag-
ing” communication with the technician in
the OR, it is simple to say “show me.”

A wide selection of screen-capture
remote control software is commercially
available. One of the more ubiquitous is vir-
tual network computing (VNC). Several vari-
ants of VNC are available free under the
General Public License.>? VNC is platform-
independent, meaning that you can, for
example, run a Windows version on the
NIOM machine in the OR and monitor
remotely using an Apple or Linux machine.
Although the basic version of VNC does not
support encryption, remote communication
can be secured by simply running VNC (or
other screen-capture remote control soft-
ware) through a secure VPN tunnel.

Rather than using a VPN, the screen-cap-
ture client software may be installed on a
remote application server. Again, performance
here may be sluggish because two layers of
remote software are in use. Yet if a VPN con-
nection is not available or suitable and if ven-
dor-specific software is either not available or
not compatible with the remote application
server, this arrangement may be acceptable.

pcAnywhere and other similar commer-
cial products support secure, encrypted
remote connection. Proper configuration of
this software is critical, since it is possible to
configure it in a nonsecure manner. Also, it is
likely that specific ports will need to be
opened in the hospital’s firewall. Users should

2 Supported by the Free Software Foundation
(www.fsf.org), the General Public License grants users
access to run, to study how a program works, and to
modify it and distribute it; it and also provides that
these right will be preserved in derivative works.

therefore consult with appropriate authorities
at their institutions.

An important caution when using screen-
capture software for remote monitoring is to
avoid inadvertently granting control permission
to the remote site. By design, VNC and similar
software packages allow the remote user to con-
trol the host system—i.e., a user at home could
control the NIOM machine in the OR. If that is
not intended, this option should be disabled.

Reverse-Connection Remote Software

A popular variant of the screen-capture
remote control software makes it easy to con-
nect from a remote computer to a target com-
puter behind a hospital firewall. Programs
such as GoToMyPC circumvent firewall
restrictions by reversing the direction of com-
munication initiation (3). As discussed above,
most firewalls are generally configured to per-
mit only very specific inbound connections
and block all others. However, they are more
permissive with outbound connections, and
almost all institutional firewalls permit out-
bound web traffic (port 80 for unencrypted
and 443 for encrypted). Once an outbound
conversation has been initiated, associated
inbound traffic is permitted (otherwise one
could not browse the web).

In the reverse-connection scenario, special
software on the target computer (e.g., the
NIOM machine in the OR), in addition to
performing screen capture and remote server
functions, also establishes and maintains a
continuous connection with an outside third-
party server by sending it periodic “keep
alive” packets (Figure 3.11). When a remote
user wants to contact the target computer, it
instead contacts the third-party server; the
remote user is then able to communicate with
the target machine by effectively joining a
conversation already in progress, initiated
from within the firewall!

Reverse-connection remote systems can
offer elaborate security, including remote user
authentication, end-to-end data encryption so
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FIGURE 3.11 Reverse-connection remote system software on the target computer (e.g., the NIOM

machine) sends “keep alive” packets to a third-party server, which waits for the remote system to connect.

that the third party cannot decipher the data
being transferred between the target and
remote machines, and provisions to prevent
target systems from becoming unknowing
hosts to reverse-connection remote software.
Nonetheless, this technology does provide a
mechanism for potentially violating the intent
of institutional firewall and security policies;
in any case, it transfers responsibility for the
security of data protected by the Health
Insurance Portability and Accountability Act
(HIPAA) to a third party. Accordingly, some
institutions may block access to these third-
party servers. For these reasons, it is suggested
that users consult with their institutions prior
installing this type of software for remote
NIOM monitoring.

Image Capture/Web Server

A “solution of last resort,” one that will
work in almost any environment, is to install
software on the NIOM machine that periodi-
cally takes a picture of the screen display (or a
portion of it) and automatically sends it to a
web server. The web server can be located

behind the institutional firewall or, if external
access to an internal web server is not easily
arranged, on the Internet using an independ-
ent Internet service provider. Inexpensive pro-
grams, such as Snagit, can be set to
automatically capture screen images at preset
intervals (e.g., twice a minute) and output
them, for example, using the file-transfer pro-
tocol (FTP). A very simple script causes the
image displayed by the browser to be
refreshed at corresponding
Configuration of the remote server as both a
web server to display the images and an FTP
server to receive them, while beyond the scope
of this chapter, is simple and is well within the
capabilities of many computer novices.

A disadvantages of this technique is that
screen images are captured periodically (e.g.,
once of several times a minute, not continu-
ously). Further, unless secure, encrypted pro-
tocols are used for both the web connection
and transfer of the images from the NIOM
machine to the web server (FTP is not secure),
it is critical that no patient identifiers (e.g., the
patient’s name, unit number, etc.) be inadver-
tently captured in the image.

intervals.
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An advantage of this technique is that it
will work well with just about any remote
computer with an Internet connection. No
special software needs to be present on the
remote system; a web browser is all that is
necessary. Web connections are, by design,
not continuous; when you browse the web,
each mouse click typically initiates an inde-
pendent conversation with the server that
ceases once the page is transmitted.
Accordingly, this type of connection is suit-
able when Internet connectivity is slow or
unreliable, and it works well with handheld
wireless devices.

CONCLUSIONS

In today’s NIOM environment, remote
review of data by the neurophysiologist is
common. The NIOM team must be knowl-
edgeable not only about monitoring tech-
niques but also about Internet connectivity to
ensure that data are adequately transmitted
from the acquisition system to the remote

review system. There are several different
ways in which connection to the host com-
puter can be established, both from within the
hospital and from the outside. There are many
different methods that allow data from the
acquisition system to be reviewed at a remote
site. Each has advantages and disadvantages
and each NIOM team must pick a system that
works well for them.
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Anesthetic Considerations

Michael L. James

he practice of anesthesia has histori-

cally relied on the induction of a
reversible state of amnesia, analgesia, and
motionlessness. With the improvement of med-
ical technology, advancement of knowledge,
and practice of evidence-based medicine, mod-
ern anesthesiology comprises a great deal more.
It has become the role of the anesthesiologist
during surgical, obstetrical, and diagnostic pro-
cedures to provide anesthesia, optimize proce-
dural conditions, maintain homeostasis, and,
should it be necessary, manage cardiopul-
monary resuscitation. Additionally, anesthesi-
ology has found itself branching out into
chronic and acute pain treatment as well as the
intensive care unit. Obviously there has been an
expansion of expectations for the practice of
anesthesia over the last few decades; however,
ultimately, anesthesiology is the practice of
manipulating a patient’s neurologic system and
physiology to effect some beneficial end.

PRINCIPLES OF ANESTHESIA

There are four basic types of “anesthesia”:
general anesthesia, regional anesthesia, local
anesthesia, and sedation. For the purposes of
neurophysiologic intraoperative monitoring
(NIOM), general anesthesia (the creation of
reversible coma) is nearly always required and
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consists of four basic stages: premedication,
induction, maintenance, and emergence. Prior
to entering the operating suite, “premedica-
tions” may be administered to prepare the
patient for the perioperative period. Usually
this takes the form of mild sedation for anxiol-
ysis, analgesics for preprocedural pain, antihy-
pertensives, antiemetics for patients with a
high likelihood of postoperative nausea and
vomiting, antisialagogues to facilitate intuba-
tion, etc. In the operating room the historic
principles of anesthesia are still the foundation
of practice, and analgesia (i.e., painlessness),
amnesia (i.e., memory loss), motionlessness,
and hemodynamic stability can be obtained
and maintained by a variety of means.
Commonly, general anesthesia is induced
through the administration of a large bolus
dose of an intravenous sedative-hypnotic (e.g.,
propofol). A dose of intravenous opioid (e.g.,
fentanyl) and a paralytic agent (e.g., vecuro-
nium) may be given at this time as well to facil-
itate endotracheal intubation. After induction,
anesthesia maintenance usually consists of
some amount of inhaled volatile anesthetic
agent (e.g., isoflurane) in a mix of oxygen and
either air or nitrous oxide and some dose of
intravenous opioid. The amount of volatile
agent is quantified in terms of mean alveolar
concentration (MAC). MAC is expressed as a
percentage of inhaled gas and is defined as the
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alveolar partial pressure of a gas at which 50%
of patients will not move with a 1-cm abdom-
inal surgical incision. However, in practice the
necessary amount of volatile agent is deter-
mined by effect. It is during anesthesia mainte-
nance that NIOM occurs (as does the surgical
procedure). After the procedure is finished, the
expectation is that the anesthetic coma will be
completely reversible, and the patient must
emerge from anesthesia without experiencing
lasting effects from the agents. Emergence is
usually accomplished by reversing any residual
neuromuscular blockade and allowing the
patient to eliminate volatile agent via breath-
ing. Volatile anesthetic agents are minimally
metabolized and largely removed from the
body in the same manner they were intro-
duced: ventilation.

In terms of NIOM, special considerations
for general anesthesia are discussed later; how-
ever, it is important for neurophysiologists and
technologists to have a clear expectation of the
step-by-step nature whereby anesthetic and
surgical procedures are undertaken, and it is
important to remember that the operating
room is generally a highly active environment
with people, monitors, equipment, and electri-
cal cords all moving about at once. Any change
in the NIOM may be due to many factors, not
the least of which is the surgical procedure, and
every attempt should be made to regain fading
or lost waveforms, as permanent loss may indi-
cate postoperative impairment (1). Therefore
the entire process becomes most efficient when
each individual in the room understands all the
steps, including those of every other individual,
required to prepare for, perform, and enable
emergence from a procedure in an environment
of open communication and respect for each
other’s responsibilities.

NONPHARMACOLOGIC FACTORS:
ANESTHETIC CONSIDERATIONS

Physiologic function of the human body
plays a major role in neuronal functioning; it

is arguably the most important factor, and a
great deal of human physiology is influenced
by actions of the anesthesiologist. The manner
in which these physiologic functions are
manipulated often directly determines meas-
urable neurophysiologic function. Further, it
is reasonable to assume that physiologic func-
tion determines, in large part, the survivability
of nerves and their supporting structures.

Temperature

It is well established that temperature
plays a significant role in nerve function, espe-
cially in the axon. Changes of a fraction of a
degree can drastically alter latencies and
amplitudes of neuronal potentials with corti-
cal structures being more affected than
peripheral nerves (2). Relative hypothermia
produces changes that invariably present as
slowed latencies from slower nerve conduc-
tion. In addition there are predictable, charac-
teristic effects of profound hypothermia that,
at least initially, begin with slowing to a delta
frequency (3). The opposite is true with rela-
tive hyperthermia for both evoked potentials
(EPs) and electroencephalograms (EEGs). It is
important to note that regional temperature
changes are invariably difficult to predict, for
a variety of reasons. General anesthesia causes
an overall cooling effect in the body core due
to peripheral vasodilatation, which is usually
opposed by active surface warming and
warmed intravenous fluids. Additionally, cold
and/or warm irrigants are nearly always
applied to the surgical field. As a result, the
extremities, brain, and spinal cord are being
heated or cooled depending on where they lie
in relation to warmed air blankets, intra-
venous fluid lines, the surgical field, etc.
Therefore, unless it is individually measured,
the actual temperature of a given region is
impossible to know, but the potential effects
should be kept in mind during the course of
monitoring. It is very common for patients to
experience a decrease in core body tempera-
ture for the first 15 minutes after anesthetic
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induction. With active warming during the
administration of most anesthetic agents—
unless the surgical procedure requires an
alternative strategy—the patient’s temperature
will then be kept greater than 36°C by the
anesthesiologist.

Blood Flow

Logic dictates that ischemic nerves do not
function normally; therefore measurable neu-
ral potentials would become abnormal. In fact
it has been demonstrated that somatosensory
evoked potentials (SEPs) can be lost when
cerebral blood flow falls below 15
mL/min/100 g (2). This can be assumed to be
true for the spinal cord and peripheral nerves
as well. Unfortunately, it is difficult to actually
measure blood flow to any given structure, so
systemic blood pressure is often used as a sur-
rogate. Furthermore, systemic blood flow
does not necessarily dictate regional blood
flow, especially in the brain, which makes it
even more difficult to predict. Monitors are
becoming available that purport to quantify
regional blood flow (e.g., cerebral oximetry,
microdialysis), but a discussion of these is
beyond the scope of this chapter. Essentially
then, there are two main considerations for
the neurophysiologist: systemic hypotension
and decreased regional blood flow. When pro-
found, systemic hypotension results in glob-
ally reduced blood flow, which translates into
tissue ischemia of varying degrees based
largely on autoregulation. For example, dur-
ing spinal surgery, controlled deliberate
hypotension is often requested of the anesthe-
siologist so as to assist in controlling blood
loss; however, surgical traction and hypoten-
sion can aggravate each other with deleterious
effects to the patient, and NIOM can assist in
determining the acceptable limit of systemic
hypotension (4). There are many examples of
causes of decreased regional blood flow, and
almost all are due to some interruption in
blood supply either due to compression from
surgical instruments (intentionally or uninten-

tionally), patient positioning, tourniquets,
vasospasm, vascular ligation, etc. Anecdotally,
some have reported discovering incidental
ulnar nerve ischemia secondary to compres-
sion during routine monitoring for spinal
fusion. When the compression was released,
the nerve potentials returned to normal.

Ventilation

Optimal neural functioning depends on
maintenance of a homeostatic extracellular
environment. Hypo- or hypercapnea can alter
cellular metabolism by changing the acid-base
status of the individual. In general individuals
tolerate relatively profound acid-base
derangements, especially upward trends in
pH. Unless the pH of a patient drops below
7.2, neuronal mechanisms are maintained.
Additionally, there is a suggestion that
extremes in hypocarbia (< 20 mmHg partial
pressure) can alter SEP monitoring (5).
Alternatively, profound hypoxia is poorly tol-
erated, especially in the surgical setting of
ongoing blood loss and potential hypotension.

Hematology

Like hypoxia, profound anemia can con-
tribute to neural dysfunction. Normally, ane-
mia is well tolerated to levels of hemoglobin
less than 7 g/dL. However, in the surgical set-
ting of possible large volume blood loss,
hypotension, and hypoxia, it is generally
accepted that hemoglobin levels should be
kept above 8 g/dL and may require optimizing
at 10 g/dL. At approximately 10 g/dL of
hemoglobin, oxygen delivery appears to be
maximized and transfusion above this thresh-
old does not appear to improve augmenta-
tion. There are animal data that support this
supposition in SEP monitoring (6).

Intracranial Pressure

Increase in intracranial pressure is a rela-
tively well documented cause of shifts in cor-
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tical responses of EPs and prolongation of
motor evoked potentials (MEPs), presumably
due to compression of cortical structures.
There is a pressure-related increase in latency
and decrease in amplitude of cortical SEPs
and as intracranial pressure becomes patho-
logic, uncal herniation occurs with subsequent
loss of subcortical SEP responses and brain-
stem auditory evoked potentials (BAEPs) (7).
Alleviation of this pressure can return EPs to
normal.

Other Factors

Neuronal function depends on mainte-
nance of a homeostatic intra- and extracellu-
lar environment determined by potassium,
calcium, and sodium concentrations. It is log-
ical to assume that alteration in these concen-
trations would result in dysfunction and
possible changes in measurable neuronal
potentials. The concentration of these ions is
largely in the control of the anesthesiologist,
and maintenance within ranges of normal val-
ues is necessary. In addition, profound hyper-
or hypoglycemia should be avoided, as either
extreme can result in cellular dysfunction;
although there is no evidence that they result
in intraoperative changes in NIOM, there are
data to suggest that both can lead to poor out-
comes (8).

EFFECTS OF SPECIFIC
ANESTHETIC AGENTS

In general the anesthesiologist and neuro-
physiologist are constantly at odds in that
nearly all anesthetic agents, given in high
enough doses, cause depression of NIOM
potentials. However, with open communica-
tion and mutual understanding of each other’s
activities, NIOM can be successful with nearly
any anesthetic technique. The crucial concept
is that any change in either anesthetic or
NIOM must be communicated to the team, so
that every person in the operating room is act-
ing under appropriate assumptions.

Inhalation Agents

Despite being the oldest form of anesthe-
sia, the exact mechanism of action of inhala-
tion agents remains Inhalation
anesthetics consist of two basic gases avail-
able in the United States: halogenated agents
(halothane, isoflurane, sevoflurane, desflu-
rane) and nitrous oxide. Doses of gas are
given as percentage of inhaled mixture, and
effective doses are expressed as some amount
of MAC. As discussed before, one MAC of an
agent is sufficient to prevent 50% of patients
from moving to the stimulation of surgical
incision (Tables 4.1 and 4.2).

unclear.

TABLE 4.1 Effects of Inhaled Agents on Evoked Potentials

BAEP SEP MEP
Agents Latency Amplitude Latency Amplitude Latency Amplitude
Desflurane Inc 0 Inc Dec Inc Dec
Enflurane Inc 0 Inc Inc Inc Dec
Halothane Inc 0 Inc Dec Inc Dec
Isoflurane Inc 0 Inc Dec Inc Dec
Sevoflurane Inc 0 Inc Dec Inc Dec
Nitrous oxide 0 Dec 0 Dec Inc Dec

Inc = increased; Dec = decreased; 0 = no change.
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TABLE 4.2 Effects of Anesthetics Agents on Electroencephalogram

INCREASED FREQUENCY

SUPPRESSED

Barbiturate (low dose)
Benzodiazepine
Etomidate

Propofol

Ketamine
Halogenated agents
(< 1 MAC)

INCREASED AMPLITUDE

Barbiturates (high dose)
Propofol (high dose)
Benzodiazepine (high dose)

ELECTROCEREBRAL SILENCE

Barbiturate (moderate dose)
Etomidate

Opioid

Halogenated agents

(1-2 MAC)

Barbiturates

Propofol

Etomidate

Halogenated agents

(> 2 MAC except halothane)

Inc = increased; Dec = decreased; 0 = no change.

Halogenated Agents

The halogenated agents consist of the his-
toric agent halothane, which is still used in
most countries outside the United States, and
the modern agents consisting of isoflurane,
sevoflurane, and desflurane. Each has its own
MAC, onset and offset times, and metabolism
based on the inherent properties of the gas.
Their use results in a dose-related decrease in
amplitude and slowing of latency of SEPs,
with the least effect seen in peripheral and
subcortical responses (2). BAEPs are mini-
mally affected by halogenated anesthetics at
usual doses but can be ablated at high doses.

MEPs are enormously affected by the use
of halogenated agents and can be entirely
ablated even with doses of 0.5 MAC. It
appears that this effect occurs proximal to the
anterior horn cell due to evidence that waves
recorded distal to the anterior horn cell and
proximal to the neuromuscular junction
remain recordable even at high doses of anes-
thetic (9). MEP monitoring may also occur
through spinal or epidural stimulation with
minimal effect on recorded responses; how-

ever, cord stimulation results in stimulation
of the sensory and motor pathways, and
halogenated gases preferentially block the
motor responses (10). Therefore it is impor-
tant to remember that NIOM utilizing spinal
cord stimulation may not reliably monitor
motor function in the presence of halo-
genated gases. For this and reasons men-
tioned above—namely, easy ablation when
MEP monitoring is essential—halogenated
gases should usually not be part of the anes-
thetic regimen when using this modality.

The EEG is affected but usually without
hindrance to monitoring. All halogenated
anesthetics produce a frontal shift of the
rhythm predominance when used at induction
doses (two to three times MAC doses). The
gases then produce a dose-dependent reduc-
tion in frequency and amplitude. It is impor-
tant to note that both isoflurane and
desflurane can produce burst suppression and
electrocerebral silence at clinical doses. For
practical purposes, however, all halogenated
agents can be used for maintenance anesthesia
when NIOM requires EEG monitoring.
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Nitrous Oxide

Nitrous oxide is similar to halogenated
anesthetic agents and causes a dose-related
decrease in amplitude and prolongation of
latency of cortical SEPs and ablation of MEPs.
This effect seems somewhat limited in subcor-
tical and peripheral potentials of the SEPs. At
equipotent doses to halogenated agents,
nitrous oxide may, in fact, cause greater EP
depression (2). Additionally, nitrous oxide has
somewhat indeterminate effects on the EEG
that is highly dependent on other agents and
doses being used simultaneously. The effects
on the EEG are not wholly predictable, but
generally, there is frontally dominant high-fre-
quency activity and posterior slowing. Despite
this, a frequent anesthetic technique used dur-
ing NIOM is a “nitrous-narcotic” technique.
The modern version of this technique consists
of a high-dose remifentanil infusion (0.2 to
0.5 pg/kg/min) with 60% to 70% inhaled
fraction of nitrous oxide. A high, but con-
stant, amount of nitrous oxide is delivered
with varying amounts of remifentanil based
on surgical stimulation. As long as the per-
centage of inhaled nitrous oxide is held con-
stant, this practice generally allows recordable
responses for most NIOM except transcranial
MEPs, although even then 50% to 60%
nitrous oxide may be used. The benefit of
using nitrous oxide is that brain concentra-

tions vary rapidly with inhaled concentra-
tions, so that if NIOM is problematic and
needs maximizing intraoperatively, discontin-
uance of nitrous oxide will quickly result in
the its elimination from the brain and body.

Intravenous Agents

Intravenous anesthetic agents are gener-
ally used to induce anesthesia and afterwards
to supplement inhalation maintenance anes-
thesia. Most modern anesthetic techniques
consist of a variety of agents, intravenous and
inhaled; nearly always an intravenous opioid
is administered to augment other agents for
either tracheal intubation at induction or
intense surgical stimulation exceeding a stable
maintenance anesthesia. If halogenated agents
are contraindicated or NIOM becomes prob-
lematic with their use, a complete anesthetic
can consist of intravenous drugs, or total
intravenous anesthesia (TIVA). TIVA exists in
many forms. The most common regimen is
based on continuous propofol infusion and
supplementation with intravenous opioid.
However, all manner of TIVAs have been
described, including the use of ketamine, bar-
biturate, midazolam, dexmedetomidine, etc.,
with drug selection depending on utilizing
specific attributes of an agent to effect a spe-
cific outcome (Tables 4.2 and 4.3).

TABLE 4.3 Effects of Intravenous Agents on Evoked Potentials

BAEP SEP MEP

Agents Latency Amplitude Latency Amplitude Latency Amplitude
Barbiturate

Low dose 0 0 0 0 Inc Dec

High dose Inc Dec Inc Dec Inc Dec
Benzodiazepine 0 0 Inc Dec Inc Dec
Opioid 0 0 Inc Dec 0 0
Etomidate 0 Inc Inc 0 0
Propofol Inc 0 Inc Dec Inc Dec
Ketamine Inc 0 Inc Inc 0 0

Inc = increased; Dec = decreased; 0 = no change.
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Barbiturates

Some of the oldest intravenous anesthet-
ics include barbiturates (e.g., thiopental, pen-
tobarbital, phenobarbital, methohexital).
These drugs exist in alkaline salt solution and
exert their mechanism of action at the GABA
receptor. Of these, thiopental remains in com-
mon use, in certain surgical cases, as an induc-
tion agent and as a means of achieving
neuroprotection through “burst suppression.”
Additionally, methohexital is frequently used
to facilitate electroconvulsive therapy (ECT).
However, much like halogenated agents, bar-
biturates will produce EEG slowing and, at
higher doses, burst suppression and electro-
cerebral silence. There appears to be little
class effect of barbiturates on SEPs, with each
agent producing somewhat different results.
Thiopental produces transient decreases in
amplitude and increases in latency with bolus
dosing for induction, but phenobarbital pro-
duces little effect until doses causing cardio-
vascular collapse are reached (11). As with
inhaled agents, SEP cortical potentials seemed
to be most affected, with relative sparing of
subcortical and peripheral responses. In con-
trast, whether with low-dose continuous infu-
sion or single-bolus dosing, MEP responses
can be entirely abolished with the use of bar-
biturates. Any anesthetic given for a surgical
procedure requiring MEP monitoring should
exclude the use of barbiturates in any form
unless their use (i.e., neuroprotection) super-
sedes the benefit from MEP monitoring.

Benzodiazepines

Midazolam is a common intravenous
benzodiazepine used in preoperative areas
prior to transfer to the operating suite.
Benzodiazepines also have their site of action
at the GABA receptor and have the desirable
effects of amnesia, sedation, and anxiolysis. In
general, single one-time doses of midazolam
given prior to induction have little effect on
NIOM during critical portions of the proce-
dure. However, induction doses of midazolam
(0.2 mg/kg) or continuous infusions of the

drug can slow SEP latencies and decrease
amplitudes (12). Furthermore, as with most
other anesthetics, even small doses of benzo-
diazepines (1 to 2 mg) can lead to a marked
reduction in MEP responses. However, owing
to relatively rapid metabolism of single
adminstration, if small doses of midazolam
are given preoperatively, their effects on
NIOM are usually minimal. Of note, benzodi-
azepines are anticonvulsants and will all pro-
duce slowing of the EEG into the theta range;
however, at small doses they create beta-
rhythm predominance in frontal leads, which
is also seen with chronic oral administration.

Propofol

Propofol remains one of the most com-
mon agents used for the induction of anesthe-
sia and is the most common agent used for
maintenance anesthesia during TIVA. It is
packaged in a lipid-soluble solution and its
site of action is also at the GABA receptor.
Owing to rapid redistribution after dosing,
propofol is easily titratable to the desired
effect, which makes it very useful for TIVA
techniques. Induction doses of propofol (2 to
5 mg/kg) cause amplitude depression of EEG,
SEP, and MEP responses, as does high-dose
continuous infusion (80 to 100 pg/kg/min).
However, there is generally rapid recovery
after termination if long infusion times (>8
hours) are avoided (13). In recording SEPs or
MEPs from the epidural space, there seems to
be limited effect of the drug on the EPs; this
seems to hold true for recordings from the
scalp or peripheral muscle as well (14).
Propofol is also notable as an agent that can
produce burst suppression and electrocerebral
silence on the EEG. Despite profound EEG
suppression at high dose, propofol retains its
relatively quick termination, allowing for an
awake, alert, and neurologically testable
patient at the end of a surgical procedure.

Opioids
Intravenous opioids represent a critical
mainstay in the practice of modern “balanced”
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anesthesia to control perioperative pain.
Nearly all general anesthetics will have some
form and dose of intravenous opioid as a cen-
tral component. Intravenous opioids in current
use during the perioperative period include
morphine, hydromorphone, fentanyl, alfen-
tanil, sufentanil, and remifentanil; they are
administered for various indications and at a
wide variation in dosing regimens. All intra-
venous opioids have almost no effect on
NIOM even at very high doses, making them
of essential importance during anesthesia for
procedures requiring NIOM. Even when given
in the epidural or intrathecal space, they have
minimal effect on EPs (2). It has been noted
that generous application of opioids can result
in improved MEP monitoring owing to the
reduction of spontaneous muscle contraction
and lowering of the MAC for other anesthetic
agents. With regards to the EEG, opioids pro-
duce a mild slowing into the delta range with-
out effect on amplitude. Opioids will not
produce burst suppression or an isoelectric
EEG even at the highest doses. Of particular
importance, the development of remifentanil
has revolutionized opioid use in TIVA.
Remifentanil is an ultra-short-acting opioid
with a half-life on the order of 5 minutes
regardless of dose. This allows for very rapid
titration of analgesia with little or no effect on
emergence times, thus permitting high-dose
opioid TIVA to minimize the dose of an asso-
ciated sedative-hypnotic.

Ketamine

Ketamine is one of the older anesthetic
agents and has undergone a recent resurgence
of use owing to the finding that it helps to
alleviate postoperative pain and chronic pain
states. Ketamine influences a variety of recep-
tors and has the unique characteristic among
anesthetic agents of enhancing EP responses,
especially in the cortex and spinal cord (15).
Whether given as single bolus at induction or
as continuous infusion, ketamine can increase
EP amplitude in SEP, MEP, and BAEP record-
ing, making it an attractive agent for use dur-

ing NIOM. Additionally, the use of ketamine
can produce larger amplitudes, with mild
slowing into the theta range on the EEG, and
there is anecdotal evidence that ketamine
may be proconvulsant. The downside to ket-
amine use (and the reason ketamine fell out
of favor prior to the last § years) is the occur-
rence of emergence delirium and dissociative
hallucinations. Additionally, increase in
intracranial pressure from enhanced cerebral
blood flow due to ketamine makes it of lim-
ited use in neurosurgical patients with
intracranial hypertension as well as in some
other patient populations. Ketamine has been
found particularly useful as a low-dose infu-
sion (10 to 20 pg/kg/min) to supplement a
propofol/opioid TIVA technique in proce-
dures that require anesthetic-sensitive NIOM
(e.g., MEP). The addition of low-dose keta-
mine to a propofol-based TIVA allows for a
substantial reduction in propofol infusion
doses and enhancement of EP responses while
minimizing the undesirable side effects of ket-
amine. For procedures requiring NIOM tech-
niques that are highly sensitive to the effects
of anesthetics (e.g., transcranial MEP), the
use of ketamine in the anesthetic armamen-
tarium should be considered.

Etomidate

Etomidate represents another contradic-
tion to the general rule that anesthetic agents
cause EP depression. Induction doses and con-
tinuous intravenous infusion enhance both
MEP and SEP recordings (16). Etomidate has
been used in the past as a component of TIVA
during procedures that require anesthetic-sen-
sitive. NIOM (e.g., transcranial MEPs).
Etomidate is also somewhat contradictory in
its EEG effects; at low doses it may be some-
what proconvulsant, and it is occasionally
used for ECT or epilepsy surgery; although at
higher doses it may produce burst suppres-
sion. However, among its many unpleasant
side effects, concerns have been raised regard-
ing etomidate-induced adrenal suppression,
which can occur with even single-bolus induc-
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tion doses (0.2 to 0.5 mg/kg). Increased mor-
tality has been seen with prolonged infusion
of etomidate, mainly in the intensive care set-
ting (17). Nevertheless, etomidate remains
valuable in cases where NIOM responses are
difficult to obtain and otherwise may not be
recordable.

Dexmedetomidine

Dexmedetomidine is a relatively new
agent used in human anesthesia. This selective
alpha-2 agonist has seen widespread use in
veterinary medicine and has found its way
into intensive care units and operating rooms
because of its desirable effects of sedation,
analgesia, and sympatholysis without respira-
tory depression. Though increasing ancedotal
reports are emerging, there are limited data on
the effects of dexmedetomidine on NIOM;
however, animal data suggest that there is lit-
tle effect (18). It may be used as a low-dose
infusion (0.2 to 0.5 pg/kg/hr) to augment any
anesthetic technique, and it allows for the use
of considerably less volatile or intravenous
anesthesthesia or opioid. Its definitive role in
anesthetic techniques for highly sensitive
NIOM remains to be determined.

Paralytics

Neuromuscular blockers exert their effect
by blocking acetylcholine at the nicotinic
receptor in the neuromuscular junction. They
have no effect on monitoring modalities that
are not derived from muscle activity (e.g.,
EEG, BAEPs, and SEPs). They will com-
pletely negate MEP monitoring if intense neu-
romuscular blockade is utilized. However,
employing partial blockade will allow sub-
stantial reduction in patient movement with
testing, improved surgical retraction, and
favorable MEP monitoring. There are many
ways to monitor the amount of neuromuscu-
lar blockade; the most common is the “train
of four” (TOF) technique. It consists of meas-
uring muscle responses, or compound muscle
action potentials, after four 2-Hz peripheral

nerve stimuli. MEP monitoring is acceptable
when neuromuscular blockade is maintained
at a TOF of two responses. In using MEP
monitoring, it is important for the neuro-
physiologist and surgeon to know whether
the patient is paralyzed. If the patient is not
paralyzed, MEP stimulation must be done at
times when patient movement is acceptable.
If the patient is paralyzed, there are likely to
be brief periods when MEP responses are not
recordable owing to intense paralysis; it is
then imperative to communicate when a neu-
romuscular blocking agent is
However, either practice, paralysis or not, is
acceptable; the main principle is, again, effec-
tive and open communication with all parties
in the surgical suite.

redosed.

ANESTHETIC TECHNIQUES

A variety of anesthetic techniques are
acceptable for use during NIOM; the type of
anesthetic should be tailored to the type of
NIOM and the requirements of the surgical
procedure. There are, however, a few general
principles. First, the least amount of anes-
thetic agent necessary should be utilized as
long as there is little possibility of awareness
or discomfort on the part of the patient. The
liberal use of opioids can allow for a signifi-
cant decrement in MAC. Second, the more
stable an anesthetic dose can remain for the
duration of the case, the less likely that the
anesthetic agent might be contributing to
intraoperative changes in NIOM waveforms.
Supplementation of baseline anesthetic drugs
with opioids or less NIOM-offending agents
can be made at times of more intense surgical
stimulation. Overall, there are essentially four
classes of NIOM based on how easily the
monitoring technique is ablated by anesthetic
agents. As the relative sensitivity of NIOM to
anesthesia increases, the anesthetic technique
should be adjusted to maximize the least
offending agents. Each group and its anes-
thetic implications are discussed below.
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Relative Insensitivity

NIOM that is relatively insensitive to
anesthetic agents in general includes BAEPs
and SEPs recorded from the epidural space.
With these monitoring methods, nearly all
anesthetic practices can be used with the
understanding that the general objective is to
maintain a constant level of anesthesia supple-
mented with intermittent opioid dosing to
control increased surgical stimulus. Of course
the least amount of anesthetic necessary to
ensure amnesia and analgesia should be used.
Generally all patients have baseline EPs, so
that once in the operating room, deviation
from that baseline can be assessed. If needed,
anesthetic level or technique can then be
adjusted to refine NIOM recordings.

Sensitivity to Paralytics

Forms of NIOM that are sensitive to neu-
romuscular blockade include all monitoring
that requires elicitation of muscle action
potentials (i.e., electromyography, MEP,
spinal reflex testing, etc.). For these cases, if
very fine control of the amount of neuromus-
cular blockade can be maintained through
vigilant monitoring and drug dosing, neuro-
muscular blocking agents can be employed.
Otherwise they should be entirely avoided
once the patient has been intubated. In fact,
there are some practices that utilize intraoper-
ative neuromuscular blockade reversal when
critical monitoring periods approach. In gen-
eral, with the exception of MEP recording,
which is exquisitely sensitive to anesthetic
technique, other forms of anesthetic agents
are acceptable. For cases that rely on an
unparalyzed patient, relatively “deep” anes-
thesia (e.g., high doses of anesthetic agents)
can be used to offset lack of patient paralysis,
allowing optimal surgical conditions of immo-
bility and relaxation while maintaining the
integrity of NIOM. However, the general
principle of stable, though relatively high,
anesthetic dose should be maintained.

Sensitivity to Anesthetics without
Sensitivity to Paralysis

NIOM that is not negated by neuromuscu-
lar blockade but is sensitive to anesthetic agents
includes SEP monitoring. Care must be taken
to minimize offending anesthetic agents and
optimize non-anesthetic variables (i.e., temper-
ature). Generally, volatile or intravenous anes-
thesia is acceptable if relatively low doses are
maintained (0.5 MAC for anesthetic gases or
less than 80 pg/kg/min of propofol). The use of
neuromuscular blockade in this situation
allows for a modest decrement in anesthetic
dose, as patient movement and relaxation then
become improbable. However, care must be
taken that anesthetic dose is not so low as to
permit patient recall or discomfort.

Relative Sensitivity

The need for MEP monitoring can initiate
some of the more challenging anesthetic issues.
Designing an anesthetic technique to optimize
MEP monitoring adds to an already complex
surgical procedure. A TIVA technique that lim-
its the amount of sedative-hypnotic agent (i.e.,
propofol, barbiturate) is usually required.
Limiting the dose of sedative-hypnotic to
allow for optimal response recording of
NIOM requires the use of a second agent, usu-
ally opioid, to supplement and augment the
anesthetic properties. For instance, using a
propofol-based anesthetic requires the addi-
tion of opioid, ketamine, or dexmedetomidine
infusion to allow a much smaller dose of
propofol to be administered. Additionally, if
neuromuscular blockade is used, it must be
tightly controlled so that profound paralysis
does not preclude MEP responses from the
muscles. It is not uncommon for the patient to
be unparalyzed during critical monitoring por-
tions of the procedure. Therefore the anesthe-
siologist is often faced with an unparalyzed
patient, whose monitoring requires relatively
low doses of an anesthetic, and whose airway
and accessibility is often remote. One current
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practice is to utilize high-dose remifentanil
infusion to supplement a low-dose propofol-
ketamine based anesthetic. This allows very
low dose propofol (20 to 30 pg/kg/min), which
has minimal effects on MEP responses, to be
offset by low-dose ketamine (10 to 20
pg/kg/min), which enhances MEP responses,
and an amount of remifentanil that keeps the
patient motionless and relaxed.

CONCLUSIONS

In developing an anesthetic plan, the type
of NIOM is often as important a consideration
as the type of surgical procedure. The crucial
factor for a successful procedure is open and
candid communication between the operating
room staff, neurophysiologist, anesthesiologist,
and surgeon. The majority of problems with
intraoperative monitoring arise when operating
room communication does not allow for each
individual to have a clear understanding of the
actions of each of the other members. When
everyone involved in the procedure is knowl-
edgeable about reasonable expectations and
aware of the current situation, the patient bene-
fits from an operating team that is poised and
fluid in its execution. With that understanding,
it is imperative for the neurophysiologist to
understand the limitations produced by an
anesthetic and for the anesthesiologist to under-
stand the effects of certain medications on mon-
itoring. Without that fundamental knowledge,
there can be little coordinated activity between
the two parties, resulting in ineffective monitor-
ing. However, with the knowledge of the basic
effect of a given anesthetic agent on monitoring
modalities, nearly any anesthetic technique can
be administered safely and effectively with all
types of monitoring.
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Billing, Ethical, and
Legal Issues*

Marc R. Nuwer

Professional administrative policies and
procedures assure patient safety, effi-
cient organization, and clear communication.
Well-defined policies discourage self-inter-
ested motives and clarify limits. Public poli-
cies on health care include laws and
regulations about billing, coding, reimburse-
ment, staffing, devices, and liability, among
others topics.

This chapter describes some public policy
issues that apply to neurophysiologic intraop-
erative monitoring (NIOM). Issues pertaining
to billing apply specifically to the United
States. Other ethical and legal issues are gen-
eral principles and applicable to NIOM wher-
ever monitoring is conducted. Of course, in
some legal jurisdictions, other locally specific
laws and regulations may apply too.

CODING AND BILLING

These coding and billing rules apply to
the United States. This coding system specifies
the particular work conducted on a particular
patient. In the U.S. medical reimbursement

* This chapter is based in part on Nuwer MR.
Regulatory and medical-legal aspects of intraoperative
monitoring. | Clin Neurophysiol 2002;19:387-395.
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system, these codes allow for reimbursement
proportional to the time, effort, equipment,
supplies, and risk involved in a procedure.
Each specific procedure has its own code
number, assigned in the American Medical
Association’s Current Procedural Coding
(CPT).

CPT specifies more than 7,500 medical,
surgical, and diagnostic procedures. Cost
accounting for each CPT code is determined
by the typical work, equipment, supplies, etc.,
involved in carrying out that procedure. These
costs are systematically summarized in the
Resource Based Relative Value System
(RBRVS), which is used to set the Relative
Value Units (RVU) for each CPT. Most U.S.
healthcare insurance carriers use RVUs for
payment. Other organizations use physician
work RVUs to judge the annual work produc-
tivity of group physicians.

CPT codes used for most NIOM are pre-
sented in Table 5.1. The vast majority of
cases use the hourly NIOM code CPT 95920.
Other specialty codes are used for certain
electroencephalograms (EEG) and functional
mapping procedures. The codes also allow
for a systematic set of additional policies. The
most relevant ones are those that specify the
degree of supervision required for each type
of procedure.
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TABLE 5.1 Intraoperative Neurophysiology CPT
Codes

95920 Intraoperative neurophysiology
testing, per hour
95829

95955

Electrocorticogram at surgery

Electroencephalogram during
nonintracranial surgery (e.g., carotid
surgery)

95961 Functional cortical and subcortical
mapping by stimulation and/or
recording of electrodes on brain
surface, or of depth electrodes, to
provoke seizures or identify vital

brain structures
Initial hour of physician attendance
95962 Each additional hour of physician

attendance

Code 95920 (Intraoperative
Neurophysiology Testing)

This code is billed once for each hour of
routine NIOM. Time begins when the physi-
cian is called to the operating room and ends
when he or she leaves. However, the time
taken to interpret the baseline testing for
each primary base procedure is excluded,
since those are billed separately. Time is
rounded to the nearest hour. For remote on-
line monitoring, the code is used for each
hour monitored.

Supervision rules require direct supervi-
sion, which may be done remotely online.
Direct supervision ordinarily requires the clin-
ical neurophysiologist to be present nearby in
the building, readily available to come into
the surgery suite on short notice when a prob-
lem or need arises. Remote on-line monitoring
allows for the equivalent done at a distance,
with available interaction by phone or instant
messaging. In either case, the clinical neuro-
physiologist still must be available to respond
on short notice if problems occur.

Code 95920 is used along with base codes
that specify what modalities were monitored
or tested. The base (primary) procedures codes

are billed once per procedure. The allowable
base procedure codes for code 95920 are listed
in Table 5.2. Only these base codes are
allowed. At least one must be used for any
procedure when code 95920 is used. More
than one code may be used when more than
one modality is monitored. For example, mon-
itoring resection of an acoustic neuroma may
include upper
evoked potentials, facial nerve electromyogra-
phy (EMG), and brainstem auditory evoked
potentials. Those base codes are 95925,
95868, and 92585, and they are coded with
one unit of service each. Code 95920 is billed
one unit of service for each monitoring hour

extremity somatosensory

TABLE 5.2 Primary Procedures Allowed as Base
Codes for Code 95920

92585 Auditory evoked potential
95822 EEG recording in coma or sleep
95860 Needle EMG
One extremity
95861 Two extremities
95867 Cranial nerve muscles, unilateral
95868 Cranial nerve muscles, bilateral
95970 Limited
95900 Nerve conduction study, each nerve
Motor
95904 Sensory
95925 Somatosensory evoked potential
In upper limbs
95926 In lower limbs
95927 In trunk or head
95928 Central motor evoked potential
In upper limbs
95929 In lower limbs
95930 Visual evoked potential
95933 Blink reflex
95934 H reflex
Gastrocnemius/soleus muscle
95936 Muscle other than gastrocnemius/
soleus muscle
95937 Neuromuscular junction testing

(repetitive nerve stimulation)
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after excluding the time taken to interpret the
baseline portions of each monitoring modality.

Other procedures can be performed on
the same day. For example, laryngeal EMG is
coded as CPT 95865. Although it is not a base
code for 95920, it can also be coded in addi-
tion to other codes if laryngeal EMG was
monitored.

Code 95829 (Electrocorticography)

Code 95829 is used for electrocorticogra-
phy (ECoG). The intraoperative evaluation
and medical decisions during an ECoG go
well beyond simple monitoring. Code 95920
is used generally to screen for any changes
compared to baseline where changes lead to
raising an alarm. By contrast, in ECoG, the
physician identifies regions to be removed and
to be left intact during cortical resections. The
difference between monitoring (95920) and
deciding what to remove (ECoG) justifies a
separate procedure code. Because this proce-
dure requires medical decision making of a
high degree, this code and service require the
personal supervision of the physician in the
operating room.

Code 95955 (Nonintracranial EEG)

For historical reasons, intraoperative
EEG during nonintracranial surgery has its
own code, 95955. This can be used for EEG
during carotid endarterectomy or cardiotho-
racic surgery. Traditionally this was a “gen-
eral supervision” service. In that traditional
supervision system, an advanced or special-
ized technologist conducted the EEG monitor-
ing without immediate physician supervision.

When a physician provides a greater
degree of supervision throughout the proce-
dure, code 95920 can be used, together with
the base procedure code 95822 for intraoper-
ative EEG monitoring. The difference between
95955 and 95920 is the degree of supervision.

Codes 95961 and 95962 (Cortical and
Subcortical Localization)

Codes 95961 and 95962 are used when
localizing cortical or hemispheric function.
This can be localizing motor or language cor-
tex or when placing deep brain stimulator
(DBS) electrodes. Code 95961 is used for the
first hour. Code 95962 is used for each addi-
tional hour. These same codes are used for
testing cortical functions in monitoring
epilepsy patients with subdural grids. In the
operating room, these codes are used in iden-
tifying language regions with direct cortical
stimulation in an awake patient during a cran-
iotomy.

Codes 95970 to 95979
(Neurostimulator Programming
and Analysis)

Neurostimulator  programming and
analysis use the same codes, 95970 to 95979,
inside and outside the operating room. The
several neurostimulator codes are listed in
Table 5.3. The codes come in simple and com-
plex types. A simple neurostimulator pulse
generator/transmitter has three or fewer
adjustable parameters. A complex neurostim-
ulator pulse generator/transmitter is one capa-
ble of affecting more than three of the above.
Modern DBS systems involve the complex
codes. Code 95970 is used when one is just
checking the integrity of an implanted neu-
rostimulator without programming it. For
DBS brain programming, code 95978 should
be used for the first hour and 95979 for each
additional 30 minutes. For vagus nerve stimu-
lator programming, code 95974 should be
used for the first hour and 95975 for each
additional 30 minutes.

In some surgical DBS placements, codes
95961 to 95962 are used to identify the cor-
rect locations for the electrodes. Then, the
95870 code is used to assure that the DBS
stimulating device is working properly.
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TABLE 5.3 Neurostimulator CPT Codes

95970 Implanted neurostimulator analysis
95971 Simple neurostimulator programming
95974 Complex cranial nerve neurostimula-
tor programming
First hour
95975 Each additional 30 minutes
95978 Complex brain stimulator program-
ming
First hour
95979 Each additional 30 minutes
STAFFING

Most states and hospitals require a
licensed physician to supervise each technolo-
gist. Such public policies limit the practice of
nonphysician healthcare providers.

Interpreter Staffing

A technologist cannot provide NIOM
without any supervision. Many lack the suit-
able skills, knowledge, ability, training, and
experience to provide interpretations and
respond to the more challenging moments of
monitoring. Many technologists have insuffi-
cient medical knowledge to advise the surgeon
on the medical meaning of signal changes.
Based on such limitations, most hospitals and
states require physician supervision.

Surgeons generally cannot supervise the
technologist for NIOM. Most surgeons lack
suitable skills, knowledge, abilities, training,
and experience in clinical neurophysiology to
assure high-quality monitoring services,which
can lead to mistaken interpretations. They
lack an understanding of the technical proce-
dures involved, normal variations and peak
identification procedures, artifacts and other
technical problems, and the meaning of
changes when they occur. The National
Correct Coding Initiative (NCCI) precludes
billing for both the surgery and the NIOM by
the same physician.

A monitoring physician must be available to
intervene as needed when problems arise in any
case. The monitoring physician also must be
able to pay close attention to the individual cases
when monitoring simultaneous procedures. For
those reasons a limit of three simultaneous cases
per monitoring physician is recommended (1).

A nonphysician healthcare provider some-
times does supervise intraoperative monitoring
technologists. Any provider have
advanced skills, knowledge, ability, and train-
ing, as well as extensive experience to assure
quality services and patients’ safety. Measuring
that can be difficult. The judgment must be
made by reasonably independent observers and
based upon objective guidelines and standards.
There is in place a professional process for
assessing physicians’ credentials for hospital
privileging. These processes can serve as a
model or outline of processes to assess non-
physician providers.

Each hospital’s medical staff office must
assure that each professional meets appropriate
standards to practice in that facility. Privileging
determines whether an individual practitioner
at a given institution should be allowed to prac-
tice and for what procedures. The institution
checks for medical board and DEA certifica-
tion, professional disciplinary actions, licensure,
training, experience, proof of insurance, mal-
practice claims, and criminal convictions.
Individual proctoring checks that actual prac-
tice performance currently meets local commu-
nity standards. Credentialing evaluates an
individual’s specific fields of practice and partic-
ular techniques for which he or she should be
allowed to practice at the institution in ques-
tion. This examination must be conducted even
more thoroughly for any nonphysician than for
a physician because there is no state licensure
agency also overseeing such practitioners.

must

Technologist Staffing

Not all technologists are suitable for
NIOM. Registration by the American Board of
Electroencephalographic and Evoked Potentials
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Technologists (ABRET) as an R. EEG T. (regis-
tered EEG technologist), R. EP T. (registered
evoked potential technologist), and Certificate
in Neurophysiologic Intraoperative Monitoring
(CNIM) provides one type of check on an indi-
vidual’s NIOM knowledge. More is needed.

Hospitals’ neurodiagnostics departments
should evaluate each technologist for the his or
her skills, knowledge, abilities, training, and
experience relevant to NIOM. The lab medical
director should establish suitable policies and
procedures. Each technologist should be privi-
leged to perform just the NIOM procedures for
which he or she is suitably trained. A technolo-
gist well skilled in one type of procedure is not
necessarily qualified to conduct all types of pro-
cedures. Privileging should be subject to annual
review and renewal. For example, NIOM with-
out immediate supervision might be restricted
to technologists with 3 to 5 years of experience
with that technique outside the operating room.
An extended period of proctoring would
involve a period of immediate supervision fol-
lowed by a period with less supervision until the
individual becomes fully qualified.

Some procedures require a physician to be
in the room. These include ECoG, functional
cortical localization, and other testing for
deliberate decisions about what to resect or
spare. A technologist can conduct more rou-
tine monitoring without supervisory backup
in the room. A physician is commonly avail-
able on-line (2). Typically, monitoring tech-
nologists are given specific policies and
procedures outlining their responsibilities for
specific kinds of monitoring services. These
policies and procedures can script the specific
instances in which the technologist is expected
to report adverse changes to the surgical team
or to physician or supervisory backup.

MEDICAL-LEGAL ISSUES

Lawsuits can occur after any surgical pro-
cedure, even if the monitoring community’s
practice standards were met. Monitoring does

not necessarily eliminate adverse neurologic
events; it just reduces their incidence (3).

Yet errors do occur in medical or surgical
care. The Institute of Medicine reported that
between 48,000 and 98,000 Americans die
each year after incidents associated with med-
ical errors (4). Such errors include prescribing
or dispensing the wrong medication. Many
other problems occur too.

Intraoperative monitoring is a situation
where one can encounter communications
errors. The NIOM team needs to keep the sur-
geon aware of the state of nervous system mon-
itoring. In turn, the surgeon needs to know the
role of monitoring and realize the possibility of
neurologic injury despite monitoring.

Monitoring should be conducted by well-
trained staff. Recording quality must be main-
tained. When quality is poor or results
become irreproducible, the surgeon should be
told that the monitoring cannot be trusted.

Documentation includes labeling the
pages with the patient’s name and the time the
tracings were collected. A flow sheet should
be maintained during the case, summarizing
the status of the peaks and any comments to
the surgeons.

CONCLUSIONS

Monitoring teams should adhere to
proper professional quality and standards.
Services should function with appropriate
policies on supervision, staffing, privileging,
credentialing, and certifying clinical neuro-
physiologists and monitoring technologists.
These should assure each individual’s skills,
knowledge, abilities, and training relevant to
monitoring. Good record documentation and
clear communications are also important.

The goals remain to serve the patients
first, do no harm, and protect the trust that
the public places in us as professional care-
givers. NIOM can protect patients, enhance
good outcomes, and encourage more thor-
ough surgical procedures.
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A Buyers Guide to
Monitoring Equipment

Greg Niznik

he title of this chapter is a bit of a mis-

nomer, as any modern commercially
available NIOM machine will, in fact, fulfill its
stated purpose, which is to monitor the nerv-
ous system during surgery. Therefore this
chapter provides a review of the minimum
requirements of NIOM equipment as outlined
in the 2006 ACNS guidelines (1). These guide-
lines and their importance as they relate to
NIOM machines are discussed. By having a
better understanding of the workings of the
NIOM machine, the reader will be better able
to make an informed decision in selecting a
NIOM machine for his or her practice and be
better able to utilize it to its full capability.

A SHORT HISTORY OF A
BURGEONING TECHNOLOGY

In the early days of NIOM, most equip-
ment was designed and built by the investiga-
tor, either from the ground up or from
individual stand-alone components. For
example, the author’s first clinical evoked
potential (EP) system consisted of a one-chan-
nel signal averager, battery-powered ampli-
fiers, a constant-voltage stimulator, an analog
oscilloscope to display the data, and a pen
plotter to provide hard copy of the data. The
system was so susceptible to extraneous noise

73

that all testing was done with the subject
seated in a Faraday cage, basically a room
completely lined with copper wire mesh that
was grounded to both the electrical circuit
ground and the signal averager. The Faraday
cage/room was borrowed from the neuro-
physiology laboratory, where intra-and extra-
cellular recordings of neural preparations
were made. It was only big enough to hold a
recliner and a rack for the amplifiers. The
amplifiers were so unstable that they had to
be reset and have the DC offset zeroed before
each trial. The stimulators, signal averager,
oscilloscope, and plotter were rack-mounted
just outside the Faraday cage.

In the early 1980s, the first multichannel
evoked potential (EP) machines became avail-
able. These were portable (at least they had
wheels) and had integrated, fairly stable
amplifier and stimulator systems. More
importantly, they were true digital machines
that could display and store banks of data.
These machines were, for the most part, large
and cumbersome towers or consoles weighing
several hundreds of pounds. They were a far
cry from today’s laptop-based systems but
they represented a giant leap forward in tech-
nology. Having a four- or eight-channel
machine with at least two electrical, an audi-
tory, and visual stimulators made the develop-
ment of NIOM techniques possible. Having
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stable amplifiers and good filters made the
recording of microvolt signals in the electri-
cally hostile environment of the operating
room feasible. These machines also had para-
digms for signal rejection, which ensured that
electrocautery or movement artifact did not
destroy the averaged response acquired over
the preceding several minutes. Many had
available programming languages that facili-
tated some very basic automation.

These early machines performed only EP
testing. If cortical brain function had to be
monitored along with EPs, a separate elec-
troencephalography (EEG) machine had to be
brought into the operating room. Therefore
the space requirement in the operating room
for NIOM was not insignificant.

As personal computers became more
powerful and as the technology for shrinking
digital components improved, more powerful
and compact NIOM equipment came on the
market. With these, NIOM techniques
improved in leaps and bounds. Towers
became carts and the number of channels
increased, so that eight channels was now the
norm. Four electrical stimulators meant that
the upper and lower spinal cord could be
monitored simultaneously. Amplifiers became
even more reliable and stable, reducing the
downtime that was previously suffered by sat-
urated amplifiers. True interleaving became
available, where data could be collected from
several stimulators simultaneously, greatly
improving the safety and efficacy offered by
NIOM. Prior to this, stimulators were
chained, which meant that a set of averages
for one stimulator was completed before the
next stimulator was activated. Now, with
interleaving, each stimulator collected its data
simultaneously, so that a complete set of aver-
ages was performed for all modalities at once.
NIOM machines now were able to perform
not only EP testing but also EEG, electromyo-
graphy (EMG) and nerve conduction studies
(NCS) all in one machine. This greatly
reduced the amount of space that the NIOM
team took up in the operating room. Digital

filtering and smoothing made it possible to
improve the fidelity and readability of NIOM
waveforms.

Today truly portable laptop-based
machines are available; 16- and even 32-chan-
nel machines are becoming the norm.
Automation of data collection, ability to mon-
itor numerous modalities simultaneously, and
extremely stable amplifiers coupled with
noise-reduction paradigms have taken NIOM
technology and techniques to a whole new
level. These advances reduce the time that the
technologist spends troubleshooting, allowing
him or her to concentrate on monitoring the
function of the nervous system. Creative ways
of displaying and trending data makes identi-
fying significant changes easier and allow ear-
lier intervention. The advent of on-line,
real-time supervision of the technologist’s
work by the neurologist or neurophysiologist
has greatly increased the efficacy of NIOM,
making surgery safer for the patient.

NIOM is still in its infancy. The technol-
ogy and techniques used have certainly grown
by leaps and bounds over the last 30 years. As
technology continues to improve, it is exciting
to speculate where the field will be over the
next several decades. One thing is certain:
improvements in technology and technique
will make surgery on and around the nervous
system more efficacious and safer.

BASICS OF THE NIOM MACHINE

An NIOM machine consists of three basic
parts: some type of stimulator to activate a
portion of the nervous system, an amplifica-
tion system, and a central computer system to
digitize, analyze, display, and store the result-
ing waveform. Each of these parts is discussed
separately.

NIOM Stimulators

NIOM stimulators are used to activate
that portion of the nervous system which is at
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risk during surgery. In clinical EP, these are
electrical stimulators that activate the
somatosensory system, auditory stimulators
that activate the auditory system, and visual
stimulators that activate the visual system.
Monitoring visual EPs is unreliable in the
operating room. They are not used routinely;
therefore intraoperative visual EPs are not
dealt with in this chapter.

Electrical Stimulators

The NIOM machine has electrical stimu-
lators to activate neural structures during
somatosensory EPs (SEP), transcranial electri-
cal motor EPs (tceMEP), evoked EMG, and
NCS. Typically square-wave pulses of varying
intensity, duration, and frequency are deliv-
ered. The NIOM machine’s central computer
controls these functions. In general an NIOM
machine will have multiple stimulators avail-
able. A minimum of four stimulators is
needed to provide simultaneous upper and
lower extremity SEPs. Additional electrical
stimulators are often available to handle spe-
cial functions, such as low-power stimulators
for direct nerve activation in situ and high-
voltage stimulators for tce MEPs.

Stimulus Intensity

An NIOM machine must be versatile in
its ability to deliver an electrical stimulus to
activate nerves. It must be powerful enough
to activate deep neural structures through
transcutaneous stimulation, as when the
nerves in the arms and legs are being stimu-
lated for SEPs. It must also be able to deliver
the fine stimuli needed when neural tissue is
being teased away from a tumor mass. It
must be able to deliver the stimulus with
fidelity and have fine control over the inten-
sity delivered. This control should be in at
least 10% increments of the stimulus deliv-
ered. For example, for low-current stimuli of
less than 1 mA, control over the stimulus
intensity in 0.1mA increments is necessary.
For stimuli in the tens of mAs, 1 mA incre-
ments suffice.

Stimulus Duration

The NIOM electrical stimulator must be
able to vary its stimulus duration to meet the
needs of each specific surgery. Stimulus duration
should be variable from 0.5 to 500 ps. Energy
delivered to a nerve is the product of the stimu-
lus intensity and pulse width. This product is
known as power (P), which is represented as the
area under the stimulus curve (Figure 6.1A).
The same power can be delivered to a nerve by
using a high intensity and short pulse width or
by using a lower intensity and longer pulse
width (Figure 6.1B). The maximum power that
the NIOM machine can deliver must be limited
so that burns do not occur.

Power = Intensity x Pulse Width

Intensity

Pulse Width

Intensity
2X Intensity

1/2 x Pulse Width

Pulse Width

FIGURE 6.1 A. The power of an electrical stim-
ulus is the product of the intensity and pulse
width. Power is represented by the area under the
square-wave pulse. B. The same stimulus power
can be delivered by varying the pulse width and
stimulus intensity. These two stimuli have the
same power; the first has a long pulse width and
low intensity, the second has a short pulse width
and high intensity.
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Stimulus duration has a direct effect on
the presence and magnitude of the stimulus
artifact. Using a short stimulus duration, espe-
cially when stimulating and recording over
short segments, can help minimize the pres-
ence of stimulus artifact. As shown in Figure
6.2, the electrical properties of skin can be
modeled using components.
Subcutaneous tissue acts as a capacitor, which
charges and discharges with every electrical
pulse. The greater the pulse width of the deliv-
ered electrical pulse, the longer the charge and
discharge of the capacitor. This then leads to a
larger capacitive stimulus artifact in the wave-
form. By keeping the pulse width of the stim-
ulator relatively short, the capacitive effect of
the skin is minimized, thus minimizing the
capacitive artifact that may impinge on the
recorded signal. Some equipment manufactur-
ers provide stimulators that, instead of deliv-
ering a square wave, deliver a biphasic pulse
in which the amplitudes of the positive and
negative portions of the stimulus can be var-

electrical
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FIGURE 6.2 A simplified equivalence circuit of
current flow across a membrane can be used to
model how a stimulus current flows across the skin
and subcutaneous tissue. The circuit consists of
resistance to axial flow of current (Ra); that is, cur-
rent flow along the surface of the skin and subcu-
taneous tissue. Current flowing through skin and
subcutaneous tissue is represented by a resistor and
capacitor in parallel (Rt, Ct).

ied by the technologist. The biphasic pulse
minimizes the buildup of charge across the
skin, therefore minimizing the presence of a
capacitive stimulus artifact.

Constant Voltage vs.

Constant Current

The NIOM machine should be able to
deliver both constant-current and constant-
voltage stimuli. Generation of an action
potential in a neuron is initiated by depolar-
ization of the relative charge across it mem-
brane. By passing a negative current across
the outer surface of the neuronal membrane,
the inside of the neuron becomes relatively
more electrically positive until threshold is
reached and the all-or-none cascade of events
known as the action potential leads to propa-
gation of an electrical signal along the neuron.
In order to ensure that activation of a nerve is
consistent for each stimulus delivered during
repetitive stimulation, the current delivered at
each pulse should be held constant. Therefore,
in general, constant-current stimulation is the
preferred method of electrical stimulation
during NIOM. As explained in Ohm’s law, V
= IR, voltage and current are related by the
resistance within the stimulation circuit. For
purposes of NIOM, this resistance is prima-
rily skin resistance. Constant-current stimula-
tion varies the stimulus voltage in order to
ensure that the required and requested current
is delivered at each pulse regardless of changes
in skin resistance.

Two exceptions are detailed in the litera-
ture where constant voltage is the preferred
method of stimulation during NIOM proce-
dures. These are during stimulation of cranial
nerves during tumor resection and in tce MEP.
Some authors have suggested that constant-
voltage stimulation is preferred over constant-
current stimulation when nerves in a wet field
are stimulated, as it overcomes the problem of
current shunting through fluid (2). When a
nerve immersed in fluid is being stimulated,
current flows through the path of least resist-
ance, primarily through the fluid, and there is
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no way of determining how much current
actually reaches the nerve. Furthermore, cur-
rent shunting varies depending on how wet or
dry the field is and how much is shunted
through the adjacent fluid. It has been sug-
gested that using constant-voltage stimuli
should ensure adequate current delivery
across a nerve regardless of whether the field
is dry or wet. This theoretically would ensure
that adequate depolarization would occur
during all phases of surgery and under all
stimulating conditions.

Transcranial Electrical Motor EP

Until a few years ago, tceMEP stimulators
were experimental and not approved by the
FDA for use in routine clinical settings. Use of
stand-alone stimulators or using a machine’s
integrated constant-voltage stimulator to
stimulate the motor cortex transcranially was
considered an off-label use of this equipment.
In late 2002, Digitimer Ltd. received the first
FDA approval for their D185 stimulator for
use as a transcranial electric stimulator. Since
then other manufacturers have acquired FDA
approval for their transcranial electrical stim-
ulators. These subsequent approvals are based
on the stimulus output specifications of the
Digitimer D185. The D185 is a constant-volt-
age stimulator with a maximum output volt-
age of 1,000 V. Its maximum current output is
1.5 A. It has a fixed pulse width of 50 ps and
a fast rise time of 0.1 A/ ps. TceMEP methods
employ trains of stimuli to activate the motor
cortex. The D185 delivers up to nine pulses
per train at an interstimulus interval of 1.0 to
9.9 ms in 0.1 ms increments.

Prior to using either a stand-alone
tceMEP stimulator or a tceMEP stimulator
integrated into a NIOM machine, one must
determine whether the stimulator is FDA-
approved for transcranial stimulation. If it is
not, its use as a tceMEP stimulator is consid-
ered off-label. The use of a medical device for
an off-label application may involve a series
of regulatory procedures specific to individual
institutions. At the very least, it may involve

making the surgeon aware that the tceMEP
stimulator is not approved for transcranial
stimulation. The surgeon deeming it necessary
for the surgery prescribes its use and accepts
responsibility for its safe and prudent opera-
tion. However, the institution may hold that
off-label use requires
Institutional Review Board (IRB) approval
under a research protocol, that the patient be
informed of the potential risks and benefits of
this investigational procedure, and that the
patient’s consent be obtained before this
equipment is used. The bottom line is that one

of a stimulator

must check with the given institution as to
what the requirements are for off-label use of
medical equipment.

Auditory Stimulation

Sound and the Decibel Scale

Before embarking on a discussion of the
specific properties needed in NIOM auditory
stimulators, a clear explanation of the way
sound is measured must be presented. The
decibel, the often misunderstood unit of meas-
urement of sound, pressure, power, and volt-
age is discussed first. This discussion of the
decibel is also relevant to discussions of other
aspects of the NIOM machine; for example,
in describing how efficiently analog filters
eliminate unwanted noise.

The decibel (dB) is 1/10 bel, a basic unit
of sound, named after Alexander Graham
Bell. The decibel describes the relative
strength of a sound. In other words, it
describes how loud a sound is relative to
another sound. Therefore if a sound has an
intensity of 80 dB, its intensity is 80 dB above
some reference value (i.e., the subject’s thresh-
old of hearing, the threshold of hearing of a
normal population, or background noise). It
is always a comparison.

What is perceived as sound is the result of
a wave of air pressure that displaces the
eardrum and is subsequently transduced into
an electrical signal. Therefore sound intensity
is in reality a measurement of air pressure on
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the eardrum. In terms of sound intensity, a
decibel, then, is a measure of relative sound
pressure. A 1-dB change in sound intensity
approximates a just perceivable change in
sound level by the human ear under ideal con-
ditions. The ear perceives sound in a nonlin-
ear fashion; in fact, it perceives sounds
logarithmically. Therefore the decibel is a log-
arithmic measure.

If the power of two sounds, such as those
coming out of a loudspeaker, is measured, the
decibel difference in their power is described
by the following equation:

dB = 10 log,, (P2 / P1)

where P = power.

In this equation, doubling the power of a
loudspeaker would increase it by approxi-
mately 3dB:

dB = 10 log,, (2) = 10 (0.301) = 3

However, in actuality, when sound level is
measured, it is done in terms of pressure or
voltage (through a microphone). Pressure or
voltage is the square root of their power.
Therefore, in describing a change in pressure
or voltage, the formula for the decibel changes
as follows:

dB = 20 log,, (p2 / p1)
or
dB = 20 log10 (V1/V2)

where p = sound pressure and V = voltage.
In this equation, doubling the sound pres-
sure would increase it by approximately 6dB:

dB = 20 log,, (2) = 20 (0.301) = 6

Sound Reference and

the Decibel Scale

As discussed above, the decibel scale is
relative; the intensity of a particular sound is
measured to a certain reference sound level.
Three techniques of quantifying auditory
stimuli are described in the ACNS guidelines
for performing brainstem auditory EPs

(BAEPs) (1). These are decibels peak-equiva-
lent sound pressure level (dB pe SPL), decibels
above normal hearing level (dB HL), and deci-
bels above sensation level (dB SL). One way in
which these techniques differ is with respect
to their reference value.

dB pe SPL is a measure of the actual
sound pressure delivered by the auditory stim-
ulator. It is the unit used in calibrating audi-
tory stimulators. The unit of pressure used in
this measure is the micropascal, or dyne?/cm?.
Sound pressure levels are compared to an
arbitrary zero pressure level which is 20
micropascals, or 0.0002 dyne?/cm?.

dB HL is a measure comparing sound
intensity to the hearing threshold of normal,
healthy young adults. Therefore a sound level
of 6 dB HL is twice as loud as the threshold of
a population of normal subjects hearing the
same sound. This measure is usually default in
NIOM machines and most commonly used
during NIOM.

dB SL is a measure using each patient as
his or her own control. The reference point
for this measure is the patient’s own hearing
threshold. This is an important measure in
clinical BAEPs in dealing with a patient with a
hearing deficit. By using dB SL, the stimulus
intensity can be matched to each ear, so that
the same perceived intensity is delivered to
both sides.

NIOM machines should have the ability to
provide stimuli in both dB HL and dB SL. dB
pe SPL is impractical to use as a means of quan-
tifying sound intensity in the operating room. It
is imperative to know what measurement
scales are available on one’s equipment and
how to select the appropriate measure so that
the expected stimulus intensity is delivered.

Auditory Stimulators

The most common type of auditory stim-
ulator used during NIOM is a piezoelectric
transducer that delivers broadband clicks via
a plastic tube and foam ear insert. These stim-
ulators are commonly known as insert ear-
phones. Traditional headphones are not
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recommended for intraoperative use as they
are difficult to affix in such a manner that
they do not become dislodged during surgery.
It must be remembered that in using insert
earphones, all BAEP waveform latencies will
be delayed by about 1 ms. This occurs because
of the time that it takes for the stimulus click
to travel from the transducer through the tub-
ing to the eardrum. Many NIOM machines
have a feature that will automatically subtract
this 1-ms delay if insert earphones are used. It
behooves the operator to be aware of whether
this feature is active when he or she is identi-
fying BAEP waveform in the operating room.

NIOM auditory stimulators typically
deliver a broadband click produced by a 100-
ps electrical pulse to the transducer. The
resultant click oscillates and can be up to 2 ms
in duration. The polarity of the click should
be selectable. Three types of polarity are avail-
able. The first, condensation, produces a
sound wave that pushes the eardrum inward,
away from the stimulator. Rarefaction pro-
duces a sound wave that pulls the eardrum
outward, toward the stimulator. Alternating
clicks, as the name implies, consist of alternat-
ing condensation and rarefaction stimuli.

The intensity of the auditory stimuli, as
discussed above, should be selectable. The
stimulator should be capable of producing a
broadband click with an intensity of up to
120 dB pe SPL. Most NIOM machines use dB
HL as the default method of measuring inten-
sity. Therefore the auditory intensity should
be selectable from 0 to 100 dB HL in 1-dB
steps. Often NIOM machines will allow the
technologist to set a preoperative threshold
level for the patient, in which case the stimu-
lus intensity will be expressed as dB SL.

The repetition rate for auditory clicks
should be variable up to 200 Hz, although
repetition rates in the range of 11 to 22 Hz are
most common. Titration of the repetition rate
to minimize the averaging time with accept-
able degradation of signal fidelity is impor-
tant, especially during surgery, where rapid
assessment of the function of the auditory

pathway is imperative. Conversely, deceasing
the repetition rate can often improve the
fidelity of intraoperative BAEPs in dealing
with patients with preoperative deficits.

The availability of white noise masking is
helpful in eliminating crossover of the audi-
tory stimulus. Transmission of one-sided stim-
uli to the opposite ear by air or bone
conduction can result in a BAEP that reflects
activity in both ears. By delivering white noise
at 60 dB SPL to the contralateral ear, this
crossover component can be eliminated.

Amplification System

The Operational Amplifier

The operational amplifier (op-amp) is the
basic building block of the amplification sys-
tem of the NIOM machine. Its basic form is
shown in Figure 6.3. It consists of two input
poles and an output pole. It is a differential
amplifier, meaning that its output depends on
the nature of both of its inputs. One input,
marked (=), is the inverting pole. It is also
known as grid 1 (G1), the negative input, or
the active input. The other pole, (+), is the
noninverting pole, also known as grid 2 (G2),
the positive input, or the reference input. The
output signal consists of the difference
between the input signals at the two poles (as
seen in Figure 6.4). If the same signal is intro-
duced at both the inverting and noninverting
poles of the amplifier, no output signal will be
seen. Signals introduced at the inverting pole

Inverting —(—
Output

Non-inverting (+

FIGURE 6.3 The electrical symbol for the opera-
tional amplifier. It consists of two input poles, one
inverting (- ve), the other noninverting (+ ve). The
output signal is the arithmetic difference between
the two input signals.
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FIGURE 6.4 Examples of polarity convention in
operational amplifiers. A. The same input signal is
introduced at both inputs. The resulting output is a
flat line. B. An upgoing signal is introduced at the
inverting pole. The resulting output in downgoing.

C. An upgoing signal is introduced at the nonin-
verting pole. The resulting output is upgoing.

are, as suggested by the name, inverted at the
output. If an upgoing signal is placed at the
inverting pole and no signal at the noninvert-
ing pole, the output will be a downgoing sig-
nal. Signals introduced at the noninverting
pole have the same polarity at the output. If
an upgoing signal is introduced at the nonin-
verting pole and no signal at the inverting
pole, the resulting output will be an upgoing
signal (Table 6.1). In NIOM applications
where near-field potentials are recorded, the
electrode over the generator site is placed in
the inverting pole of the op-amp. The input to
the noninverting pole is placed at a site away
from the generator, where no activity will be
recorded. Therefore electrically negative sig-
nals introduced into the op-amp will be dis-
played as an upgoing signal at the output.
This is why the normal convention for most
NIOM modalities is “negative up.” One
exception to this during NIOM is the BAEP.

TABLE 6.1 Effect of Various Inputs on the
Polarity of the Output Signal in an Op-Amp

Input

=) | (+)
VAN

Output

|

\ldls

ldkds

)
2bils

By convention, the BAEP is displayed “posi-
tive up.” Some NIOM machines automati-
cally invert the BAEP display so that a
negative signal is downgoing and a positive
signal is upgoing (positive up). In performing
BAEPs on unfamiliar equipment, care must be
taken to select the correct montages so as to
ensure that the displayed waveforms are of
the correct polarity.

Common Mode-Rejection Ratio

In an ideal op-amp, when the same signal
is introduced at both input poles, there should
be absolutely no signal at the output pole. In
practice however, the op-amp’s ability to do
this is imperfect. There is always a stray signal
that is seen at the output when a common sig-
nal is introduced at the input. This was more
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of a problem in the past, when vacuum tube
amplifiers were used in neurodiagnostic
equipment (this is where the terms G1 and G2
were introduced, as they referred to the metal
grids seen in a vacuum tube amplifier).
Today’s solid-state amplifiers are much more
efficient; however, they are still not perfect.
The efficiency of an amplifier’s ability to reject
common input signals is expressed in the com-
mon mode-rejection ratio. According to
ACNS guidelines, the common mode-rejec-
tion ratio of neurodiagnostic equipment
should be at least 10,000:1 (or an 80-dB dif-
ference). For the purposes of this chapter, the
specifics of how the common mode-rejection
ratio is maximized are not important. A lot
seems to be made of the common mode-rejec-
tion ratio; but for practical purposes, this
ratio is within acceptable limits in all modern
NIOM machines. Even the lowliest op-amp
exceeds these common mode-rejection ratio
specifications. It suffices to know that the
higher the common mode-rejection ratio, the
more efficient the amplification system is at
discerning the differences between signals
introduced at the input poles.

Input Impedance

The ACNS guidelines state that neurodi-
agnostic equipment’s amplification system
should have an input impedance of at least
100 Mohm (1). Again, all modern commer-
cially available NIOM machines meet this
specification. High input impedance is impor-
tant, as it ensures that most of the recorded
signal voltage will be across the inputs of the
amplifier. This is how it works: The equiva-
lent circuit of the patient amplifier interface in
its simplest form is shown in Figure 6.5. The
impedance of the patient and input impedance
of the amplifier are in series. Since resistors in
series act as a voltage dividers, the voltage
recorded across the patient and the voltage
recorded across the amplifier are proportional
to their respective impedances. Assume that
the impedance of the electrodes on the patient
is 1 Kohm and the input impedance across the

—

Patient

wyoMt
10MOhm

\oltage Divider Rule:

The voltage recorded across

the patient and across the
amplifier is proportional to

their impedance. Vamp is 100,000
greater than Vpatient.

FIGURE 6.5 Simple representation of the patient,
amplifier-equivalent circuit demonstrating the prin-
ciple that as the impedance of both are in series, the
voltage across each resistor in the circuit is propor-
tional to its impedance.

amplifier is 100 MOhm. That means that the
portion of the total signal voltage across the
amplifier is 100,000 times greater than that
across the patient. For all intents and pur-
poses, all of the signal voltage is across the
amplifier; only a minuscule amount (1 x 1079)
is across the patient electrode. Therefore the
output signal is a true representation of the
input signal.

Amplification

The op-amp not only determines the mor-
phology and polarity of its output signal, it
also amplifies the signal so that it can be fil-
tered, digitized, and displayed. The amplifier
in an NIOM machine must be able to handle
amplification of a wide variety of neurologic
signals. EP signals are in the order of 0.1 - 5
pV, EEG signals are in the 10 to 100 pV range
and EMG signals are in the millivolt range. So
not only does an amplifier have to be sensitive
enough to record very tiny signals, it has to be
versatile enough to be able to amplify a wide
range of signal types. It was not unusual in the
not too distant past that in order to perform
EPs, NCS, or EEG, separate pieces of equip-
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ment had to be brought into the operating
room. Today, most NIOM equipment will
perform all of these duties, not only sepa-
rately, but also simultaneously.

Analog Filtering

After amplification, the first of a series of
processes that separate the neurologic signal
from electrical and biologic noise occurs. This
first step is processing the signal through a
series of analog filters. A raw recorded signal
is composed of a wide spectrum of component
frequencies. Ideally, only that part of the raw
signal that contains neurologic signal should
be processed. The frequency response that is
introduced in signal processing can be limited
by the use of filters. Typically for NIOM pro-
cedures, low-cut and high-cut filters are uti-
lized to delineate a signal with a limited band
of frequencies that will be further processed.
A low-cut filter (otherwise known as a high-
pass filter) will eliminate all component fre-
quencies of the raw input signal lower than
the set point. A high-cut (or low-pass) filter
will eliminate all frequencies above its set
point. Thus a bandpass of interest can be
defined for each type of modality. Typically,
for EEG, this is 1 to 70 Hz; for SEPs it is 30
to 3,000 Hz; for BAEPs, it is 10 to 3,000 Hz;
and for EMGs, it is 10 to 32 kHz (Figure 6.6).

An ideal bandpass filter, also known as a
brick-wall filter, should eliminate all frequen-
cies outside of its low- and high-frequency set
points (Figure 6.7). However, real filters do

I VG
I BAEP
I SSEP

EEE———— EEG

| | | |
0 10 100 1000 10,000

Frequency (Hz)

FIGURE 6.6 Representative bandpasses for elec-
trically recorded biological activity, including EEG,
SEP, BAEP, and EMG.
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FIGURE 6.7 Amplitude-vs.-frequency plot show-
ing characteristics of a bandpass filter. An ideal
bandpass filter, or brick-wall filter, cuts off all fre-
quencies outside of the selected endpoints of the fil-
ter. In reality, no analog filter behaves ideally; some
portion of frequencies outside of the bandpass is
allowed to pass.

not behave in this manner. In fact, all filters
have a roll-off, where frequency components
outside of the bandpass are allowed to pass.
The sharper the slope of this roll-off, the more
like an ideal filter the bandpass filter acts. The
roll-off slope can be quantified in the number
of decibels per octave that the signal degrades.
The higher the absolute roll-off, the more like
an ideal the filter behaves.

In its simplest form, a low- or high-cut fil-
ter is an arrangement of resistors and capaci-
tors or resistors and inductors. This simple
filter with passive components is known as a
first-order filter. It has a roll off of -6 dB per
octave. This means that the signal strength
will be cut in half each time the frequency
doubles. Therefore, for a high-cut filter set at
3,000 Hz, about half the signal amplitude will
be present at 6,000 Hz, one quarter at 12,000
Hz, etc. This is not an ideal situation. Analog
filters with active components greatly improve
the ability to exclude frequencies outside the
bandpass. A second-order filter has a roll-off
of =12 dB per octave. Third-order filters have
a roll-off of =18 dB per octave, etc. The roll-
off continues to improve with subsequent
sophistication of filter design. The ACNS
guidelines recommend that the low-cut filter
have a roll-off of at least —12 dB per octave
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(second-order), and the high-cut filter have a
roll-off of at least —24 dB per octave (fourth-
order) (1).

The physical properties of an analog filter
introduces an error at its set point, or cutoff
frequency. Instead of the entire signal passing
at the cutoff frequency, the signal is degraded
whereby a small portion of the signal is lost.
In fact, there is a decrease of =3 dB in the sig-
nal at the cutoff frequency (Figure 6.8). This
error is reflected in the ACNS guidelines
where analog filter settings are discussed. For
example, the ACNS EEG guidelines state that
the low-cut filter should not be higher than 1
Hz (-3 dB), and the high-cut filter should not
be lower than 70 Hz (-3 dB) (1). The -3dB in
parenthesis recognizes that the signal at the
set points of the bandpass will be degraded by
-3 dB.

When filter settings outside the recom-
mended guidelines are used, distortions in the
resultant waveforms can occur. Excessive use
of low-cut filters (i.e., using a higher-than-rec-
ommended low-cut setting) will cause the
resultant appear
Excessive use of high-cut filters (i.e., using a
lower-than-recommended high-cut setting)
can cause a resultant waveform to appear
later than normal. Excessive use of filtering or

waveform to earlier.

Cut off frequency
. :I -3dB
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FIGURE 6.8 Diagram showing a decrease of -3
dB in the signal at the cutoff frequency. See text for
details.

changing filter settings during an NIOM pro-
cedure can lead to confusion in waveform
identification and can mask significant
changes in neural function. Although wave-
forms can sometimes be “noisy,”
better to preserve the fidelity of your recorded
waveforms by judicious use of filtering, than
to risk masking their true nature through
overuse of analog filters.

it is always

Artifact Rejection

The next method of removing unwanted
artifact from an NIOM EP recording is the
use of automated artifact rejection. Artifact
rejection causes signals over a certain voltage
to be eliminated from subsequent processing.
Therefore such signals will not be included in
an EP average nor will they be displayed in a
processed EEG trace. Artifact rejection is typ-
ically performed through a window discrimi-
nator, a device that compares the voltage of
the incoming signal to a reference value
(Figure 6.9A). If any portion of the input sig-
nal falls outside of the window, it is rejected
(Figure 6.9B). It is important that the artifact
rejection be user-controlled. Having the abil-
ity to adjust the size of the window in relation
to the input signal is important in making the
artifact-rejection feature efficient. Effective
use of the window discriminator allows
quicker acquisition of averaged responses.
Therefore the user must be able to see both
the raw input signal and the window in order
to make this adjustment.

Central Computer System

Analog-to-Digital Conversion

The analog signal is then digitized for fur-
ther processing, display, and storage. An ana-
log-to-digital converter (ADC) is used for this
process. There are several characteristics of
the ADC that affects its ability to faithfully
reproduce the analog signal. It must be under-
stood, however, that the digitized waveform is
a representation of the analog waveform, and
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FIGURE 6.9 Characteristics of a window discriminator used in artifact rejection. A. If the input signal falls

within the upper and lower limits of the window discriminator, it is allowed to pass. B. If however, the input

signal is over either the upper or lower limits of the window discriminator, it is rejected from subsequent

processing.

inherent in the digitization process is loss of
information. Modern NIOM machines do a
very good job of ADC, with very good fidelity
in the digitized signal. Once the signal has
been digitized, it can be manipulated to fur-
ther reduce noise through signal averaging
and digital filtering. It can easily be displayed,
trended, printed, and stored for future analy-
sis. The discussion that follows delves into the
characteristics of the ADC, explaining how it
works and how these characteristics come
together to ensure faithful reproduction of the
analog signal.

Sampling Frequency, Dwell Time,

and Horizontal Resolution

Digitization of an analog signal involves
several steps. First, a portion of the analog sig-
nal is isolated and held in memory. This ana-
log signal may be an individual EP trial, a

NCS waveform, or an epoch of EEG or EMG
data. The analog signal is then “sampled” at a
certain distinct points along its time base. This
sampling is done at a fixed frequency, there-
fore a fixed number of data points along the
waveform are examined. The voltage of the
analog waveform at each sample point is
recorded as a discrete number. This is digitiza-
tion. What results is a series of number pairs
representing the time of each sample and the
voltage of the analog signal at that time. This
digitized data can then be used to plot the
waveform on a screen, be used for signal aver-
aging and digital filtering in processed EEG
waveforms, and stored for future analysis.
The fidelity of digital waveforms depends
on how well the analog signal is sampled. The
frequency with which the analog signal is sam-
pled, or sampling frequency, must be high
enough to ensure that enough data points are
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collected to faithfully represent the analog sig-
nal. The sampling frequency directly affects
the horizontal resolution of the digitized wave-
form. The higher the sampling frequency, the
more faithful the ADC representation of the
analog signal will be. As seen in Figure 6.10, a
sine wave is introduced into an ADC. In Figure
6.10A, the sampling frequency of the ADC is
the same as the sine wave frequency. The
resultant digitized waveform is a poor repre-
sentation of the analog waveform; in this case,
the digital waveform is a flat line.

If the sampling frequency of the ADC is
increased to twice the frequency of the analog
sine wave (Figure 6.10B), the digitized wave-
form is a better but not a faithful representation
of the analog signal. As shown in Figure 6.10C
and D, increasing the sampling frequency to
four and eight times the analog sine wave fre-
quency greatly improves the ability to faithfully
represent the analog waveform digitally.

The theorem describing the minimum
sampling frequency required for an ADC to
faithfully represent an analog signal is known
as the Nyquist theorem. It states that the sam-
pling frequency of an ADC must be greater
than twice that of the fastest-frequency com-
ponent of a waveform. For example, the
bandpass frequency of interest in a SEP wave-
form is 30 to 3,000 Hz. Therefore, to ade-
quately represent the analog SEP waveform,
the ADC must sample the waveform at
greater than 6,000 Hz. That would mean that
a sample would be taken every 0.00016 sec-
onds, or every 0.16 ms, or 160 ps. This time
between ADC samples is known as the dwell
time. For EMG signals, where the upper end
of the bandpass is in the range of 32,000 Hz,
the sampling rate required would be in the
100-kHz Most modern NIOM
machines have sampling frequencies in the
megahertz range, so faithful ADC reproduc-
tion of neurologic signals is assured.

range.

Bits and Vertical Resolution
Just as the sampling frequency (and dwell
time) determines the horizontal or time reso-

A: Sampling frequency = sine wave frequency
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C: Sampling frequency = 4 x sine wave frequency
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FIGURE 6.10 The effect of various sampling fre-
quencies on the output of an ADC. If the sampling
frequency is the same as the frequency of the ana-
log signal, the digitized output is a straight line. As
the sampling frequency of the ADC is increased,
the fidelity of the digitized signal improves.
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lution of an ADC, the number of bits avail-
able to the ADC determines the vertical, or
amplitude, resolution of the digitized wave-
form. As discussed previously, the ADC con-
verts the voltage of the analog waveform to
discrete digital numeric data at each sample
point. The number of vertical data points
available determines how faithful the ampli-
tude data are translated by the ADC. The
number of vertical data points available for
the full scale voltage of the analog waveform
is expressed in bits. The number of vertical
data points available per bit is expressed by
the equation 2", where n = the number of bits
available to the ADC. Therefore an eight-bit
ADC would have 28 or 256 data points of ver-
tical data resolution. Thus, when displaying a
waveform that has a peak-to-peak voltage of
10 pV, an eight-bit ADC would in theory be
able to resolve and display voltage changes of
0.04 pV. This is an ideal situation; in the real
world, there is an error factor involved. A 12-
bit ADC would have 2% or 4,095 data points
of vertical resolution, meaning that in theory
it could resolve voltage changes of 0.002 pV
for the same 10-pV signal. NIOM machines
with inadequate vertical resolution were a fac-
tor back in the days when laboratories assem-
bled their own neurodiagnostic equipment.
However, most modern NIOM machines have
at least 12-bit ADC.

The EP Waveform, Signal-to-Noise
Ratio, and Signal Averaging

Signal-to-Noise Ratio

EP signals are tiny. When recorded from
the scalp, they are buried in a myriad of elec-
trical and biologic noise often several magni-
tudes larger than the signal of interest. EP
signals are in the single-digit microvolt range.
Ambient electrical (60 Hz) noise is 120 V at
the source, but can be in the millivolt or volt
range at or near the amplifier. EEG activity is
in the 10-pV to 100-pV range; EMG and EKG
activity is in the millivolt range. Bandpass fil-
tering does not get rid of all this electrical and

biologic noise. As seen in Figure 6.9, there is a
lot of overlap in the component frequencies of
EP, EEG, EMG, and 60-Hz electrical activity.
A comparison of the amplitude of the EP sig-
nal to the amplitude of the background noise
can be made. The signal-to-noise ratio (SNR)
is just that, SNR = Viignal/Vaoise:
forms buried in background noise have low
SNRs. EPs relatively free from background
noise have greater SNRs. Filtering by itself, as
discussed above, is limited in its ability to
increase a waveform’s SNR. Other techniques,
the most important being signal averaging,
are used to increase the ability to tease the EP
out of background noise.

EP wave-

Signal Averaging

Signal averaging utilizes the principle
that EPs are time-locked to their stimuli and
all other background activity is random. If a
sequence of EP trials is averaged together, the
time-locked potential will be present in all tri-
als while the random background activity
will eventually cancel itself out. The caveat
here is that all background activity must be
random. This becomes a problem with 60-Hz
noise. If the EP stimulus is synchronized to
the 60-Hz signal, or some harmonic of 60 Hz,
the 60-Hz signal will be included in the aver-
aged waveform. Therefore it is imperative, in
performing EP studies, that the stimulator be
set at a repetition rate that is not a factor of
60 or its harmonics.

In Figure 6.11, an idealized EP waveform
is presented with representations of five indi-
vidual EP trials. Each EP trial contains the
time-locked EP waveform and random back-
ground noise. As represented in Figure 6.12, a
series of subsequent EP trials are averaged
together. As the number of trials in the aver-
age increases, the EP waveform emerges from
the background noise. Increasing the number
of trials in the average further improves the
signal until the background activity is negligi-
ble and the EP waveform is clear.

As subsequent EP trials are averaged, the
SNR improves. The improvement in the SNR
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FIGURE 6.11 An ideal EP waveform as well as
five representative individual trials. Each of the tri-
als contains the idealized EP waveform as well as
background biological and extraneous electrical
noise. Signal averaging is used to separate the time-
locked EP waveform from the background noise.
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FIGURE 6.12 An idealized EP waveform as well
as averaged waveforms with increasing number of

trials. As the number of trials increases, random
background noise is diminished until a true repre-
sentation of the idealized waveform is obtained.

can be expressed mathematically, where
improvement is equal to the square root of the
number of trials averaged. For example, an EP

waveform that contains the average of 16
sweeps would have a four time improvement
in its SNR; 64 sweeps would improve the
SNR by a factor of 8, or 256 sweeps by a fac-
tor of 16, or 1,024 sweeps by a factor of 32,
etc. Early signal averagers and clinical EP
machines had selections for number of aver-
ages that were squares of whole numbers for
the simple reason that it was easy to calculate
the SNR improvement.

Here is a sample problem that illustrates
how SNRs are used in the laboratory: A 1-pV
EP signal is buried in 5 pV of background
noise. An appropriate SNR for this study is 5.
How many averages would be necessary to
accomplish this?

1. First calculate the starting SNR:
SNR = 1pV/S§pV =02

2. The target SNR is 5, which is 25 times
greater than the present SNR.

3. The SNR must be improved by 25, which
means that 25% or 625 trials will be
needed to achieve the desired goal.

Digital Filtering and Smoothing

The digitized waveform can undergo dig-
ital filtering to eliminate the roll-off character-
istic of analog filters. Digital filters act as the
ideal brick-wall filter with no roll-off. In one
common form of digital filtering, the digitized
waveform undergoes a Fourier transform,
where the amplitude of the waveform in indi-
vidual frequency bands are determined.
Waveform components in frequency bands
outside of the selected bandpass are elimi-
nated, and the digital waveform is reassem-
bled from the remaining data.

Digital filters do not suffer from the phase
shifting inherent in analog filters, therefore
there is no temporal distortion of the resultant
digitally filtered waveform.

Most EP equipment offers some form of
smoothing involving software algorithms that
appear to increase the SNR by eliminating a
portion of high-frequency background activ-
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ity. These algorithms vary; in their simplest
form, however, they take a weighted average
of the data points in the waveform and fit a
curve to the data points that best represent
this weighted average. In this way, stray high-
frequency data are eliminated. Just as with
other forms of digital filtering, phase shifts do
not occur, but the amplitude and the morphol-
ogy of the real waveforms do change. Digital
filtering and smoothing, just like analog filter-
ing, should be used carefully and their effects
on the waveform understood.

Data Display, Trending, and Storage

After amplification, filtering, digitization,
and signal processing, the final process of the
NIOM machine is to display the resultant
data in a manner that allows changes to be
identified and tracked efficiently,. NIOM
machines all have the ability to display and
trend data. In general, one should be able to
see the live data, compare it to data previously
recorded, set baseline data, be able to trend
visual data to numerical data, and place time-
locked comments to data sets.

For EEG and EMG data, a machine must
have a clear and easy method of reviewing
data on the fly. At best, the complete raw EEG
and EMG data should be stored and a mech-
anism for reviewing data on the fly should be
available. At the very least, several minutes of
EEG and EMG data should be held in a buffer
in order for transient events to be reviewed or
replayed.

The NIOM machine should be capable of
flagging epochs of EEG and EMG data, such
as baseline data or data at critical periods.
These flagged data should be easily accessible
for comparison to current “live” data. A split-
screen method of data presentation with
stored data on one side of the screen and live
data on the other is an excellent method of
being able to compare EEG and EMG data of
interest.

It is imperative that the NIOM machine
be able to transmit data online and in real
time to the supervising neurologist or neuro-

physiologist. The advent of wireless Internet
connections makes this task easier than in pre-
vious years. One concern of data transmission
is ensuring that that there is enough band-
width to transmit raw EEG and EMG data
accurately. Data transmission must adhere to
Health  Information  Portability  and
Accountability Act (HIPAA) guidelines to pro-
tect patient confidentiality.

After completion of the case, a method
for storing the data for review and archiving
should be available. Although most personal
computer—based machines have software for
writing files to CDs or DVDs, it is much more
convenient for NIOM software to be able to
transfer data instead of using another stand-
alone program. In addition, there should be a
method of flagging which data have been
reviewed and which have been archived to
CDs or DVDs. Previous case data should be
removed from the NIOM machine as soon as
practible and stored with the patient’s perma-
nent record. This is important for two rea-
sons. First, it ensures that there is sufficient
room on the NIOM machine’s hard drive for
future studies. Second, it ensures that HIPAA-
protected patient data are not residing on a
hard drive that may be accessed by unautho-
rized persons.

EP, NCS, and tceMEP Data

EP displays should have the several fea-
tures. The current average should be clearly
displayed. Baseline waveforms for each trace
in the montage should be easily set and promi-
nently identified. It is a good idea to have a
display that shows the current average and the
baseline in a manner that allows the traces to
be visually compared. A trend of previous
averaged traces is helpful in visually determin-
ing changes in waveform morphology. It is
also important that numeric data be displayed
in such a way as to easily determine if signifi-
cant changes from baseline have occurred.
Time-locked comments linked to waveforms
and numeric data reflect the function of the
nervous system at the various stages of surgery
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and link changes in waveform morphology to
what has occurred in the operative field.

A clear representation of the various stim-
ulating and recording parameters should be
available. Stimulating parameters should
include rate, intensity, and pulse width.
Recording parameters should include number
of averages, gain, and bandpass information.

Data should be stored in such a way that
individual averages, waveform trends, and
numeric data can all be retrieved for any or all
portions of the surgery.

EEG Data

Intraoperative EEG data consists of the
raw signal and processed EEG data such as
compressed spectral array (CSA) and density
spectral array (DSA). The raw EEG data
should be available at any time. Digital EEG
technology allows the display montage to be
changed at any time during the procedure to
better localize changes. Unlike paper EEG,
montages can be changed on the fly without
losing the ability to go back and remontage
stored data. The entire EEG recording should
be stored for review. It is also helpful to be
able to split the screen during recording and
to compare the live EEG to the previously
recorded EEG. Event markers with comments
should be available, allowing the technologist
to quickly search the record for significant
events as well as to correlate changes in the
EEG to events in the operative field.

The advent of CSA and DSA EEG allows
the technologist to quickly identify major
trends in frequency shifts and loss of ampli-
tude or power. They are a good generalization
of what is happening to the EEG but cannot
replace vigilant interpretation of raw EEG
data. They can miss subtle changes that may
be clinically significant. All changes in
processed EEG data have to be correlated
with the raw EEG.

EMG Data
The NIOM machine should be able to
display and capture multiple channels of free-

running EMG data. At best, the live EMG
record for the entire case should be stored, as
is the case with EEG. If this is not possible,
time- and event-marked epochs of EMG data
should be stored for analysis. It is useful to
have several seconds or minutes of EMG data
in a buffer so as to be able to review the EMG
data and store relevant epochs of activity. The
ability to output audio EMG activity is help-
ful in providing feedback to the surgeon when
he or she is irritating neural structures. Care
must be taken in using audio output in the
presence of electrocautery. Most NIOM
machines have a method of muting the audio
output when an electrocautery signal is
detected.

Many NIOM machines have an autocap-
ture function using a window discriminator.
When the EMG signal is of greater amplitude
than the threshold of the window, time-
stamped EMG activity is captured on the
screen and stored. This is very helpful when
dealing with frequent EMG activity in multi-
ple channels.

Summary

This chapter reviews the requirements of
an NIOM machine to adequately record data
in the operating room. The ACNS guidelines
provide recommendations for the minimum
features that must be present in these
machines. Most commercially available
machines meet these guidelines but differ in
other features. The various features of most
commercially available NIOM machines are
compared in Table 6.2. It is recognized that
NIOM machines are constantly being
updated, and further changes will occur with
time in each of these machines.

It is hoped that this chapter will help the
reader to decipher the features of various
NIOM machines and guide him or her in find-
ing a system that will meet most needs. Once
one understands what each part of the NIOM
machine does and the reasons why certain fea-
tures are important, one should be able to uti-
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lize all the features of the equipment to their 2. Moller AR, Janetta PJ. Preservation of facial

fullest, making NIOM more effective. function during removal of acoustic neuro-
mas: Use of monopolar constant-voltage stim-
ulation and EMG. ] Neurosurg 1984;61:
757-760.
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Vertebral Column Surgery
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Surgery on the vertebral column risks
spinal cord, nerve root, brachial
plexus, and peripheral nerve injury. Although
the overall incidence of major neurologic
complications is only about 1%, the devasta-
tion of paraplegia strongly motivates efforts
to monitor spinal cord integrity during these
procedures (1). Consequently spine surgery
was one of the first and remains one of the
most frequent indications for neurophysio-
logic intraoperative monitoring (NIOM).

Two general characteristics tend to make
these procedures ideal for monitoring: (a)
most patients have monitorable evoked poten-
tials (EPs) because they are neurologically
intact and (b) the most commonly encoun-
tered injury mechanisms (ischemia, compres-
sion, traction) are reversible when detected
quickly. Nevertheless, a few patients having
antecedent neurologic pathology degrading
their EPs can be challenging or even impossi-
ble to monitor. In addition, some injury mech-
anisms, such as contusion, may not be
reversible, although it may be possible to min-
imize their effects if the cause is rapidly iden-
tified and corrected.

This chapter outlines the basic anatomy,
pathology, clinical features, and surgery of
common vertebral column disorders and then
details NIOM techniques, interpretation, and
technical issues. It emphasizes spinal cord
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monitoring; nerve root protection techniques
that may also be relevant are addressed else-
where in this book.

BASIC ANATOMY, PATHOLOGY,
CLINICAL FEATURES,AND SURGERY

Vertebral Column Anatomy

The vertebral column consists of seven
cervical, twelve thoracic, and five lumbar ver-
tebrae, their interposed fibrocartilaginous
discs, and connective tissues. It is normally
straight in the coronal plane, but in the saggi-
tal plane it curves gently forward in the neck,
backward in the thorax (normal kyphosis),
and forward again in the lumbar spine. Each
cylindrical vertebral body has a left and right
pedicle projecting posterolaterally to the lat-
eral transverse processes that articulate with
neighboring transverse processes at facet
joints. The left and right laminae project pos-
teromedially from the transverse processes to
join together as the midline spinous process.
Longitudinal ligaments run down the ventral
and dorsal surfaces of the vertebral bodies
and discs; interspinous ligaments connect
adjacent spinous processes, and the ligamen-
tum flavum connects adjacent laminae.
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Spinal Cord Anatomy

The vertical space between the vertebrae,
their processes, and the ligaments forms the
spinal canal containing the spinal cord, which
normally ends at about the L1 vertebral level.
Cervical and thoracic spinal nerve roots exit
the spinal canal laterally through the foram-
ina formed between adjacent pedicles.
Lumbosacral roots pass downward as the
cauda equina to exit through foramina below
the spinal cord.

The corticospinal tracts important for
voluntary movement descend from the cortex,
decussate (cross the midline) in the caudal
medulla, and then travel down the contralat-
eral dorsolateral cord. Some of their axons
form excitatory synapses on alpha motor neu-
rons in the anterior horn gray matter, mostly
contralateral to the originating hemisphere. A
few corticospinal fibers descend without
decussation through the ipsilateral ventral
cord but are normally of minor importance.
The axons of alpha motor neurons from each
spinal cord segment coalesce to form motor
roots (e.g., C5, L4), which eventually inner-
vate muscles. Cervical and lumbosacral roots
undergo complex interdigitation within the
brachial and lumbosacral plexi, which
rebranch into the various peripheral nerves
supplying limb muscles. Consequently there is
radicular overlap and anatomic variation of
muscle innervation. Intraoperative monitor-
ing of motor EPs (MEPs) can assess the corti-
cospinal system from brain to muscle.

The dorsal columns contain sensory
axons for position and vibration sense. These
very long axons ascend the ipsilateral dorsal
column to the gracile and cuneate nuclei at the
cervicomedullary junction, where they finally
synapse. The axons of the second-order sen-
sory neurons then decussate as the internal
arcuate fibers of the caudal medulla before
ascending to the contralateral thalamus,
where they synapse on third-order sensory
neurons. These then project to somatosensory

cortex. Intraoperative monitoring of

somatosensory EPs (SEPs) can assess this sys-
tem from peripheral nerve to brain.

The spinothalamic system conveying pain
and temperature sensation and many other
descending, ascending, and intrinsic spinal
cord systems are unassessed by MEP/SEP
techniques. F-wave, H-reflex, and bulbocaver-
nosus reflex testing can provide information
about segmental cord activity that may indi-
rectly help assess long tract functions.

Spinal Cord Blood Supply

Radicular arteries from the aorta and its
major branches in the neck and pelvis enter the
spinal canal through the intervertebral foram-
ina. With considerable variation, a few of these
arteries branch to feed the longitudinal anterior
spinal artery running down the anterior median
fissure of the spinal cord and the left and right
posterior spinal arteries running down the dor-
sal spinal cord. The anterior spinal artery sup-
plies the ventral two-thirds of the cord including
the anterior horns, central gray matter, ventral
portions of the dorsal hor