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A few pioneer neurophysiologists, surgeons, anesthesiologists, and
researchers from many disciplines and countries gave birth to the field of
intraoperative neuromonitoring over 40 years ago when together they
realized that there was a need and a means for providing better patient care.
Their interest and efforts resulted in numerous subsequent international
meetings, spawned the establishment and growth of various professional
societies, and ignited a growing interest in IOM. All of this would not have
occurred without the contributions and support of countless individuals who
dedicated a significant part of their professional lives and resources to the
field of IOM. It is to these various pioneers and individuals that we dedicate
this book.




Foreword to First Edition: Orthopedic Spine
Viewpoint

We began our Case Western Reserve University (CWRU) efforts to develop
a system for monitoring spinal cord function during scoliosis corrective
surgery in the late 1960s. It was prompted by the risks to the spinal cord as a
result of using Harrington Rods for curvature correction. From the very
beginning, we approached it as a team effort. University Hospitals and
CWRU had the expertise to tackle this difficult challenge, but they had to be
pulled together. A young neurosurgeon by the name of Jerald Brodkey had
some experience with a technique of summating distal peripheral nerve
stimulations as they were expressed over the cortex, a process reported by
Dawson in the 1950s. At the same time there was a very bright, young
master’s biomedical engineer, Richard Brown working in the CWRU
biomedical engineering laboratories of Drs. Victor Frankel, MD, PhD and Al
Burstein, PhD. Fortuitously, Richard’s undergraduate degree was in electrical
engineering and he had some free time available to work on the spinal cord
monitoring project (which became his PhD thesis!).

The approach taken in the laboratory was to study the effect of graduated
weights applied directly to the thoracic spinal cord of dogs for varying
periods of time on the ability of the cord to transmit trains of stimuli from the
distal extremities to the cortex. In the course of these studies it also became
apparent that pressure, time, and blood pressure were all critical variables.
Then available commercial neuromonitoring systems were used, but from the
beginning Rich Brown recognized that they would not work in the highly
electrically charged environment of an operating room (OR). Thus began his
creation of a stand alone, portable spinal cord monitoring system capable of
accurately recording the very small cortical signals generated in the hostile
atmosphere of the OR. Thus “Big Blue,” as Rich would call it, came to be
originally equipped with four channels, but soon expanded to eight with all
data stored on tape for later analysis. “Real-time” record assessment was
done by holding up a base line printout up to the light with the current record
printout superimposed to visually determine latency and amplitude changes.
Appropriate filtering, stimulus rates, stimulus configuration, and voltages
along with Rich’s primary passion, patient safety, were all factors to be
sorted out. “Warning signs” of changes in latency and amplitude were part of



the equation with the 10 and 50% guidelines becoming evident even then.
From the beginning, Rich’s goal was to produce a system that would prove
both reliable and provide valid data — causes he championed his entire
career — later holding all systems to the same fire he held his own.

Once the system had proven to be effective in the laboratory by sorting
out the amounts of weight over what periods of time that correlated clinically
with the presence or absence of clinical neurological deficits, it was time to
take it to the OR. It was strongly suspected that the more complex anesthesia
used in humans would have significant effects on the cortex and hence the
records. Accordingly, the next challenge was to have an anesthesiologist who
would help the team sort out this piece of the puzzle. Betty Grundy , MD,
was the person who enthusiastically joined the team and in her own right
added a great deal of knowledge to the process of making spinal cord
monitoring a viable clinical tool in the OR. She also became a voice within
the anesthesia profession that meticulous anesthesia protocols had to be
followed for spinal cord monitoring to be effective. Along the way, Rich
became quite knowledgeable regarding the various anesthetic agents used in
spinal surgery to the extent that he was a frequent presenter to anesthesia
grand rounds on the subject of their effects on cortical function. The final
addition to the team was Marianne Wilham , RN, the primary orthopedic OR
nurse for the spinal surgical team and a critical person in maintaining a
constant process in the OR. She and Rich also became quite adept at dealing
with teenage patients and parents as they went through pre-operative spinal
cord monitoring testing and the next day trip to the OR for surgery.

Together this team meticulously developed protocols and systems that
seemed to provide the most consistent and reliable approach to intraoperative
spinal cord monitoring using Somatosensory Cortical Evoked Potentials
(SSEPs). Early in this process, several significant and revealing cases were
performed that were encouraging and confirmed the value of Rich Brown’s
“Big Blue” and the future of SSEPs. It should be noted that the “Wake-Up
Test” of Stagnara came into vogue about the same time as the CWRU work,
and it was adopted by the Case Team as a way to verify the findings of the
intraoperative changes seen in monitoring. One early case was a patient with
scoliosis and diastomatomyelia. It was elected to do the Harrington spinal
corrective surgery before removing the diastomatomyelia. Each time the
Harrington distraction was applied, the signals deteriorated and after removal
returned. The case was aborted with no neurological deficits. The



diastomatomyelia was removed and the subsequent spinal corrective surgery
went forward without incidence. Other early cases included a patient with
cervical spinal cord abscess in which artificially raising the blood pressure
temporarily restored SSEP responses and the clinical function. There was
also a case of cervical spinal cord hemangioma dissection that was performed
successfully under the protective umbrella of SSEPs. Thus, these early
anecdotal experiences became convincingly indicative of the potential for
intraoperative spinal cord monitoring to make a great contribution to the
safety of patients undergoing major corrective spinal surgery. This
monitoring tool also proved to be one of the critical factors contributing to
the development of more and more powerful and corrective spinal implant
systems that could be applied in a safe manner.

It turns out that during the same time period, Dr. Tetsuya Tamaki and a
team of Japanese researchers including an anesthesiologist, Dr. K. Shimoji,
were independently working on a method for intraoperative spinal cord
monitoring using spinal — spinal evoked potentials. Before long there was
communication between the Case Team and Dr. Tamaki’s team to the extent
that a series of international spinal cord monitoring conferences were held,
the first being in Cleveland, Ohio, in 1977. At this first meeting, Dr. Vernon
Nickel, a highly respected orthopedic surgeon remarked to the gathering,
“One day intra-operative spinal cord monitoring will be as accepted and used
as the EKG.” One of the key individuals in this movement to develop
intraoperative spinal cord monitoring was a neurosurgeon, Dr. J. Schramm,
from Germany. The list of participants continued to grow both in the United
States and throughout the world in great measure because of the encouraging
and engaging efforts of Rich Brown whose nature was to share his ideas and
expertise freely with all who took an interest. Again this welcoming approach
was grounded in Rich’s passion for rigorous process, analysis, expertise, and
training. Similarly he was cautious and scientifically reluctant to prematurely
declare SSEPs as the “Gold Standard” for monitoring spinal cord function
replacing the tried and true “Wake-Up Test”. As a final note, Rich never
“went commercial” with his system and expertise, but rather directed his
efforts into organizing the experts in the field and establishing standards of
nomenclature, processes, and technical training. He was an energetic
founding member and later a president of the American Society of
Neurophysiologic Monitoring to which he remained committed and focused
until his untimely death.



All who have gone before would applaud this valuable book, and in
particular Rich Brown, PhD, who very early on recognized the critical role
that anesthesia and anesthesiologists would play in the development and
practice of intraoperative spinal cord monitoring.

And the rest is history.

Clyde L. Nash Jr.
Cleveland, OH
September, 2011




Foreword to First Edition: Peeling Back the Onion
Skin Layers

“As natural selection works solely by and for the good of each being, all
corporeal and mental endowments will tend to progress towards perfection.”

(Charles Darwin: The Origin of The Species, XV, 1859)

My! How times have changed! As I write this, I am looking at a copy of
an anesthetic record from June 14, 1968. Being a perpetual “pack rat,” I made
it a habit over the years to file cases of interest and needless to say,
accumulated quite a library over the past 50 years. This case, (Fig. 1), is that
of a 3-month-old baby with a diagnosis of cranial synostosis with orbital
compression and the operative procedure was in three stages, the final one
occurring 2 months later and involved a ventricular peritoneal shunt using
the-then relatively new silastic Holter valve. In this sick and lethargic baby,
local anesthetics (carbocaine) supplemented with sedation were used over the
period of 3 h and 50 min. Specific monitors included a blood pressure cuff
and temperature probe. For neuromonitoring, we considered ourselves
“advanced” as we employed a unit that we nicknamed the “bullet” or
“torpedo,” since it had a cylindrical shape with a diameter of about 6 in. and a
length of 1.0 foot! One end had a transparent viewplate with the tube
containing a cathode ray tube and the electronics for a one-channel
electrocardiogram, lead II, and another single channel for an
electroencephalogram lead, using a parietal presentation. Since explosive
agents were in use at that time, the “bullet” had an explosion proof casing and
elevated on a tripod above the 5 foot explosive level. So now we were able to
visualize the EEG, EKG, and measure the heart rate with clicks triggered by
the Q-T complex. If we now move 16 years to 1994, we can note the
emergence of a neuromonitoring culture as demonstrated by the book edited
by Peter Sebel and William Fitch, Monitoring the Central Nervous System
[1]. There, 21 authors discussed a range of topics which are extraordinary
when compared to the availability of neuromonitoring facilities in the 1960s.
In this time period the horizon of neuromonitoring is expanded to not only
include physiochemical topics as cerebral blood flow and metabolism , ICP,
and EEG, but critical aspects relating to memory, recovery from anesthesia,
cognitive factors, and brain death. Fast forward to today and to the wonderful
effort made by the authors of the present-day book to present a sophisticated



review of the great advances in neuromonitoring and its application to patient
care as well as increasing our understanding of the complexities not only of
the central nervous system but the incredible relationships among
electrodynamic and electrochemical signaling that lead to cognitive changes
which may affect modalities such as pain. Similarly, the effects of our
monitoring efforts may be in themselves modified by the clinical medium of
anesthesia and cause a shift in the paradigm, which in a sense involves
monitoring the monitors and helps to eliminate false assumptions [2, 3]. The
expertise and experience of the authors contribute greatly to a sense of true
security that these methodologies have been tested by those knowledgeable in
their field. Further cementing the link between development and application
are the hard-nosed Case-Based Presentations of practitioners often
highlighting those on both sides of the procedure table. This type of
hegemony is critical for carrying out many of these procedures. This book
has important source material even for those not directly connected with the
many procedures listed in the Table of Contents, for many of the authors are
not only capable as practitioners, but have had a primary role in developing
the many neuromonitoring techniques listed.
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Fig. 1 A 1968 record of a pediatric case with the anesthesia provided by the author. Total monitoring
included systolic blood pressure, temperature, heart rate, lead II of the EKG, and one EEG lead

Before terminating this Preface, I must take a moment to pay homage to
one, who, in many ways is regarded as the “Mother” of neuromonitoring in
the anesthesia and neurological community, namely, Betty Grundy, MD. I
have known Betty for more than 40 years and can attest to how hard she has
worked to bring electrophysiological monitoring into the operating room and
clinical arena as well as educating a whole host of superb clinicians and those
doing research in this area.
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Foreword to First Edition: Neurosurgeon’s
Viewpoint

I am honored to have been invited to provide a foreword to this important
volume. As a practicing cerebrovascular surgeon, I have a unique perspective
on the field of neuromonitoring as I function somewhat as a “consumer” of
these very valuable resources. Vascular surgeons are charged with exposing
the brain, retracting brain tissue, reconstructing complex vascular anatomy,
temporarily interrupting cerebral blood flow, and performing complex
revascularizations. Not infrequently our target organ is already diseased and
dysautoregulated at the time we expose it. While we have marvelous
technologies to allow us to perform computerized image guidance, highly
magnified 3-dimensional views, and microsurgical instrumentation that
allows extraordinary things to be done, we perform this invasive maneuvers
blinded as to how the brain is tolerating these actions. Neuromonitoring,
when performed by skilled technologists and physicians with high expertise
in the interpretation of data provide the surgeon with actionable information
that can prove lifesaving.

From my perspective, one of the most interesting aspects of contemporary
neuromonitoring lies in the domain of systems-based practice and
communication. The surgeon often feels like a pilot of an aircraft in which he
or she has certain control capabilities but because the door is closed behind
the pilot, he or she has essentially no knowledge of what is happening in the
rest of the aircraft. It is critical that in our surgical environments the “door”
remains open and that the key human elements have professional confidence
in each other and communicate openly. At the start of the procedure,
everyone responsible including the physicians, technologists, and nurses must
understand the nature of the planned procedure, important details about the
patient, the general phases of the operation expected, and when the critical
moments will be occurring. As each stage of the procedure unfolds, the entire
team must be aware of those transitions. When an unexpected anomaly
develops, a rapid assessment of its significance must be performed followed
by direct communication with the surgeon. A timely but deliberate discussion
of the options to be considered and which one to be pursued assures the
optimal environment for the patient’s successful outcome.

It cannot be over emphasized that successful surgical neuromonitoring



requires a coordinated team effort. The critical elements obviously include in-
depth knowledge of the principles of neuromonitoring and technical
proficiency. Yet, without a full understanding of the patient’s physiologic
state prior to surgery and the unique aspects of patient positioning, abnormal
data may be misinterpreted. The principles of the planned surgical procedure
must be understood by all team members and constant communication must
occur among the key participants to assure that proper perspective of the
environment is obtained prior to the announcement of an abnormal finding.

Clearly this book will be a significant benefit to surgeons, technologists,
neurophysiologists, anesthesiologists, and neurologists. The information
contained in these chapters will empower the surgical team members with the
knowledge needed to interpret unexpected changes and to react quickly and
appropriately. This book will be an important reference for all members of
these teams and hopefully enhance our ability to provide safe procedures with
optimal outcomes.

H. Hunt Batjer
Chicago, IL
September, 2011




Preface to Second Edition

Intraoperative monitoring (IOM) of the nervous system continues to play a
key role for safeguarding neurological function during surgery and
interventional procedures when the nervous system is at risk for injury. For
many procedures, it has been integrated as a key component of decision
making and a variety of studies have shown a clear association of its use with
improved outcomes. The utilization of monitoring continues to evolve as
monitoring techniques are improved and developed and their contributions to
improved patient care are better understood. As such, we are pleased to
present this second edition which reflects these changes.

We continue to be grateful to the many past and present pioneers in the
field who have laid the groundwork for modern day monitoring and who
continue to fuel the evolution of its techniques and applications.
Anesthesiologists have played a key role in this evolution with improvements
in neuroanesthesia and their interface with monitoring. In this capacity, we
wish to celebrate the life and acknowledge the key role of Maurice Albin,
who passed in 2016. We are honored that Dr. Maurice Albin wrote the
anesthesiologist viewpoint foreword to the first edition of this book.
Similarly, many surgeons and interventionists have expanded the role of
monitoring into existing and innovative new procedures. Finally, many
neurophysiologists have also expanded our understanding of the role of
monitoring and have developed enhanced techniques to meet the needs of
various procedures. We owe a great deal of gratitude to all of these
individuals as these developments have been included in this new expanded
text.

As with the first edition of the book, the major theme of this edition is to
emphasize the roles of all members of the procedure team cooperatively
working together to provide the patient with the most effective techniques for
ensuring an optimal outcome. Since this involves education across specialty
boundaries, this book continues to take a holistic approach by discussing
modalities and their application during various procedures. The second
edition now has five news, key learning points, questions and answers and
has expanded the learning opportunities to online resources including videos
and hyperlinks to PubMed so as to enhance the text content. We are grateful
to the publisher and the electronic resources that are available to include these



additions. We hope you will find that they are helpful in your patient care and
eagerly look forward to further advancements in monitoring techniques and
their improved understanding and application.

The international reach of the first edition of this book included both
English and Chinese. With this edition, it has been expanded to include the
Japanese and Korean languages as well. We are honored and grateful.

Antoun Koht

Tod B. Sloan

J. Richard Toleikis

Chicago, IL, USA, Aurora, CO, USA, Chicago, IL, USA




Preface to First Edition

Intraoperative monitoring of the nervous system (IOM) has become common
place in orthopedics, neurosurgery, otologic surgery, vascular surgery, and
other procedures. In addition to the improvement in patient outcome which
has been observed in several circumstances, the monitoring has been
incorporated into the management of surgical procedures where the nervous
system is at risk. The use is being fueled by the understanding that functional
knowledge of the nervous system is an important partner to structural
knowledge and both contribute to the quality of care and patient safety.

IOM is more than just a tool like fluoroscopy, intraoperative MRI, or CT
scanning which gives a structural view of the patient’s anatomy. IOM
provides a means for assessing the nervous system function and determining
how the surgical, anesthetic, and physiological environment are impacting
this function. Pamela Prior expressed it well in 1985 when she said “routine
clinical monitoring of ECG, arterial pressure and blood-gas tensions only
indicates the adequacy of factors supporting brain function. The EEG and
evoked potentials are more valuable because they can monitor continuously
the end result at a neuronal functional level.”[1] This “window to the nervous
system” allows all of us to bring our own contributions to help our patients
have the best possible outcomes. The prompt diagnosis of circumstances
unfavorable to the nervous system will enable timely adjustment of the
pharmacologic and physiologic environment to augment surgical decision.

IOM has evolved in the last 30 years from the lonely somatosensory
evoked potentials (SSEP) modality that was used during spine surgery to now
include; MEPs, both free running and triggered EMG, D waves, the H reflex,
and other monitoring modalities. This expansion was not restricted to spine
surgery but extended to other surgeries including those of the head and neck.
The addition of IOM multimodalities allowed a more comprehensive
assessment of the nervous system while adding restraint on the anesthetic
technique. The optimal anesthetics for one modality is often not the same as
that for others, thus a very delicate anesthetic balance is needed and complete
cooperation between the IOM team and the anesthesiologist is invaluable.

This team effort is the key to the best patient outcome. Clearly the
monitoring is helpful to the surgeon, but it is equally valuable to the
anesthesiologist. In that respect, IOM allows the anesthesiologist to see the



impact of the anesthetic and physiologic management on the functional
integrity of the nervous system. For example, there is a growing appreciation
that a blood pressure which might be appropriate for one patient may not be
adequate for another. Further complicating factors are the aging patients with
increased comorbidities and the more complex surgical procedures with
increasing neurological trespass. IOM can help the anesthesiologist insure
that the environment of the nervous system is optimal for the individual and
to adjust the patient’s physiology as needed when the surgical procedure
places an additional stress on the nervous system.

This interplay of anesthesia, physiology, and surgery is what makes IOM
different from the use of these techniques for diagnostic assessment of
pathology in the nervous system. The situation is dynamic with a constantly
shifting equilibrium of the effects of the procedure, the drugs given, and the
physiological milieu. This is why IOM, like monitoring of blood pressure,
heart rate, oxygenation, etc., must be done constantly to identify changes that
allow rapid correction while adverse neurological circumstances are still
reversible. Some of that reversibility will be contained in the surgical
maneuvers, but changes in the management of the anesthesia, physiology,
and positioning of the patient can mitigate some of the adverse effects of the
procedure.

Well recognized by anesthesiologists, each patient is different, not only in
their pathology and comorbidities, but also in how they will react to
anesthesia and the surgical procedure. Each patient therefore presents a
different problem. An injury could develop and progress without the
surgeon’s, proceduralist’s, or anesthesiologist’s knowledge. This is where
IOM can become valuable to identify functional changes in the nervous
system which will not be observed in structural studies or reflected in other
means of traditional monitoring.

To make the team effort most effective, each member of the team needs
to understand each other’s roles. Like an interlocking crossword puzzle, the
interface of each other’s contribution is made stronger when each one knows
about the other and the more effective the team becomes. This book is
designed to help all members of the operative team to better understand what
each member of the team is doing. It is not designed to provide technical
details since there are many excellent papers and books on that subject.
Rather we have sought to allow everyone an opportunity to gain insights into
each of the operative components.



Many of the early applications of IOM were developed in the 1970s by
surgeons, neurophysiologists, anesthesiologists, and other researchers both in
the USA and Japan, as they recognized that the development of aggressive
treatment programs carried a high risk of secondary spinal cord damage and
that there was a need to develop methodologies for defining and evaluating
spinal cord function. Among these were Clyde Nash, MD, and Richard
Brown, PhD, who pioneered the use of SSEPs during Harrington distraction
of the spine in patients with scoliosis [2]. This advance from the
intraoperative wake-up test of Vauzelle and Stagnara would become
increasingly important as procedures presented multiple possible injurious
steps [3]. In patients with many significant comorbidities, a one-time clinical
assessment which was used in healthy young patients with scoliosis is not
applicable. The pioneers of IOM not only developed the techniques for
monitoring, but they designed and built equipment to meet the specific
challenges present in the operating room that were not encountered in the
diagnostic laboratory. They also recognized the importance of the team effort
and that such things as blood pressure management during distraction of the
spine was essential for overcoming the effects of the procedure [2]. With an
awareness that others were beginning to address the need for monitoring
spinal cord function, Clyde Nash and Jerald Brodkey invited participants
from throughout the world and hosted the first two symposia on spinal cord
monitoring which were held in Cleveland in September 1977 and St. Louis in
January 1979. These were followed by a series of International Symposia on
spinal cord monitoring, the first of which was held in Tokyo, Japan, in 1981
and was hosted by Dr. Tetsuya Tamaki. Three years later, Dr. Johannes
Schramm hosted the Second International Symposium held in Erlangan,
Germany (1984). The Third and Fourth Symposia were later held in
Annapolis, Maryland (in 1986) and Niigata, Japan (in 1989), and were hosted
by Drs. Thomas Ducker and Richard Brown and by Dr. Koki Shimoji,
respectively. Special thanks to these early pioneers who recognized the
importance of this new technology and worked to strengthen it and expand its
usage. Subsequent to the International Symposia came the formation of the
American Society of Neurophysiologic Monitoring (ASNM) in 1989, and
also the advent of the International Symposia on Intraoperative
Neurophysiological Monitoring in Neurosurgery held in New York and
hosted by Drs. Vedran Deletis and Fred Epstein (1998-2006). From these
latter symposia came the formation of the International Society of



Intraoperative Neurophysiology (ISIN) in 2006.

IOM has evolved from the early days. Some of the techniques currently
used are refinements of the early techniques while others are completely new.
The monitoring professionals have recognized that the changes in
neurophysiology that result from anesthesia and surgery are different from
those seen in the laboratory which makes diagnostic approaches less
applicable. Further, IOM must be done with constant, rapid updates to
provide timely information about the state of the nervous system. This
evolution in techniques has been accompanied with the development of a new
field of intraoperative neurophysiology with professionals who have
dedicated their career to IOM. The backgrounds of these individuals are as
diverse as the techniques currently being employed. Some come from the
logical pioneering fields of orthopedic surgery, neurosurgery, neurology, and
anesthesiology. But a whole new field of intraoperative neurophysiology has
developed with individuals bringing to bear their knowledge of intraoperative
neurophysiology with the many allied medical fields to provide focused IOM
care. These individuals have been responsible for many developments in the
field and are key to the current utilization of monitoring for providing
excellent patient care.

Many of the early developments of IOM can also be attributed to
anesthesiologists. Recently, Tamaki (orthopedic surgeon) wrote an article
about the history of EP monitoring and credited Shimoji (anesthesiologist)
with introducing epidural evoked potential monitoring in 1971 [4]. Betty
Grundy, MD, as an anesthesiologist involved in the early applications of IOM
recognized this in 1982 when she wrote about the application of auditory
evoked potentials in surgery on the brainstem in the Journal of Neurosurgery
“we wanted early indication of deteriorating function so that we could
intervene to prevent permanent injury. We therefore selected an approach
similar to that used for intraoperative monitoring of other physiological
parameters such as heart rate or arterial blood pressure, attempting to correct
undesirable trends as soon as these could be identified with certainty” [5].

Dr. Grundy went on to bring IOM into anesthesiology; her landmark
article in Anesthesiology in 1983 was a call for anesthesiologists to take an
active role in the team. She noted that “the hope is that deteriorating
neurologic function will be detected early so that the surgeon and/or
anesthesiologist can intervene to optimize function and minimize the
possibility of permanent damage to the nervous system” [6]. Dr. Grundy was



to further stress that role when she wrote in 1984 “the anesthesiologist has
important responsibilities in facilitating the electrophysiological monitoring.
A multiplicity of factors under their control of the anesthesiologist can alter
evoked potentials” [7]. Her early experience noted the interaction of
anesthesia, physiology, and the nervous system which supported her
recommendations for anesthetic and physiological management; without
IOM many unfavorable interactions would have gone unrecognized. These
observations are still echoed today.

As IOM techniques and applications have evolved, some advancements
have come from anesthesiologists. In particular, the anesthetic techniques and
physiological management that supports IOM, and which have been refined
from observations made by IOM, have also improved patient care. Many
anesthesiologists remain actively involved in IOM and are contributors to this
book.

As the field of IOM has developed, the cadre of IOM professionals that
has emerged to provide the best neurophysiological monitoring has been a
distraction from the integral role of anesthesiologists in the IOM team. As
such, this book is devoted to restoring that role by focusing on the knowledge
and experience gained by anesthesiologists and professionals who are part of
the IOM team. Our goal is to facilitate the most effective team effort by
expanding the interface of knowledge between the surgical, anesthesiological,
and neurophysiological members.

The first section describes the different techniques used in monitoring.
The goal is to provide insight into the anatomy, physiology, and techniques
so that the information provided by their use can be placed in the context of
the surgical, anesthetic, and physiological management.

The second section seeks to provide basic aspects of anesthetic
management. Not only will this be helpful to anesthesia providers seeking to
refine their choice of medications, but it also will be helpful to practitioners
in other specialties to understand the challenges inherent in the anesthetic
management. Some anesthesiologists are concerned about anesthesia without
muscle relaxants while other members of the team may be concerned about
any use of muscle relaxants. The contributions of the authors will be helpful
to reassure both that it is possible to meet this need and successfully obtain
optimal signals which will enable the team to effectively monitor the patients
and for the surgeon to make the best decision.

Finally, the book provides case examples of specific types of procedures



where IOM has become a routine part of the management. In each case the
chapter provides an overview of the anatomy, neural physiology, and
pathology which is central to the procedure. Understanding this allows each
member of the team to understand how the procedure, anesthesia, physiology,
and IOM come to bear on the risks of the procedure and outcome. In each
case, the authors have also presented some examples of typical IOM changes
in these cases. This allows discussion of the differential diagnosis of the
effects which could cause these changes. In that respect, the emphasis has
been on non-surgical effects to allow better insight into the ways that the
management of anesthesia, positioning, and physiology can contribute to
improved outcome.

We have assembled a prestigious group of contributors who are all
actively involved in the team efforts of IOM during various surgical
procedures. Each has contributed their knowledge and experience to improve
all of our effectiveness in these procedures. Hopefully, by sharing our
knowledge and experience we can make the fabric of our team efforts
stronger and provide the best possible care of our patients.
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Key Learning Points
e The ultimate goal of intraoperative SSEP monitoring is to ensure
maintenance of neurologic integrity throughout a procedure with
resultant improved outcome and decreased morbidity.

e General consensus is that standard SSEP recording monitors solely the
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dorsal column pathway, which mediates mechanoreception and
proprioception. However, other pathways may contribute to
somatosensory function, including the dorsal spinocerebellar tract, the
anterolateral columns, the postsynaptic dorsal column pathway, and the
vagus nerve.

e Stimulation and recording are the two major technical aspects of SSEP
monitoring; understanding the parameters that affect each is critical to
successful intraoperative SSEP monitoring. Stimulation parameters
include electrode type, electrode placement, stimulus intensity, stimulus
duration, stimulus rate, and unilateral versus bilateral stimulation.
Recording parameters include electrode type, electrode placement
(recording montage), and specific equipment parameters, which include
channel availability, filters, averaging, and time base.

e Most anesthetic agents have detrimental effects on SSEPs, while a select
few actually have beneficial effects. In general, cortical effects are more
pronounced than peripheral effects.

e Several physiologic variables can affect the success or failure of SSEP
monitoring, including patient temperature, blood pressure, hemoglobin
levels, intracranial pressure, oxygenation, and ventilation.

e Reproducible baseline waveforms are crucial in SSEP monitoring.
Evidence-based recommendations on when to intervene when SSEP
monitoring is altered from baseline are difficult to provide due to the
low specificity of SSEP monitoring. However, general consensus is that
a 50 % amplitude reduction and 10 % increase in latency, not
attributable to anesthetic or physiologic causes, are significant changes
that warrant intervention.

Intraoperative application of evoked potentials has evolved during the
past 30 years, and somatosensory-evoked potential (SSEP) monitoring is the
method most commonly employed [1]. The ultimate goal of intraoperative
SSEP monitoring is to ensure maintenance of neurologic integrity throughout
a procedure with resultant improved outcome and decreased morbidity. The
premise of evoked potentials is simple. When neural tissue is stimulated,
either by true sensory or artificial electrical stimulation, ascending electrical
impulses—or volleys—are sent through synapses via neural pathways.
Depending on stimulation site and recording location, there is characteristic



waveform morphology of the volley. Near-field potentials result when the
neural impulse passes immediately beneath the reference electrode. Far-field
potentials result from impulses distant to the recording electrodes. SSEPs are,
in general, mixed-field potentials [2]. The value of intraoperative SSEP
monitoring is derived from consistency—reproducible, recognizable
waveforms—such that meaningful conclusions can be extrapolated from data
for surgical guidance. An appreciation of the anatomy and the technical
aspects of SSEPs is required for this consistency and successful
intraoperative employment.

Anatomy and Vascular Supply

The somatosensory system consists of the dorsal column—lemniscal pathway
(Fig. 1.1), or posterior column pathway, and the spinothalamic pathway. The
former pathway mediates mechanoreception and proprioception, whereas the
latter mediates thermoreception and nociception. The general consensus is
that standard SSEP recording monitors solely the dorsal column pathway.
However, other pathways may contribute to somatosensory function,
including the dorsal spinocerebellar tract, the anterolateral columns, the
postsynaptic dorsal column pathway, and the vagus nerve [1, 3].
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Fig. 1.1 The dorsal column pathway . (/) Fibers enter in the root entry zone and run upward in the
dorsal columns to the lower medulla where they terminate in the nucleus gracilis and nucleus cuneatus.
(2) Second-order neurons decussate as the internal arcuate fibers and pass upward in the medial
lemniscus. Maintaining a somatotopic arrangement, they terminate in the ventral posterolateral
thalamus. (3) Third-order neurons arise in the thalamus and project to the parietal cortex (from Lindsay
and Bone [83]; with permission)

The pathway of the dorsal column—lemniscal tract begins with peripheral
receptor stimulation of a first-order neuron in the dorsal root ganglia. This
afferent volley is sent via the ipsilateral posterior spinal cord to the medullary
nuclei to synapse on second-order neurons. These second-order neurons
decussate in the medulla as the internal arcuate fibers and ascend in the
medial lemniscal pathway to third-order neurons in the ventroposterior nuclei
of the thalamus, maintaining a somatotopic arrangement. Projections from the
thalamus proceed to the sensorimotor cortex, where further synapsing occurs.
Synapses are believed to be the site of action for inhalational anesthetics;
thus, the early SSEP response is minimally affected by inhalational
anesthetics. However, as the volley ascends the dorsal column—lemniscal
pathway and more synapses occur en route to the cortex, cortical SSEPs are
increasingly susceptible to the effects of inhalational anesthetics (see Chap.
19 for more discussion of anesthesia) [1, 4, 5]. Perfusion to the dorsal



column—lemniscal pathway usually comes from the posterior spinal arteries
in the spinal cord. The posterior spinal artery originates from the vertebral
arteries and travels bilaterally the length of the spinal cord in the posterior
lateral sulci, supplying the posterior one-third of the spinal cord, including
the posterior horns as well as the dorsal column-lemniscal pathway [6]. The
anterior spinal artery, also arising from the vertebral arteries, supplies the
anterior and anterolateral two-thirds of the spinal cord, including the anterior
horns, spinothalamic tracts, and corticospinal tracts. However, there is a great
degree of individual variability in origin of vascular supply for both the
posterior and anterior spinal arteries, with each being supported by a varying
number of radicular arteries, particularly in the thoracic spinal cord. Chapter
40 (“Electrophysiological Monitoring During Thoracic Aortic Aneurysm
Surgery”) discusses blood supply of the spinal cord in greater detail.

As the dorsal column—lemniscal pathway ascends to the medullary nuclei
of the brainstem, perfusion comes from both the vertebral artery and
perforating branches of the basilar artery. While the somatosensory cortex
maintains somatotopic arrangement, blood supply is divided into the anterior
and middle cerebral artery. The anterior cerebral artery supplies the cortex
representing the lower extremity while the middle cerebral artery supplies the
cortex supplying the face, head, neck, trunk, and upper extremity.

Venous drainage is provided by a large venous network encircling the
spinal cord. This network flows to either the median posterior or anterior
spinal veins. Venous blood then flows through numerous radicular veins and
ultimately to the azygous and pelvic venous systems [6, 7].

Methods

As mentioned, the foremost goal of SSEP monitoring should be consistency.
Achieving this consistency requires manipulation of the two major technical
aspects of acquiring SSEPs: stimulation and recording. The following
recommendations are based largely on published guidelines from
“Intraoperative Monitoring Using Somatosensory Evoked Potentials: A
Position Statement by the American Society of Neurophysiological
Monitoring” [1].

Stimulation



In order to achieve consistent intraoperative SSEP monitoring , adequate
stimulation must be applied. Stimulation parameters include electrode type,
electrode placement, stimulus intensity, stimulus duration, stimulus rate, and
unilateral versus bilateral stimulation. The specific hardware and software
employed for stimulation and recording exists in a variety of commercially
available units [1, 2, 8—10].

The first step to meaningful intraoperative SSEP monitoring is
stimulating appropriate nerves for a given operation. In general [1, 8, 9],
nerves chosen for intraoperative monitoring should be below, with recording
sites above, the area at risk from surgery such that the monitored pathway
travels through the neural area at risk. For example, during corrective
thoracic scoliosis surgery, monitoring solely upper extremity SSEPs would
be insufficient as the lower extremity dorsal column tract through the spinal
cord would be missed. For this example, it would be useful to monitor the
upper extremity SSEPs for position-related injury. The upper extremity
SSEPs would also provide useful information for interpreting the lower
extremity SSEPs. In this case, a significant amplitude reduction throughout
all waveforms is more likely to be related to anesthetic or physiologic
parameters than if the amplitude change occurred in just the lower extremity
SSEPs.

From a hardware standpoint , successful SSEP monitoring begins with
proper electrode selection. Stimulation electrode options include bar
electrodes, EEG metal disk electrodes, subdermal needle electrodes, and
adhesive surface electrodes. While each has advantages and disadvantages,
adhesive surface electrodes are typically used intraoperatively as they are
noninvasive and adhere reliably throughout the dynamic intraoperative period
(including patient position changes and patient edema). Subdermal needle
electrodes are also commonly used by many providers, especially when
stimulation must occur within the sterile field as they can be placed
intraoperatively in a sterile fashion by the surgeon. Subdermal needle
electrodes are also recommended in cases where stimulation needs to occur
closer to the nerve (e.g., obese or edematous patients).

Correct placement of stimulation electrodes with respect to the nerve is
also critical to adequate stimulation and subsequent stable SSEPs. Placement
is dependent on both the electrode being used and the nerve being stimulated
(e.g., surface electrodes are generally placed 2—3 cm apart, whereas
subdermal needles are placed 1 cm apart) [1, 2, 8-10].



For upper extremity SSEPs, frequently used peripheral nerves include the
median nerve (C5-T1) at the wrist and the ulnar nerve (C8-T1, + C7) at the
wrist or elbow. For median nerve stimulation, the cathode is placed over the
median nerve 2—4 cm proximal to the wrist crease, and the anode is placed 2—
3 cm distal over the median nerve (Note: The cathode is the proximal
electrode connected to the negative pole of the stimulator; the anode is the
distal electrode connected to the positive pole; this convention is used to
avoid a phenomenon known as anode blocking ). For ulnar stimulation at the
wrist, the cathode is placed 2—4 cm proximal to the wrist crease and the
anode is placed 2—-3 cm distal, both over the ulnar nerve. Ulnar nerve
stimulation at the elbow begins by locating the ulnar groove. The cathode is
then placed 2 cm proximal to the elbow crease at the ulnar groove, while the
anode is placed 2—3 cm distal over the ulnar nerve. For these mixed nerves,
corresponding muscle twitch (i.e., thumb adduction) with stimulation
confirms appropriate electrode placement [1, 8—10].

Lower extremity peripheral nerves commonly used for intraoperative
monitoring include the posterior tibial nerve (L4-S3) at the ankle and the
peroneal nerve (LL4-S2) at the head of the fibula. For posterior tibial nerve
stimulation, the cathode is placed between the medial malleolus and the
Achilles tendon, just proximal to the malleolus; the anode is placed 2—3 cm
distal over the posterior tibial nerve as it courses around the medial
malleolus. For peroneal nerve stimulation, the cathode is placed just medial
to the head of the fibula. The anode is placed 2—-3 cm distal. For these mixed
nerves, corresponding muscle twitch (i.e., plantar toe flexion with posterior
tibial nerve stimulation and eversion of the foot with peroneal nerve
stimulation) with stimulation confirms appropriate electrode placement [1,
8—10].

The electrical stimulus applied during SSEP monitoring is a series of
square-wave pulses, with durations of 0.1-0.3 ms, at a given intensity [1, 3,
8, 9]. When stimulating mixed sensory and motor nerves, the stimulus
intensity is adjusted to elicit a minimal twitch of the distal muscles innervated
by the peripheral nerves. In purely sensory nerves, stimulation intensity two
to three times the sensory threshold is recommended [2]. Typical
intraoperative stimulation intensity ranges from 10 to 50 mA. However,
stimulation intensity up to 100 mA may be required intraoperatively to elicit
a reproducible, recognizable waveform, as there may be underlying
pathology in addition to the deleterious effects of anesthetics on SSEPs [1].



Possible tissue damage from repeated high current at the stimulation sites
warrants consideration, but the literature contains no evidence to support this
concern as long as stimulation is within parameters on commercially
available instruments for SSEP monitoring [1]. Use of constant current
stimulation is recommended to compensate for any change in contact
resistance. This compensation is limited by the maximum output voltage of
the stimulator. With constant current stimulation, the output of the stimulator
is current-limited when contact resistance is excessive. Most instruments
designed for SSEP monitoring have a built-in warning for this [1, 8, 9].

The frequency of stimulation generally ranges from 2 to 5 Hz [1, 8-10].
To decrease noise with averaging, the rate of stimulation should not be an
integer multiple of the line power supply frequency (50 or 60 Hz), the most
common noise frequency . When excessive noise occurs, small changes in the
stimulus rate may improve the SSEP quality [1, 11].

Stimulation can be unilateral or bilateral. Simultaneous bilateral
stimulation can enhance SSEPs, while potentially masking unilateral
changes. To effectively and simultaneously monitor both sides of an
extremity pair, interleaved unilateral (alternating left and right) stimulation is
recommended [1].

Recording

In conjunction with adequate stimulation , appropriate recording techniques
must be employed to achieve consistent intraoperative SSEP monitoring.
Recording parameters include electrode type, electrode placement (recording
montage), and specific equipment parameters, which include channel
availability, filters, averaging, and time base.

As with stimulating electrodes , a variety of recording electrodes are
available, each with attendant advantages and disadvantages. For
intraoperative SSEP recording, subdermal needles and metal disk electrodes
are used most frequently. Subdermal needles are placed quickly, though they
must be secured with tape or surgical staples to prevent dislodging. Metal cup
electrodes take longer to secure and require conductive gel or paste.
Corkscrew electrodes, like subdermal needles, are quickly placed and have
the advantage of being fairly secure. For direct cortical recording, as
employed during corticography, strip or grid array electrodes are used [1, 10,
12, 13]. A ground electrode is placed between the stimulation sites and



recording electrodes, usually on the shoulder [3].

As mentioned previously, recording sites for intraoperative monitoring
should be proximal to the surgical area at risk, with stimulation sites distal.
As the neural volley ascends the dorsal column—lemniscal pathway, different
generators of the potential are recorded by various recording electrodes.

Recording electrical activity requires measurement of voltage between
two electrode sites, an active electrode and a reference electrode. These
electrode pairs are called recording montages , denoted by: active electrode—
reference electrode. In general, one cortical montage and one subcortical
montage are used to record the ascending neural volley for intraoperative
SSEPs. Scalp electrode locations for recording are based on the 10-20
International System of EEG electrode placement (Fig. 1.2). An additional
recording site, distal to the stimulation site but proximal to the surgical site, is
often used to verify peripheral conduction [1].
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Fig. 1.2 10-20 International System of Electrode Placement. A single plane projection of the head,
showing all standard positions and locations of the rolandic and Sylvian fissures. The outer circle was



drawn at the level of the nasion and inion. The inner circle represents the temporal line of electrodes.
This diagram provides a useful stamp for the indication of electrode placements in routine recording.
“CP” and “FP” locations are midway between the designated “C” and “P” or “C” and “F” locations,

respectively, “c” and “i” indicate respective locations contralateral or ipsilateral to the side of

stimulation, respectively (from Klem et al. [84]; with permission)
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A recording from a given montage for a specific stimulated peripheral
nerve has a characteristic waveform distribution measured in amplitude
(microvolts) and latency (milliseconds). This is recorded on a graph of
voltage (microvolts) versus time (milliseconds) and represents the SSEP. In
general, this characteristic morphology is from synapses at sites along the
neural pathway. These sites are referred to as the generators of the waveform.
Waveforms are labeled “N” and “P” to represent the polarity of the signal
(generally negative is up, positive is down, although the specific convention
used may vary by individual) followed by an integer to represent the
poststimulus latency of the wave in normal adults. For example, for cortical
recording from median nerve stimulation, characteristic peaks N20 (a
negative, or upward, deflection at about 20 ms) and P22 (a positive, or
downward, deflection at about 22 ms) define the amplitude of the waveform
(Figs. 1.3 and 1.4). The generators of these peaks are thought to be the
thalamus and somatosensory cortex [1, 9].
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Fig. 1.3 Schematic diagram of normal SSEPs to arm stimulation . Tracings are obtained from the
regions identified on the anatomic model (from Misulis and Fakhoury [2]; with permission)
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Fig. 1.4 Normal posterior tibial nerve SSEPs. Traces from bottom to top show popliteal fossa

potential, lumbar potential, low thoracic potential, and scalp potential (from Misulis and Fakhoury [2];
with permission)

Table 1.1 is not meant to be an exhaustive list of possible recording
montages for upper extremity and lower extremity peripheral nerve
stimulation. However, it is meant to assist with understanding evoked
potentials and provide a background for intraoperative monitoring.

Table 1.1 Neural generators for median and tibial nerve SEP generators®

Median nerve SEP generators Tibial nerve SEP generators
Label Generator Common |Alternate |[Label |Generator Common Alternate
channels |labels channels labels
used used
N9 |Brachial plexus EPi-EPc Erb’s Popliteal | Tibial nerve |Popliteal
action
potential
N11 |Spinal nerve root |Crv-Fpz N23 Dorsal horn |T12-iliac cr. |Lumbar
interneurons point




N13a |Dorsal horn Crv6-Fpz  |Cervical, |P31 Medulla Crv-Fpz, Cervical
interneurons subcortical Mast-Fpz subcortical
N13b|Dorsal column Crv2-Fpz |Cervical, |N34 Primary Cc-Fpz N37
subcortical sensory
cortex
P13 |Spinomedullary Crv-Fpz, Cervical, |P38 Primary Ci-Fpz, Cz'- | P39, P40,
junction Mast-Fpz  |subcortical Sensory Fpz, Ci-Cc, |cortical
cortex Cz'-Cc
P14 |Lemniscal paths, |Crv-Fpz, Cervical, |N38 Primary Cc-Fpz
cuneate nucleus Mast-Fpz  |subcortical sensory
cortex
N18 |Brainstem/thalamic|Ci-
noncephalic
N19 |Primary sensory |Cc-Fz, Cc- |[N20,
cortex Ci cortical
P22 | Primary motor Cc-Fz, Cc-
cortex Ci

4From Minahan and Mandir [82]; with permission

For upper extremity peripheral nerve stimulation, there are several
montages commonly used for cortical recording. The responses recorded are
most likely generated by the thalamus and somatosensory cortex. Since
cortical responses are characteristically sensitive to general anesthetics, and
because patients in the operating room may have underlying neurologic
injury, different montages may be used to enhance cortical response
amplitude. Montages include CPc—2 cm posterior to CPc (contralateral cortex
to the stimulus; i.e., CP3 for right arm stimulation and CP4 for left arm
stimulation), CPc—Fz (midline frontal electrode), CPc—FPz, and CPc—CPi
(cortex ipsilateral to the stimulus) [1, 3, 10].

For subcortical recording of upper extremity peripheral nerve stimulation,
response generators vary with the montage used and include the spinal cord,
the cervicomedullary junction, higher parts of the brainstem, and the
thalamus. Common montages include CPi—Erbc (Erb’s point contralateral to
the stimulus), CvN (posterior spinal cervical electrode over the Nth cervical
spinous process, typically C6 or C7)-Fz, Fz—A1A2 (linked ear electrodes),
Cz—A1A2, and FPz-A1A2 [2, 3, 10].

Cortical recording of stimulation of lower extremity peripheral nerves
represents generators of the neural volley in the somatosensory cortex.
Recording montages used include CPz—2 cm posterior to Cz, CPz—Fz, CPz—



CPc, and FPz—-Cz [2, 3, 10].

The generator source(s) of far-field subcortical potentials from lower
extremity peripheral nerve stimulation are thought to lie in the brainstem.
Recording montages to acquire these potentials include CPi—-A1A2, CvN-Fz,
and FPz—A1A2 [2, 3, 10].

Peripheral recording of the nerve volley distal to the stimulation site but
proximal to the surgical site can confirm the conduction of the peripheral
stimulus. For lower extremity SSEPs, this site is the ipsilateral popliteal fossa
—one electrode at the popliteal fossa (4—6 cm above crease) and the other
placed 2—4 cm proximal. For upper extremity SSEPs this site is the ipsilateral
Erb’s point (2 cm above the midpoint of the clavicle and at the posterior
border of the head of the sternocleidomastoid muscle) referenced to the
contralateral Erb’s point or a scalp electrode, often Fz [1, 3, 10].

After acquisition of the evoked potential, some signal manipulation is
required to distinguish the evoked potential from background noise such as
spontaneous EEG activity, ECG activity, muscle activity, or 60 Hz noise.
Amplifiers are used to increase the size of the biologic signal, while filters are
used to reduce noise. The signal is averaged over repeated stimuli to increase
the signal-to-noise ratio [1].

Filters should be set to provide quality potentials with the least amount of
averaging. Low frequency (high pass) filter and high frequency (low pass)
filter settings are combined to eliminate components of the acquired potential
outside the range of the evoked potential being studied. For most instruments,
the standard settings are 20 Hz for the low frequency filter and 3000 Hz for
the high frequency filter. Maintaining standard settings allows a laboratory to
make meaningful comparisons for any given patient to laboratory normals
[1].

However, since intraoperative potentials are also compared to a patient’s
baseline recorded earlier in the case, other suggested settings specific to
either cortical or subcortical potentials have been suggested. For cortical
potentials, these suggested filter settings are 1-30 Hz for the low frequency
filter and 250—-1000 Hz for the high frequency filter. For subcortical
potentials, 30—100 Hz and 1000-3000 Hz are suggested, respectively. To
improve cortical SSEPs, setting the high frequency filter as low as 300-500
Hz may help decrease artifact as the relative frequency content of cortical
potentials is lower than subcortical potentials. The 60-Hz rejection filter
should be reserved as a last resort to improve SSEPs as it can cause “ringing



artifact” [1, 8-10].

Recorded potentials are averaged over repeated stimuli to increase the
signal-to-noise ratio. Guidelines have suggested acquiring 500-2000 trials
per averaged response [1, 8, 9]. However, the signal-to-noise ratio and need
for prompt intraoperative reporting may dictate the number of trials averaged.
The optimal choice of montage allows the largest signal-to-noise ratio , which
minimizes the number of averages needed and the acquisition time of a
response [12—15]. In addition, in a rare patient, the somatosensory fibers are
uncrossed such that the ipsilateral and contralateral cortex need to be
evaluated for the maximal amplitude [16].

The timebase (milliseconds) for waveform display also needs to be
appropriate for the given potential. Generally, this means 50 ms for upper
extremity potentials and 100 ms for lower extremity potentials [1]. Also, in
the presence of underlying abnormal neurologic function and subsequent
increased latency of SSEPs, the timebase may need to be increased to
adequately acquire and display the evoked potential.

Intraoperative Variables Affecting SSEPS:
Pharmacology and Physiology

In addition to the stimulation and recording parameters discussed earlier,
pharmacologic and physiologic variables can also significantly affect the
reliable recording of evoked potentials. Understanding how these variables
influence the process is essential to successful intraoperative SSEP
monitoring.

Anesthetic drugs have various effects on SSEPs . While the mechanisms
of action for specific anesthetic drugs differ along with each drug’s effect on
SSEPs (i.e., some drugs enhance SSEPs, while most decrease SSEPs), all
anesthetics share a general mechanism of action by either altering the
function of synapses or axonal conduction to change neuronal excitability
(see Chap. 19) [4, 5]. As the number of synapses in a pathway increases, the
effect of a given anesthetic drug on the SSEP is more pronounced. Therefore,
cortical potentials are more sensitive than subcortical, spinal, or peripheral
nerve recordings to anesthetic effects [1, 4, 17]. This includes both
deleterious and augmentative effects on SSEPs.



Inhalational Anesthetics

Halogenated inhalational agents produce a dose-related reduction in
amplitude and increase in latency of SSEPs. This SSEP decrement is more
pronounced for cortical recordings than subcortical, spinal, or peripheral
recordings' [1, 4, 17].

Nitrous oxide decreases cortical SSEP amplitude and increases latency
[18, 19]. This effect is synergistic with halogenated inhalational agents and
most intravenous anesthetics [1, 4, 17, 19, 20]. For example, with equipotent
doses, nitrous oxide combined with halogenated agents produces a greater
decrease in amplitude and increase in latency of the cortical SSEP [15, 19].
As with halogenated agents, the effect on subcortical and peripheral SSEPs is
minimal [1, 4, 17, 19].

Intravenous Anesthetics

In general, the intravenous drug effects on SSEPs are less than those from
inhalational agents. With the exceptions of etomidate and ketamine, minimal
effects on cortical SSEPs are seen with low doses of intravenous anesthetics.
Moderate reduction in amplitude and increase in latency are seen with higher
doses, again with the exceptions of etomidate and ketamine. Most
intravenous agents have negligible effects on subcortical SSEPs. The
following provides details for specific intravenous anesthetic effects on
SSEPs.

Barbiturates produce a short-term dose-dependent reduction in amplitude
and increase in latency of cortical SSEPs, with little effect on subcortical and
peripheral SSEPs [1, 4, 17, 21]. Specifically, the SSEP decrement for
induction doses of thiopental lasts less than 10 min [20—23]. Infusion of
methohexital as part of a total intravenous general anesthetic has been shown
to provide excellent conditions for SSEP monitoring [24]. Even at doses
causing coma, barbiturates allow the monitoring of cortical SSEPs [1, 4, 21,
25-28].

Propofol influences SSEPs in a similar manner to that of barbiturates but
with desirable rapid emergence after prolonged infusion. As a one-time
induction dose, there is no change in amplitude for cortical and subcortical
SSEPs from median nerve stimulation, but there is a mild increase in cortical
latency [21, 29]. Propofol induction and infusion causes cortical amplitude



reduction with recovery after infusion termination [4, 30]. Propofol has no
effect on epidural-evoked potentials [4, 31]. Combined with opioids, propofol
produces less cortical amplitude depression than nitrous oxide or midazolam
[1, 21, 32-35]. Compared to equipotent doses of halogenated agents [1, 3] or
nitrous oxide [1, 36], the amplitude decrement is less with propofol. As part
of a balanced total intravenous anesthetic, propofol is compatible with
intraoperative monitoring of SSEPs [1, 4, 21, 33, 37, 38].

Etomidate and ketamine are unique in that they increase cortical SSEP
amplitude. Etomidate produces a marked increase in cortical amplitude and a
mild increase in cortical latency [1, 4, 17-22, 37]. Etomidate’s effects on
subcortical amplitude vary from no change to mild reduction [1, 4, 17, 20-22,
37, 38]. Despite this potential for subcortical SSEP amplitude reduction and
variable peak specific effects on latency, infusion of etomidate as part of a
total intravenous general anesthetic has been used to improve cortical SSEPs
[4, 39, 40], even when intraoperative monitoring was otherwise unobtainable
[4, 39]. Etomidate has the drawback of adrenal suppression.

Ketamine increases cortical SSEP amplitudes with no change in cortical
latency or subcortical potentials [1, 4, 21, 41, 42]. The addition of nitrous
oxide [4, 41] or enflurane 1.0 MAC [4, 43] to a ketamine anesthetic decreases
SSEP amplitude by approximately 50 %. However, ketamine has been used
successfully as part of a balanced anesthetic with midazolam and nitrous
oxide for intraoperative SSEP monitoring during spine surgery [21, 44] and is
an acceptable component of total intravenous anesthesia (TIVA) for SSEPs
[1, 3]. Drawbacks to ketamine include hallucinations, long half-life with
subsequent prolonged emergence, sympathomimetic effects, and increased
intracranial pressure in the setting of intracranial pathology.

The alpha-2 agonists clonidine and dexmedetomidine are anesthetic
agents with a broad spectrum of applications. Adjuvant clonidine [21] and
dexmedetomidine [21, 45—47] use is compatible with intraoperative SSEP
monitoring.

In general, systemic opioids mildly decrease cortical SSEP amplitude and
mildly increase latency with minimal effect on subcortical and peripheral
potentials [1, 4, 19, 21]. Bolus dosing of opioids has a greater impact on
SSEP changes than continuous infusion [1]. Therefore, opioid infusions are
an important component of anesthesia for intraoperative SSEP monitoring.
Remifentanil is often used as it has a short context sensitive half-time and
promotes rapid emergence. Neuraxial opioids, excluding meperidine, have



minimal or no effect on SSEPs [4, 17, 21, 48-51]. The decreased cortical
amplitude and increased cortical latency seen with subarachnoid meperidine
[21, 48] is likely secondary to its local anesthetic-like qualities. Neuraxial
opioid-only techniques can augment analgesia without affecting
intraoperative SSEP monitoring.

Benzodiazepines have mild depressant effects on cortical SSEPs [1, 4,
21]. In the absence of other agents, midazolam causes mild to no depression
of cortical SSEPs, a moderate increase in N20 latency, and minimal to no
effects on subcortical and peripheral potentials [1, 4, 20, 52]. Used as an
intermittent bolus or continuous infusion (50-90 pg/kg/h) to promote
intraoperative SSEP monitoring [1], midazolam is useful to promote amnesia
with TIVA and to ameliorate hallucinations with ketamine [17].

Droperidol, a sedative-hypnotic used in neuroanesthesia, has minimal
effects on SSEPs [1, 4, 17]. Concern for QT prolongation is a consideration.

Neuromuscular blocking agents commonly used during general
anesthesia do not directly affect SSEPs. However, by decreasing
electromyographic artifact and/or interference from muscle groups near
recording electrodes, neuromuscular blockers may increase the signal-to-
noise ratio and improve the quality of SSEP waveforms [4, 21, 53].

Perioperative infusion of systemic lidocaine is used to decrease
postoperative pain. Infusion of relatively high-dose lidocaine has been shown
to decrease cortical SSEP amplitude and increase latency [54], while lower
infusion rates have been shown to have no effect [55].

Summarizing pharmacologic effects, intravenous anesthetic agents are
more compatible with intraoperative monitoring of SSEPs than inhalational
agents. While inhalational agents have been used in low dose combined with
other intravenous agents, TIVA is preferred for consistent intraoperative
SSEP monitoring in patients with small-amplitude SSEPs. Also, motor-
evoked potentials (MEPs) are frequently paired with intraoperative SSEP
monitoring and are extremely sensitive to inhalational agents, often requiring
TIVA. TIVA can be any combination of intravenous drugs for end-effects of
hypnosis, amnesia, analgesia, optimal surgical conditions (i.e., an immobile
patient), and quick metabolism for an immediate postoperative neurologic
examination. A typical infusion combination is propofol and remifentanil
with intermittent midazolam, with or without muscle relaxant. However, as
mentioned previously, various other hypnotic and opioid drugs may be used.
To help ensure amnesia, a monitor of anesthetic depth may be useful (see



Chap. 19 for additional information about anesthesia considerations).
The physiologic milieu of an intraoperative patient is very dynamic and
can affect SSEP amplitude and/or latency.

Temperature

Changes in body temperature affect SSEPs . Mild hypothermia increases
cortical SSEP latency but has little effect on cortical amplitude and
subcortical or peripheral responses [1,]. Mild hypothermia (down to 32 °C)
may even be associated with increased cortical amplitudes [56—58]. With
profound hypothermia, cortical SSEPs disappear. Subcortical, spinal, and
peripheral responses may remain with increased latency, but they also
disappear at lower temperatures [1, 59]. Rewarming improves the latencies
but not in the reverse trajectory as cooling [1, 21]. Mild hyperthermia (39 °C)
is associated with a decrease in cortical and subcortical latencies with no
change in amplitudes [21, 60].

Similar to core temperature, local temperature changes at anatomic sites
can affect SSEPs. For example, temperature changes at the surgical site from
surgical exposure or cold irrigation in the surgical field can affect SSEPs.
Also, stimulating an extremity exposed to cold intraoperative temperatures,
with or without cold intravenous fluid infusing, may affect SSEPs [4].

Tissue Perfusion

Changes in blood pressure can affect tissue perfusion and thus can affect
SSEPs. If perfusion is insufficient to meet basic metabolic demands of the
tissue, cortical SSEP amplitude begins to diminish. With normothermia, this
occurs when cerebral perfusion decreases to about 18 cm?/min/100 g of tissue
[1, 4, 17, 61-63]. Further reductions in perfusion below approximately 15
cm>/min/100 g of tissue can cause loss of cortical SSEPs [1, 4, 51, 53,
61—63]. Subcortical responses are less sensitive to reductions in tissue
perfusion.

Regional ischemia, with or without any degree of systemic hypotension,
can be caused by local factors that can affect SSEPs. Examples include spinal
distraction, surgical retractor-induced ischemia, position ischemia,
tourniquet-induced ischemia, ischemia from vascular injury, and vascular
clips (either temporary or permanent) [4, 64—66].



Oxygen delivery is affected by changes in hematocrit , which alters
oxygen-carrying capacity and blood viscosity. Primate data reveal that in
general, mild anemia produces an increase in SSEP amplitude. Primate data
also reveal that reductions in hematocrit beyond mild anemia cause further
SSEP amplitude reduction and increase in SSEP latency [4, 21, 67, 68].

Oxygenation/Ventilation

Variations in both oxygen and carbon dioxide levels can affect SSEPs. Mild
hypoxemia does not affect SSEPs [4, 69]. A decrease in SSEP amplitude was
reported as a manifestation of intraoperative hypoxemia [70]. Up to a PaCO,

of 50 mmHg, hypercarbia has no effect on human SSEPs [21, 71]. Cortical
amplitude augmentation and a mild decrease in latency occur with
hyperventilation in awake volunteers [21, 69]. However, in isoflurane-
anesthetized patients, hypocapnia to 20-25 mmHg caused no change in
amplitude and a mild decrease in latency [21, 72].

Intracranial Pressure

Increased intracranial pressure decreases amplitude and increases latency of
cortical SSEPs [4, 59]. As intracranial pressure increases, there is pressure-
related cortical SSEP decrements and concurrent loss of subcortical responses
with uncal herniation [4].

Other Physiologic Variables

A multitude of other physiologic factors may affect SSEPs, including
fluctuations in electrolytes and glucose, total blood volume, and central
venous pressure [4].

Criteria for Intervention During Intraoperative SSEP

Monitoring

Reproducible, recognizable baseline waveforms are the foundation of
successful intraoperative SSEP monitoring. It is from these baselines that
intraoperative changes are based. The dynamic intraoperative milieu,



including surgical and anesthetic influences, can make the process of SSEP
monitoring challenging and complicate the interpretation of the significance
of changes from baseline. Providing evidence-based alarm criteria for
intraoperative changes in amplitude and latency is difficult. Intraoperative
SSEP changes of 45-50 % amplitude reduction and 7—10 % latency increases
can occur without changes in postoperative neurologic function [21, 73-75].
However, empirically, an amplitude reduction of 50 % or greater and/or a
latency increase of 10 % or more, not attributable to anesthetic or physiologic
causes, are considered significant changes warranting intervention [1, 21, 76,
77]. The validity of these alarm criteria has been studied [1, 78, 79].

Intraoperative Applications for SSEPs

Intraoperative SSEPs are employed for a wide range of surgeries. The
common goal is to ensure maintenance of neurologic integrity throughout a
procedure with resultant improved outcome and decreased morbidity. Nerve
root function can be monitored with SSEPs intraoperatively, although SSEPs
may be insensitive to changes in single nerve root function (see also
Dermatomal-Evoked Potentials). Peripheral nerves and brachial plexus
monitoring can be used for surgical guidance as well as for avoidance of
position-related neuropraxia during surgeries such as total hip arthroplasty
and shoulder arthroscopy. Spinal cord function can be monitored during spine
fusions, spinal cord tumor removal, arteriovenous malformation repair, and
abdominal and thoracic aortic aneurysm repair. The brain stem and cortical
structures can be monitored during tumor resection, carotid endarterectomy,
and cerebral aneurysm clipping. Also, SSEPs can be employed to localize the
border of the motor cortex intraoperatively [2] (see Chap. 9, “Brain and
Spinal Cord Mapping”).

Dermatomal-Evoked Potentials

Evoked potentials elicited by stimulating individual dermatomes are called
dermatomal SSEPs (DSSEPs). Surface electrodes are used to stimulate a
single dermatome mediated by a unique nerve root. Dermatome maps to
guide optimal placement of surface electrodes exist [1, 80, 81]. In contrast to
SSEPS where supramaximal stimulation intensities should be used to provide
reproducible and reliable evoked responses, high stimulation intensities for



DSSEPs can cause current spread and elicit responses from adjacent
dermatomes. Also, stimulus intensity can affect DSSEP latencies [1, 80].
Therefore, minimally effective stimulation intensities need to be used for
DSSEPs. Recording parameters are the same for DSSEPs as SSEPs. Cortical
responses are typically larger in amplitude than subcortical responses.
Because DSSEPs are sensitive to nerve root compression and mechanical
stimulation [1, 81], intraoperative employment of DSSEPs includes the
following: pedicle screw placement, cauda equina tumor resection, tethered
cord release, and surgical treatment of spina bifida. However, due to
dermatomal overlap and variability, along with side-to-side relative
stimulation intensity, usefulness of DSSEPs can be compromised [1, 80]. In
addition, there are other limitations to the intraoperative employment that
make DSSEPs controversial for assessing spinal nerve root function.
Specifically, a misplaced pedicle screw is detected only when there is contact
with the nerve root monitored [1, 80]. Use of DSSEPs is further limited by
their exquisite sensitivity to anesthetics [81].

Questions

1. Which of the following statements regarding the dorsal column pathway
is incorrect?

a. The dorsal column pathway is also referred to as the dorsal column-
lemniscal pathway.

b. The dorsal column pathway mediates mechanoreception and
proprioception.

c. The dorsal column pathway does not decussate in the medulla.

d. Perfusion of the dorsal column pathway is typically from the
posterior spinal artery.

2. Which of the following is false regarding pharmacologic effects on
SSEPs?



a. Nitrous oxide, when combined with volatile anesthetic, reduces
SSEPs more than either agent by itself.

b. The effects of bolus narcotics on SSEPs are less pronounced than
those of continuous infusions of narcotics.

c. Ketamine and etomidate are unique in that they may be beneficial to
SSEPs.

d. In general, the effect of anesthetics on cortical SSEPs is more
pronounced than effects on subcortical SSEPs.

. What is the empirically accepted threshold of SSEP latency increase that
warrants intervention?

a. 25 %
b. 35 %
c. 10%

d. 50 %

. What is the empirically accepted threshold of SSEP amplitude reduction
that warrants intervention?

a. 25%
b. 35%

c. 10%



d. 50 %

Answers

1.

2.

4.
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Key Learning Points
e The motor-evoked potential response (MEP) is an indirect complex
polyphasic muscle response that requires a coordinated response of the
motor neuron pathway and the muscle.

e Due to the motor pathway’s blood supply, the MEP is more vulnerable
to and a better indicator of adequacy of perfusion, particularly spinal
cord perfusion.

¢ In addition to age, the ability to obtain MEP responses is impaired by
pre-existing medical conditions (e.g., diabetes, hypertension, chronic
spinal cord compression, spinal stenosis, nerve root injury, chronic
hypoperfusion, brain injury, and genetic neuromuscular disease).

e MEPs are vulnerable to hypoperfusion and drug effects. Thus, the
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anesthesia caregiver is responsible for selecting an appropriate technique
and maintaining adequate perfusion through maintenance of
hemoglobin, blood pressure, and cardiac output.

e MEP change, loss or loss and recovery, has been shown to be a reliable
predictor of immediate and long-term postoperative neurologic function.

Introduction

Motor-evoked potentials (MEPs) continue to be the most recent addition to
routine intraoperative neurophysiologic monitoring (IOM) . The importance
of MEPs continues to expand primarily due to the ability to isolate perfusion-
related neurologic function in the spinal cord. Initial reports of improved
patient outcomes obtained with the use of somatosensory-evoked potential
(SSEP) monitoring, primarily during scoliosis procedures in children and
young adults, were quickly followed by case reports of isolated postoperative
motor injury without SSEP or postoperative sensory changes. This reflected
the reality of the anatomy and physiology of motor/sensory pathways in the
brain and spinal cord [1]. MEP and SSEP pathways are located in different
topographic and vascular regions of the cerebral cortex, brainstem, and spinal
cord. MEP pathways are very complex and include the standard voluntary
pyramidal and extrapyramidal networks. The more complex extrapyramidal
network establishes additional motor connections including those to the
cerebellum [2]. This complex and multiple synaptic architecture makes motor
pathways more sensitive to ischemic insults than SSEP pathways [3].

Rare isolated motor injury without sensory changes after idiopathic
scoliosis procedures was not the only driving force behind the widespread
adoption of MEP monitoring. Increasing surgical volume and operative
complexity in the central nervous system (CNS, spinal cord) and spine also
fueled the need to independently assess motor function.

MEPs facilitate better intraoperative decision-making in all patient
groups. As surgical techniques (instrumentation, diagnostic imaging, and
intraoperative imaging) advanced and perioperative anesthetic management
options improved, many patients who were at high anesthetic, surgical, and
medical risk underwent new extensive surgical procedures. This increased
risk of permanent and devastating neurologic complications. MEP monitoring
became a favored method to help prevent complex surgical intervention from
exceeding safe limits where the risk of the potential surgical adverse event



exceeds possible functional gain [4]. New information suggests MEP
monitoring, particularly in spine surgery, has a better correlation with good
postoperative motor outcome than the use of SSEPs, and many experts
advocate MEP monitoring for:

e Surgical correction of all axial skeletal deformities with instrumentation
[5-8]

¢ Intramedullary spinal cord tumors [9—12]

e Intracranial tumors [13—15]

e CNS and spinal cord vascular lesions [16, 17]
e Seizure disorders [18]

MEP use continues to expand outside the area of neurosurgical and axial
skeletal procedures to vascular procedures that put perfusion of the brain or
spinal cord at risk like thoracoabdominal aneurysms, aortic arch procedures
(both endovascular and open procedures) (see Chaps 39 and 40), and
preemptive assessment of outcome in stroke [19-21].

Motor Pathway Blood Supply

To understand why MEPs provide essential information for surgical
procedures where neural tissue perfusion is at risk, it is necessary to review
the blood supply of the spinal cord and understand the relationship between
ischemia, electrophysiology, and infarction. A detailed discussion is found in
Chap. 40. The spinal cord is supplied by the anterior spinal artery (ASA) and
the posterior spinal arteries (PSAs). Spinal cord motor tracts are primarily
supplied by the ASA, a vascular network that supplies the metabolically
active anterior two-thirds to four-fifths of the spinal cord including the gray
matter and anterior horn cells, all of which are more sensitive to ischemia [3,
22].

Both ASA and PSAs arise as branches of the vertebral arteries in the
brainstem and then descend along the spinal cord providing perforators into
the spinal cord. The ASA receives blood radicular arteries, which originate in
the aorta [23]. Typically, there are three cervical and two thoracic arteries
located at T2, 3 and T7-L4, with the Artery of Adamkiewicz (AA) providing
about 75 % of the blood supply to the anterior cord [3, 24]. The reduced



number of radicular arteries, the increased distance traversed, and increased
metabolic demand make areas of the spinal cord perfused by the ASA more
susceptible to hypoperfusion. While axons are quite resistant to ischemia, the
anterior cord contains many more cells and synapses, which explains the
rapid changes seen in MEPs when inadequate perfusion occurs. Disruption of
blood flow through these vessels due to mechanical or pressure changes
rapidly leads to deterioration of MEPs and is used to prompt a change in
management (e.g., improvement in systemic perfusion, cerebrospinal fluid
drainage) [24-26].

The intracranial blood supply to motor areas is also vulnerable. Perforator
arteries and lenticulostriate arteries supply the motor cortex and internal
capsule; they arise from the middle cerebral artery. These vessels transverse a
significant distance and are vulnerable to hypoperfusion with a decrease in
cerebral perfusion pressure (CPP) from an increase in intracranial pressure
(ICP) or cerebrospinal fluid pressure (CSFP) (CPP = MAP-[ICP or CSFP])
or disruption of the source vessels (e.g., aneurysm or atrial-venous
malformations (AVM)) or hypotension. The distance and caliber of these
vessels creates a watershed area making motor function more vulnerable to
hypoperfusion than the ascending sensory tracts [27, 28]. The normal spinal
cord and brain will autoregulate blood flow to maintain normal perfusion.
Autoregulation occurs with a CPP approximately between 50 and 150
mmHg; specific individuals with long-term high (systemic hypertension) or
low (infant) BP can be outside these limits. If the perfusion pressure falls
below this range, autoregulation is lost and spinal cord blood flow is directly
dependent on perfusion pressure. Hypoperfusion, as evident by a change in
evoked potential activity, can also be caused by reductions in oxygen
delivery (e.g., anemia, hypovolemia). MEP monitoring provides unique
information about the functional status of the anterior spinal cord and internal
capsule (see Chap. 21).

Technical Aspects of MEP Monitoring

MEPs are elicited by transcranial stimulation of the motor cortex using an
electrical or a magnetic technique. The stimulation creates motor neuron
depolarization and a descending response that traverses the corticospinal
tracts and eventually generates a measurable response either in the form of
muscle activity (compound muscle action potential, CMAP) or a wave



propagation along the corticospinal tract (Direct wave or D wave) (Fig. 2.1).
In humans, the exact structural connections that are activated by evoked
potential stimulation have not been clearly defined. Structures involved in
voluntary motor activity in animal models have been described. Recordings
from deep brain (DB) electrodes used for stimulation and recording in
patients being treated for epilepsy or movement disorders have led to better
definition of motor transmission and its interaction with sensory function
[29]. Use of magnetic stimulation , the only technique available for eliciting
MEPs from awake humans, has allowed simulation to occur with
simultaneous recordings of electroencephalography (EEG) and
electromyography (EMG) as paired responses. These data suggest that the
variability in MEP recordings is due to normal variations in inhibition and
facilitation in the corticospinal and cortical pathways [30]. Much of the
latency seen in MEPs is due to the slower conducting areas of the spinal
pathway, which may explain the MEP sensitivity to hypoperfusion and
anesthetic drugs (see Chap. 19) [31, 32]. Continued investigation using DB
electrodes for therapy in movement and seizure disorders will lead to a
clearer picture of the motor pathways activated by diagnostic transcranial
MEPs during surgery and may lead to a better understanding of the
difficulties in eliciting responses.
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Fig. 2.1 Depiction of the neurologic response pathway with motor-evoked potentials. Stimulation of
the motor cortex (arrow) results in a response that is propagated through the brain and spinal cord to
cause a muscle contraction. The response typically is recorded near the muscle as a compound muscle
action potential (CMAP) or EMG. The response can also be recorded over the spinal column as a D
wave followed by a series of I waves (high frequency repetitive discharges fro the corticospinal fibers)
(from Jameson and Sloan [33]; with permission)

All IOM MEP responses require continuity of the pathway since
disruption of any component will change the measured response. Responses
are affected by health of the neuron (e.g., peripheral neuropathy associated
with diabetes), strength of the stimulus or number of neurons contributing to
the response, propagation distance (height), sex, and temperature. Standard
intraoperative transcranial electrical MEP monitoring in anesthetized patients
uses a high-voltage electrical stimulus (measured in volts) to stimulate
pyramidal cells of the motor cortex. This produces a wave of depolarization
that is estimated to activate only 4-5 % of the corticospinal tract. The motor
pathway descends through the motor cortex, crosses the midline in the



brainstem, and descends in the ipsilateral anterior funiculi of the spinal cord
(Fig. 2.1) [2, 33].

Attempts to stimulate spinal cord motor tracts and then record neurogenic
motor-evoked potentials (NMEPs) from peripheral nerves were done with
stimulating electrodes placed into the epidural space (see Chap. 6) [8, 34]. An
alternate, but less successful method was to use needle electrodes placed near
the lamina of the appropriate spinal segment. Beginning in the 1990s, this
technique for obtaining responses was instituted to eliminate the difficulties
associated with the effects of anesthesia on the cerebral motor cortex when
trying to elicit MEPs. NMEPs have largely been abandoned as a motor
response since current evidence indicates that NMEPs are not mediated by
the same motor pathways as MEP but instead by antidromic conduction in
sensory pathways. Thus, NMEPs are not a motor response at all [32, 35].
Direct cortical or spinal cord stimulation using a strip electrode placed
directly on the spinal cord or cerebral cortex to stimulate motor pathways
continues to be used to map or identify neural tissue with motor functionality.
A detailed treatment of spinal cord motor mapping techniques with grid
electrodes is found in Chaps 9 and 36.

MEP stimulation utilizes a train of usually 3-7 electrical pulses of 100—
500 V intensity (maximum 1000 V) applied through corkscrew electrodes
most commonly placed a few centimeters anterior to the somatosensory
recording electrodes at C3'-C4' (International 10—20 system). Standard
stimulus pulse durations are 0.2 ms with an interpulse or interstimulus
interval (ISI) (period between stimuli) between 2 and 4 ms (Table 2.1).
Corkscrew scalp electrodes increase the electrode surface area and reduce the
risk of burns from the high-energy stimulus. Manipulation in the number of
stimuli, ISI, pulse duration, pulse strength or intensity, and stimulating
electrode locations allows for adequate cortical neuron depolarization.
Parameter changes overcome some of the impediments to propagation such
as the anesthetic effect on the anterior horn cell synapse, preexisting
neuropathy and myelopathy, distance of the motor cortex from the stimuli,
loss of motor neurons, comorbid conditions, and age. The time required to
obtain a MEP is generally less than 10 s. Multiple organizations have
published best practice algorithms that in their hands produce the best signals
[36]. ISI manipulation is frequently cited as a critical stimulus parameter to
adjust to optimize MEP acquisition (Table 2.1) [7, 36, 37].



Table 2.1 Effect of varying the interstimulus interval (IST) and the stimulus pulse duration on the
threshold stimulus Threshold stimulus, which can be in volts or mAmps (mA), is the energy required to
produce a response in 50% of the patients

ISI (ms) |Pulse duration (ms)

0.1 ms |0.2 ms |0.5 ms
Mean motor threshold (mA)
158 + 67 {105+ 33 |76 + 26
140 £ 55 |97 +33 (64 +20
126 £56 (91 +35 |61 +19
179+ 74 {120 £ 45 |83 + 31

Ul |fw|lN

Stimulus was applied at C3/C4. All combinations of ISI and pulse duration
are significantly different from each other at the P value of <0.001. The
lowest mean motor threshold occurred at an ISI of 4 ms and pulse duration of
0.5 ms (adapted from Szelényi et al. [36])

Once stimulation has occurred, a reliable and easily detected response is
required for monitoring purposes. The response typically used is the CMAP
recorded from muscle groups in the extremities, although percutaneous
epidural D and I waves [38], can be used to confirm a response (Fig. 2.1). D
waves, direct activation of the corticospinal neurons [38], have a variable
success rate and following them as a sole source of monitoring is currently
uncommon except in specific surgical procedures such as intramedullary
spinal cord tumors [39, 40].

Standard muscle responses differentiate laterality and therefore localize
neural tissue at risk. These CMAP or EMG responses are recorded using
needle or skin electrodes that are placed in hand muscles of the thenar
eminence (abductor or flexor pollicis brevis), in muscles of the lower
extremities (gastrocnemius, tibialis anterior, and abductor hallucis brevis),
and trunk muscles (intercostals, rectus abdominis). The “best” (largest and
most reproducible) specific muscle response below the site of the surgical
procedure is selected to be followed [36, 40-46]. In our organization,
acceptable CMAP responses are polyphasic with a consistent latency and an
amplitude greater than 150-200 pV. We will continue to follow lesser
responses but inform the surgeon that the information is not reliable. Direct
motor mapping in the spinal cord or cerebral cortex requires needle
placement in the muscle groups that are innervated by the areas being
stimulated (e.g., homunculus hand representation—abductor or flexor pollicis



brevis). This includes those muscles innervated by the cranial nerves (e.g.,
cranial nerve VII: orbicularis oculi or oris).

CMAPs can be difficult to obtain from patients at both extremes of age,
elderly and young children. In addition to age, adults often have preexisting
conditions such as diabetes, hypertension, chronic spinal cord compression,
nerve root injury, chronic hypoperfusion, and axonal conduction changes that
reduce CMAP responses [47]. Children, particularly those under 6 years,
have an immature CNS that makes obtaining a motor response challenging
[48]. CMAP responses can be difficult to obtain in procedures that are
performed on patients with substantial neurologic deficits from preexisting
brain injury (e.g., cerebral palsy) and genetic diseases that impair muscle
function (e.g., Duchene muscular dystrophy, Charcot-Marie-Tooth). Recent
comprehensive review articles address these issues and offer solutions to help
the IOM team obtain signals [49]. Often the most critical decision in
obtaining MEP responses, particularly in those with known neurologic,
metabolic or muscular diseases, is the selection of the anesthetic management
(see Chap. 19).

When spinal cord D and I wave responses are used, they do not
differentiate laterality and D waves do not involve a synapse. The D wave
correlates with the number of functioning fibers of the corticospinal tract
responding to the stimulus. Thus, D wave amplitude changes have
significance. D waves are more commonly used during intramedullary spinal
cord surgery where recording electrodes are placed by the surgeon in the field
[33, 50, 51]. Another alternate method of producing a motor response is the
Hoffmans reflex (H-reflex). It is the electrical equivalent of the spinal cord
reflex elicited by a tendon percussion knee jerk and monitors the sensory and
motor efferent axons as well as the spinal gray matter and components of the
reflex arc [50]. Discussion of this response is outside the scope of this chapter
(see Chap. 8). CMAPs are by far the most common measure of the MEP
response. The literature evaluating D, I, and H waves is very limited.

CMAPs can demonstrate considerable variability even in normal awake
subjects [32, 52]. The variability is magnified during general anesthesia [31,
53]. Most organizations establish standardized criteria for a minimum
baseline amplitude (difference between positive and negative peaks),
complexity (number of positive and negative wavelets) but not latency (time
from stimulus to response). This is necessary to prevent false-positive
monitoring alert when the signal changes. Without these waveform



components, a reliable signal was never present. It assures the surgeon that
the MEP responses will be a reliable measure of function throughout the
procedure. MEP responses are presented in Fig. 2.2. What constitutes a
CMAP change that must be acted upon has not been universally defined.
Permanent loss, a straightforward event, is strongly correlated with
permanent neurologic injury, whereas patients who experience temporary
loss or alerts (a predetermined decrease in amplitude and/or latency)
frequently have normal function at the end of the procedure and ultimately
regain full motor function. Some IOM groups use the presence or absence of
a CMAP response as their sole criteria for notifying the surgeon about a
problem. This criterion allows the use of muscle relaxants as a component of
the anesthetic, which is a common surgical request to eliminate patient
movement at an inopportune time. Other suggested criteria include increases
in stimulus strength greater than 50-100 V, changes in stimuli number or
pattern required to elicit an MEP, or a significant decrease in CMAP
amplitudes (usually >80 %) from the initial responses (without muscle
relaxant). All are considered significant changes by some individuals (Fig.
2.3). Signal recovery after these changes is reassuring and usually predicts
normal postoperative motor function. Loss of CMAP responses requires
notification of the surgeon and anesthesiologist to correct, when possible, the
physiologic issues contributing to the MEP change (see Chap. 20) [1, 54-59].
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Fig. 2.2 Standard normal MEP responses. The CMAP response , a large polyphasic wave, is obtained
from the upper extremity traditionally using the abductor pollicis brevis (APB) and from the lower
extremity using tibialis anterior (TA) and abductor hallicus (AH) brevis. Two lower extremity muscle



groups are used due to the increased difficulty obtaining a consistent response particularly in adults.

Other upper and lower extremity muscles can be used depending on the needs of the specific patient.
Obtained from the author’s archive
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Fig. 2.3 Normal MEP baseline responses and acute injury . Placing the patient prone resulted in the
loss of responses. There was a recovery of response to baseline configuration after adjusting the head
position, increasing blood pressure and eliminating residual desflurane. Obtained from the author’s
archive

Application of MEP Monitoring

Monitoring during structural spine and spinal cord surgery is customarily
multimodal and includes SSEPs, MEPs, and electromyography (EMG, free
running, and stimulated). MEP monitoring is considered essential whenever
spinal cord function is at risk. Thus, MEP monitoring is usually performed
during structural spine surgery from C1 to cauda equina whenever the risk of
cord injury due to stretch, compression, or vascular damage [56, 60] could
occur. “At risk” situations also include any surgery where a compromise of
spinal cord perfusion or direct injury to motor tracks or nerve roots could
occur. Consensus opinion is that the evidence supports MEP monitoring in
the following specific spine procedures:

e Spinal deformities with scoliosis greater than 45° rotation



e Congenital spine anomalies
e Resections of intramedullary and extramedullary tumors

e Extensive anterior and/or posterior decompressions in spinal stenosis
with myelopathy

¢ Functional disturbance of the cauda equina and/or individual nerve roots

However, the evidence does not meet the level 1 standard (large
randomized, placebo-controlled, double-blind studies). The evidence is based
on a large case series and meta-analysis (level 2, 3 evidence) where MEP
changes predicted immediate postsurgical neurologic findings [1, 40, 54-56,
58, 59, 61-63]. A recent evidence-based analysis by the American Academy
of Neurology and American Clinical Neurophysiology Society is strongly
supportive of IOM in spine surgery [46, 56].

Obtaining MEPs remains challenging in some patient populations. They
often require an alteration in anesthetic management to obtain adequate
waveforms—a point that necessitates negotiations between the
anesthesiologist, surgeon, and IOM team. Many of the older prospective
series used SSEPs and EMG but only rarely MEPs due to this issue. In one
study of 1055 adult patients undergoing cervical spine surgery between 2000
and 2005, MEP studies were attempted and obtained in only 26 of 1055
patients due to the perceived difficulties [61]. These were the highest risk
patients for spinal cord injury. With the current relatively routine availability
of total intravenous anesthesia (TTVA) based on propofol, MEPs can be
relatively easy to obtain (see Chap. 19). When used during spine procedures,
MEPs had 100 % sensitivity, 96 % specificity, and a positive predictive value
of 96 % for postoperative motor changes [61]. Adults with cervical
myelopathy had about a 12 % incidence of only MEP alerts (no EMG or
SSEP changes). These alerts were usually followed by resolution after
alterations in anesthetic and surgical management occurred. Nonetheless,
these authors believed that the MEP monitoring provided 100 % sensitivity
and 90 % specificity [64].

MEP changes are relatively infrequent [7] in pediatric procedures. One
group reported that in 172 pediatric spinal deformity corrective procedures,
there were 15 intraoperative MEP alerts, all of which resolved with changes
in management. None of the patients (MEP-alert and MEP-unchanged
patients) had new neurologic deficits. This group concluded that MEP



monitoring alone was adequate for spinal deformity surgery with a sensitivity
of 1.0 and a specificity of 0.97. Patients with persistent MEP changes had
immediate postoperative motor deficits. SSEP changes, when present, lagged
significantly behind the MEP changes and often did not predict outcome [65].
For adults with spinal cord myelopathy, one of the diagnostic criteria
includes changes in MEPs prior to surgical intervention; consequently,
baseline studies, post anesthesia, and prepositioning are strongly
recommended [66, 67].

Consensus opinion supports and studies suggest that the use of
intraoperative spinal cord motor mapping improves long-term motor function
in intramedullary spinal cord tumor resection (see Chap. 36) [68, 69]. The
MEP is the only reliable monitor of motor pathways and is an early predictor
of impending damage to the cord due to the precarious blood supply. For an
anterior approach to an intramedullary spinal cord tumor resection, focal
injury to the anterior spinal vasculature or motor tracts is generally detected
only minutes after a hypoperfusion event; this is considerably faster than with
SSEP monitoring alone [11, 68, 69].

During intracranial procedures , direct cortical stimulation is likewise
used to map motor function and to delineate the demarcation between tumor
and functional tissue. This can be performed using electrode strips, direct
hand-held device, or a Penfield motor stimulation technique. Although the
Penfield technique is often preferred in awake patients, the pulse train
technique used for MEP is associated with less stimulation-related seizures
and is more effective in producing CMAP responses during general
anesthesia. The motor stimulation may replace or augment awake craniotomy
procedures in the supratentorial area when eloquent areas (e.g., speech) or
motor pathways (e.g., internal capsule, motor cortex, and premotor cortex)
are at risk [70—72]. In large clinical studies, sensitivity and specificity are
reported to be between 90 % and 100 %, respectively; however, in some
reports, Broca’s area had a reported specificity of only 64 % and Wernicke’s
area of just 18 % [73].

Excess stimulation strength can cause direct activation of structures at a
distance from the stimulus location. Focal stimulation often involves
manually stimulating portions of the cortex or inserting a strip electrode
under the dura. The usual pattern of transcranial stimulation is performed at
about 1/10th the MEP stimulus strength. A pattern of gradually increasing
stimulus is applied. Recent large case reports have documented that MEP



monitoring assists in delineating the edge between tumor cells and
functioning neural tissue. In a study of 404 patients, all with a low-grade
glioma, MEP mapping substantially reduced the number and severity of
permanent motor deficits while increasing the number of total resections. One
hundred of these 100 patients had temporary motor deficits and only 4
patients had deficits (1 %) remaining 3 months after surgery. Total or subtotal
tumor resection was done in only 11 % of patients prior to motor mapping
but 69.8 % after motor mapping was initiated [74]. A number of other groups
have published similar reports and noted that the long-term outcome is
significantly improved by more extensive tumor resection in both children
and adults for all supratentorial tumors [72, 75, 76]. Neurologic injury to the
posterior fossa can have devastating consequences. Motor mapping is an
effective way to identify both tumor margins and safe resection zones, areas
between cranial nerve nuclei, or entry zones into the floor of the fourth
ventricle. Stimulation can be either transcranial or, more frequently, direct
brainstem stimulation [77].

Intracranial aneurysms and arteriovenous malformations can result in
areas of hypoperfusion during the endovascular embolization, resection, or
temporary and permanent clipping. MEPs identify hypoperfusion in motor
areas and adjacent areas perfused by vessels involved in the vascular lesion.
Identification of MEP change followed by therapeutic intervention appears to
substantially reduce permanent injury. Two large studies with 108 and 129
patients undergoing supratentorial aneurysm clippings found that in cases
where MEPs were unchanged, none of the patients had deficits. One study
confirmed adequate flow with MEPs and with microvascular Doppler
ultrasonography. Both studies reported between 13 and 33 % of patients had
reversible MEP changes; these patients had no neurologic changes
immediately after the procedure or had only transient neurologic changes
from which they fully recovered. Patients with permanent MEP change
(about 20 %) had permanent neurologic deficits, some quite severe [16, 78,
79]. Small case series generally support these findings. The neurosurgical
community has reported improved outcomes during aneurysm occlusion on
basilar, vertebral, and middle cerebral artery aneurysms when using MEP
monitoring. Publications report MEP changes occur rapidly and better reflect
long-term outcomes when the involved vessels provide perfusion to motor
pathways.




Contribution of Anesthesiology to Effective MEP

Monitoring

Without the cooperation and support of the anesthesia care provider,
producing MEP responses and detecting changes is not possible. Most
treatment options, when MEP change occurs, are in the hands of the
anesthesia caregiver. MEP change is not only initiated by surgical activity but
by physiologic management and anesthetic drug choices. Any event that will
impact neural function can impact MEP waveforms (see Chap. 19). This
reality stresses the importance of the team effort, cooperation between the
surgeon, anesthesiologist, and IOM technologist.

Hypotension is of particular interest since deliberate hypotension to
reduce blood loss was once considered a management technique, particularly
in the idiopathic scoliosis procedures in children and during aneurysm
clipping. There is a growing appreciation that the presumed lower limit of
autoregulation is not always adequate for tissues undergoing surgical stress
[80]. Mean BP that is adequate for a young adult patient may not be adequate
for an older adult with many coexisting diseases. Hence, increasing or
maintaining systemic perfusion pressure effectively treats many impending
hypoperfusion injuries (Fig. 2.4).
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Fig. 2.4 Recovery of MEP responses after intraoperative loss. During a posterior cervical fusion of C5
to T4 the patient abruptly lost MEP responses in both lower extremities. After BP elevation and steroid
administration, MEP responses returned only on the left. Patient had weakness on the left, which
resolved over 2 weeks. On the right, the patient had a dense hemiparesis that had not changed 3 months
after surgery. (Tibialis anterior—TA, Adductor hallucis—AH) Obtained from the author’s archive

The acceptable lower limit for hemoglobin has come under question.
Current recommendations by the blood banking community are to allow



hemoglobin to be as low as 7 g/dL during acute blood loss, particularly in
healthy patients [81]. However, anemia can be compensated only within the
limits of the patient’s physiologic ability to increase cardiac output to
maintain local tissue perfusion. Neurologic tissue has a high metabolic
demand and may have compromised perfusion due to pre-existing systemic
disease (hypertension, vascular disease, poor cardiac output, surgical stress,
and inflammation) as well as regional compression (spinal cord stenosis,
surgical activity, position, acute injury). Thus the acceptable lower limit of
blood pressure and hemoglobin is unlikely to be the same for all situations
and is poorly predictable. MEP monitoring allows a functional assessment of
the combination of blood pressure and oxygen-carrying capacity.
Consequently it assesses the adequacy of perfusion in specific patients under
specific surgical conditions. When IOM signals deteriorate, increasing the
systemic blood pressure to the patient’s preoperative value or higher is the
most common and most effective response the anesthesia care team can
provide. Transfusion is also an effective therapeutic intervention when
appropriate. Maintenance of “normal” physiologic conditions within the brain
and spinal cord can be difficult but results in the ideal monitoring conditions
and the best neurologic outcomes.

The impact of dexmedetomidine on MEP monitoring deserves special
comment. Propofol infusion syndrome [82] is diagnosed primarily in
pediatric patients and can prove fatal (see Chap. 19). Thus, substituting
dexmedetomidine for propofol as the “recommended” TIVA hypnotic when
IOM is required has been advocated. Early literature reports suggested that its
use caused no negative physiologic effect or impairment in MEP monitoring
[83—85]. Two recent carefully performed studies found a clinically and
statistically significant attenuation in the amplitudes of MEPs when the
targeted plasma concentrations of demedetomidine exceeded 0.6—0.8 ng/mL
[83, 86, 87]. Another study in which dexmedetomidine was administered in
combination with propofol was discontinued by the safety monitoring board.
Reduction or loss of MEPs occurred in healthy pediatric spines when both
drugs were used in any combination [83]. Dexmedetomidine also has a long
context-sensitive half-life consequently wakeup times can be prolonged.

Risk of MEP Monitoring

MEP monitoring is not without risk. The US Food and Drug Administration



has specified relative MEP contraindications. The most common concern was
direct cortical thermal injury (kindling), but over the last 18 years only two
cases of cortical thermal injury have been reported. In a 2002 survey of the
literature, published complications included tongue laceration (n = 29),
cardiac arrhythmia (n = 5), scalp burn at the site of stimulating electrodes (n
= 2), jaw fracture (n = 1), and awareness (n = 1) [88]. Placing a bite block
between both molars can ameliorate tongue laceration. Notably no new-onset
seizures, epidural hematomas, or infections from epidural electrodes or
movement injuries (e.g., surgical, joint dislocation), neuropsychiatric disease,
headaches, and endocrine abnormalities have been reported. Relative MEP
contraindications include epilepsy, a cortex lesion, skull defects, high
intracranial pressure, an intracranial apparatus (electrodes, vascular clips, and
shunts), cardiac pacemakers, or other implanted pumps. The most common
patient identified side effect is sore muscles [89, 90]. Needle placement will
lead to bleeding and bruising at the insertion site. Infection is always
possible. The prevalence of major and minor problems is astonishingly low.

Conclusion

Clearly the goal of intraoperative monitoring is to provide the greatest degree
of assistance to the operative team for optimal intraoperative decision-
making. The current literature suggests that MEP monitoring provides
excellent specificity and sensitivity whenever motor tracts are involved. As
such, the real question for consideration is which of the techniques available
should be used to complement MEP monitoring in individual patients.

Questions

1. Which of the following does NOT decrease the likelihood that MEP can
be acquired in the OR

a. Very young age
b. Diabetes

c. Long-standing hypertension



d. Myelopathy

e. All of the above

2. During surgery, MEP change in the tibialis anterior that is NOT resolved
by the conclusion of surgery correlates with

a. Loss of proprioception in the feet
b. Loss of vibration sense in the hands
c. Loss of motor function in the leg

d. Loss of speech discrimination

e. Loss of visual acuity

3. Which of the following has been associated with EMG monitoring?
a. Epidural D waves
b. H reflex
c. Stimulation of cranial nerve VII during an acoustic neuroma

d. Stimulation of the posterior tibial nerve

[¢°]

. Neurogenic motor-evoked potentials

4. Which of the following are associated with deterioration of MEP muscle
responses during surgery?



a. Inhalational anesthesia

b. Hypotension

Cc. Anemia

d. Administration of muscle relaxant

e. All of the above

. Compared to SSEP
a. MEP has the same vascular supply in the spinal cord
b. MEP has more synapses in the spinal cord than SSEP

c. MEP is supplied by the posterior spinal artery while the SSEP is
supplied by the anterior spinal artery

d. The MEP is less sensitive to ischemia in the spinal cord

e. All of the above

. When MEP responses are lost during surgery, the most frequent rescue
technique is

a. Change to volatile anesthesia

b. Decrease blood pressure



c. There is no effective therapy
d. Increase BP to preoperative values or higher

e. None of the above

Answers
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Key Learning Points
¢ Auditory-evoked potentials are most useful to monitor the integrity of
the intracranial auditory nerve (cochlear portion of cranial nerve 8)

e The electrocochleogram (ECochG) can provide independent verification
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of stimulus delivery

e Waves I and V are most robust on the AEP; wave I originates from the
cochlea, which is typically not directly in harm’s way. Wave V
originates at the level of the inferior colliculus, medial geniculate body

e Brainstem pathways of the auditory system run predominantly
contralateral to the stimulated ear

e Brainstem auditory potentials are very resistant to the effects of
anesthetic agents

Anatomy of the Auditory System

Sound signals are processed by the auditory system in a sequential manner.
First, the acoustic energy of sound is conducted to the cochlea located within
the inner ear, where conversion to a coded electrochemical signal takes place.
This signal is then transmitted along the auditory pathway via the eighth
cranial nerve, brainstem, and midbrain to the primary auditory cortex.
Various auditory-evoked potentials can be recorded from all these elements
(Fig. 3.1, see also supplemental electronic content (Video 3.1)). The tracings
consist of waves with peaks and troughs that correspond to fluctuations in
electrical potential. Each wave is described as being either a peak (P =
positive deflection) or trough (N = negative deflection) and is further
described in terms of both amplitude (peak-to-peak height) and latency (time
from stimulus). The waves can be divided on the basis of the time between
acoustic stimulus and evoked response into short-, mid-, and long-latency
acoustic-evoked potentials. The long-latency acoustic-evoked potentials
originate in the association cortex and require cooperation and attention.
They are abolished under anesthesia and will, therefore, not be further
considered. Another type of recording that will not be discussed is the
recording of compound action potentials from the auditory nerve, which
requires the surgeon to place an electrode intraoperatively on an anatomic
structure of interest (for a recent review see Simon [1]).



AC = Auditory Cortex
MGHN = Meadial Geniculate Nucleus
1C = Inferior Calliculus

LL = Later Leminiscus

L0C = Superior olivary Complex
CH = Cochlear nucleus
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Fig. 3.1 Neural pathway of the auditory system and recordable potentials. Note that auditory input is
transmitted to bilateral primary auditory cortices and ascends through brainstem and midbrain partially
ipsilateral and partially contralateral to the side of stimulation (for details, see text). The
electrocochleogram (ECochG) contains near-field signals from cochlea and distal auditory nerve
(adapted from Coats [44]; with permission). The brainstem auditory-evoked potential (ABR) reflects
activity in the entire neural pathway. Note how the morphology of individual waves projects differently



in the individual recording channels. In addition to Na and Pa waves reflecting activation of the primary
auditory cortex, the mid-latency auditory-evoked potential (MLAEP) contains a distinctive wave V of
the ABR within its first 10 ms (adapted from Thornton et al. [47]; with permission). Anatomic and
radiographic representations of the auditory pathway can be found in the supplemental on-line materials

Conduction of Auditory Signals from Ear to Cochlea

The ear is subdivided into external, middle, and inner parts. The external ear
is composed of the auricle that acts to collect and direct sound through the
external auditory meatus toward the tympanic membrane. The tympanic
membrane forms the boundary between the external and middle parts of the
ear. The tympanic membrane is covered in a very thin squamous epithelial
layer externally and by a mucous membrane internally. It moves in response
to air vibrations that pass to it through the external auditory meatus.
Movements of the tympanic membrane are transmitted by three auditory
ossicles, the malleous, incus, and stapes, through the middle ear to the inner
ear.

The middle ear lies within the petrous portion of the temporal bone. The
tympanic cavity lies directly behind the tympanic membrane and shares
important anatomical relationships to neighboring structures. Superiorly, the
epitympanic recess is separated from the middle cranial fossa by a thin roof
of bone, the tegmen tympani. The anterior (carotid) wall separates the carotid
canal from the tympanic cavity. The eustachian tube projects through the
anterior wall to connect the middle ear to the nasopharynx. The floor (jugular
wall) is formed by a layer of bone that separates the tympanic cavity from the
superior bulb of the internal jugular vein. The medial or labyrinthine wall
separates the tympanic cavity from the inner ear. The middle ear also
connects posterior and superior with the mastoid air cells through the mastoid
antrum.

The auditory ossicles form a chain that extends across the tympanic
cavity from the tympanic membrane to the oval window (fenestra vestibuli).
The malleous (hammer) is attached to the tympanic membrane. Its superior
head lies within the epitympanic recess, and its handle is embedded in the
tympanic membrane. Movement of the tympanic membrane results in
movement of the malleous. The head of the malleous articulates with the
incus (anvil). The long process of the incus articulates with the stapes
(stirrup). The base of the stapes is attached to the oval window. Typically, the
majority of the sound energy travels via this ossicular chain to the cochlea. If
movement of the tympanic membrane or ossicular chain is restricted by fluid



or a disease process, a conductive hearing deficit results and the far less
effective conduction of sound via bone becomes an important input to the
cochlea. Conversely, during bone drilling, bone-conducted noise may
overwhelm the cochlea and lead to a temporary hearing deficit.

Two muscles lie within the middle ear and act to prevent excessive
movement of the ossicles due to loud noises. The tensor tympani muscle
arises from the superior surface of the cartilage forming the auditory tube, the
greater wing of the sphenoid bone and the petrous part of the temporal bone.
It is innervated by the mandibular division of the trigeminal nerve and inserts
on the handle of the malleolus. The tensor tympani pulls on the handle of the
malleolus , tenses the tympanic membrane, and thus dampens oscillations of
the tympanic membrane. The stapedius muscle arises from the pyramidal
eminence on the posterior wall of the tympanic cavity. It inserts on the neck
of the stapes. It is innervated by a branch of the facial nerve. The stapedius
pulls the stapes posteriorly and tilts the base of the stapes in the oval window.
This acts to tighten the stapes and reduce excessive movement.

Neural Components of the Auditory System and
Electrical Generators Along the Auditory Pathway

Cochlea : Electrocochleogram

The cochlea converts sound waves into action potentials in the neurons of the
cochlear nerve. Sound waves conducted to the oval window propagate in the
perilymph of the cochlea. The action of these waves on the spiral organ of
Corti generates excitatory synaptic input from the cochlear hair cells, which
in turn depolarizes the cochlear end of the auditory nerve. This depolarization
leads to the generation of the eighth nerve compound action potential.

The electrical activity within the cochlea can be recorded in the form of
an electrocochleogram (ECochG; Fig. 3.1). The ECochG includes the
cochlear microphonic, the summation potential, and the eighth nerve
compound action potential. The hair cells generate the cochlear microphonic
and summation potential within the cochlea (for details see section
“Electrocochleogram” below). The eighth nerve compound action potential
results from depolarization within the distal (cochlear) portion of the auditory
nerve axons. It generates wave N1 of the ECochG. It is recorded as a phase
negativity in the middle ear or extratympanic recording site. Sounds used to
elicit ECochGs may produce more than one volley of action potentials within



the auditory nerve, thus producing N1 and N2 (and sometimes N3)
components of an eighth nerve compound action potential. The N1 potential
corresponds to wave I of the brain stem auditory response discussed below.

Auditory Pathway from Cochlear Nerve to Midbrain :
Auditory Brainstem-Evoked Responses

Neural transmission of auditory signals starts with input from cochlear hair
cells into the distal auditory nerve, whose anatomic course puts it at risk of
injury during many procedures in the posterior cranial fossa. Once the signals
reach the brainstem, they pass through a complex series of relay and
processing stations to the midbrain. The signals travel partially ipsilateral to
the side of stimulation, but mostly cross over to the contralateral side (see
Figs. 3.1 and 3.2).
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Fig. 3.2 Fiber dissection of the central auditory pathway . (a) Ventral and dorsal cochlear nuclei.
Posterolateral view of the junction of the cranial nerve with the brainstem. The ventral cochlear nucleus
is situated on the lateral and dorsal cochlear nucleus on the dorsal surface of the inferior cerebellar
peduncle. They are positioned close to the trigeminal spinal tract, facial nucleus, and nucleus ambiguus,
which are located ventromedial to the trigeminal spinal tract. The facial nucleus is hidden deep to the
cochlear nuclei. (b) Anterior view. The ventral pons was removed to expose the medial and lateral
lemnisci and the trapezoid body formed by crossing auditory fibers at the level of the lower pons. (¢)
Left lateral view. Fig. 3.2 (continued) The lateral lemniscus ascends medial to the intrapontine segment
of the trigeminal nerve and lateral to the medial lemniscus and superior cerebellar peduncle to reach the
inferior colliculus. (d) After reaching the inferior colliculus, auditory information is carried to the
medial geniculate body by the brachium of the inferior colliculus, which ascends obliquely on the
lateral surface of the midbrain. After reaching the medial geniculate body, the auditory pathway crosses
beneath the lentiform nucleus in the sublentiform pathway to reach the auditory cortex on the most
anterior transverse temporal gyrus, referred to as Heschl’s gyrus. (e) Posterior view of the midbrain.
The nuclei of the superior and inferior colliculi are located below the surface. The red nucleus is
located at a deeper level. (f) Further dissection. Structures near the inferior collicular implant, in order
from dorsal to ventral, are the oculomotor and trochlear nuclei located just ventral to the aqueduct in
the midline, the trigeminal mesencephalic and central tegmental tracts near the midline, decussation of
the superior cerebellar peduncle at the level of the inferior colliculus and the red nucleus located
between the mid-level of the inferior colliculus, and the lateral wall of the third ventricle. (g) Left
retrosigmoid view. The left cerebellar hemisphere was removed to expose the dorsolateral brainstem
and the ventral and dorsal cochlear nuclei, lateral lemniscus, and inferior colliculus. Aud. auditory, Cer.
cerebellar, CN cranial nerve, Coch. cochlear, Coll. colliculus, collicular; CTT central tegmental tract,
Decuss. decussation, Dent. dentate, Dors. dorsal, Flocc. flocculus, Gen. geniculate, GI. gland, Gyr.
gyrus, Inf. inferior, Lat. lateral, Lemn. lemniscus, Med. medial, Nucl. nucleus, Oliv. olivary, Ped.
peduncle, Pontomed. pontomedullary, Pontomes. pontomesencephalic, Rad. radiations, Sulc. sulcus,
Sup. superior, Tent. tentorium, TMT trigeminal mesencephalic tract, Trap. trapezoid, 7ST trigeminal
spinal tract, Vent. ventral

First-order auditory neurons run in the cochlear division of CN VIII from
the spiral organ of Corti to the dorsal and ventral cochlear nuclei in the upper
medulla. Myelinated dendrites of the auditory nerve pass into and through the
spiral ganglia and form a nerve bundle in the internal auditory canal. Both the
acoustic and vestibular portions of the auditory nerve pass through the
temporal bone alongside the intracranial portion of the facial nerve. Together,
they exit the internal auditory canal and travel to the brainstem. At the point
of exit from the internal auditory canal, both facial and vestibulocochlear
nerves make an acute turn from the anteromedial trajectory of the internal
auditory canal within the petrous pyramid of the temporal bone
posterolaterally toward the cerebellopontine angle of the brainstem. This
acute turn “anchors” the vestibulocochlear nerve and puts it at risk of a
stretch-induced neurapraxic injury during retraction of the brainstem,
especially if the anatomy of the posterior fossa is already disrupted by
pathology such as a cerebellopontine angle tumor.

Auditory nerve fibers synapse at either the posterior ventral cochlear



nucleus or the anterior ventral cochlear nucleus. Fibers that synapse at the
posterior ventral cochlear nucleus also have connections with the dorsal
cochlear nucleus. From the cochlear nuclei, second-order neurons may follow
several pathways or combinations of pathways en route to the inferior
colliculus. Most fibers decussate via the trapezoid body and pass up the
lateral lemniscus to the contralateral inferior colliculus of the midbrain. Some
fibers synapse in either the medial or lateral superior olivary nuclei. Others
pass through the ipsilateral lateral lemniscus to the ipsilateral inferior
colliculus. All ascending fibers synapse at the inferior colliculus. Third-order
neurons from the inferior colliculus ascend to the medial geniculate body at
the level of the thalamus on each side. Fourth-order neurons pass through the
internal capsule and then form the auditory radiation to the primary auditory
cortex. This complex pattern of tracts and relay stations is involved in
elementary processing of auditory input, e.g., by extracting directional
information about the source of sounds or as the afferent limb of auditory
startle responses.

Activity in the neural pathways from the cochlea up to the midbrain can
be recorded in the form of auditory brainstem responses (ABRs, sometimes
also called brainstem auditory-evoked responses [BAERs] or brainstem
auditory-evoked potentials [BAEPs]; see Fig. 3.1). Peaks in a recording of
ABRs are labeled I through VII. As with other sensory-evoked potentials, the
wave amplitude, absolute latencies, and interpeak latencies are evaluated to
assess the integrity of the auditory system . The purported generators for
these peaks are shown in Fig. 3.1 and are summarized in Table 3.1. Although
some researchers have postulated that each peak corresponds to one
generator, it appears that most ABRs are a result of the summation of inputs
from multiple generators [2—4]. The pattern of connections in the auditory
system contributes to this complexity, as ascending fibers both cross and
bypass relay nuclei [4—6]. Nonetheless, the information in Figs. 3.1 and 3.2
and Table 3.1 can be used to help localize the site of an injury. While
functional deficits can often be localized when injury or ischemia occurs, the
complexity of the system may sometimes lead to changes in ABRs with no
change in function [7, 8].

Table 3.1 Purported neural generators of ABR peaks?

Peak|Generator

I Acoustic nerve (extracranial)




IT | Acoustic nerve (intracranial), cochlear nuclei

IIT | Cochlear nuclei

IV |Lateral lemniscus, superior olivary complex

V  |Inferior colliculus; contralateral lateral lemniscus

VI |Medial geniculate nuclei

VII |Thalamocortical radiations

aPeaks I, III, and V are considered the most useful for intraoperative
neuromonitoring of ABRs. Most peaks are likely a result of the summation of
inputs from multiple generators. While not all of these generators have been
proven, the designations are clinically useful because they point out the
approximate location of an injury. ABR brain-stem auditory-evoked potentials

Wave I of the ABR arises from action potentials in the most distal portion
of the myelinated auditory nerve [9]. Wave I of the ABR is equivalent to N1
of the ECochG [10]. Wave I is a near field potential, recorded in the vicinity
of the ipsilateral stimulated ear. It represents the peripheral potential of this
sensory modality. Loss of wave I may indicate damage to the inner ear, but
may also be caused by technical problems in the delivery of acoustic stimuli
to the ipsilateral ear . When wave I is absent, ABRs cannot be used to make
inferences about the integrity of the brainstem. Wave II of the ABR occurs at
approximately the same latency as N1 of the compound action potential of
the proximal auditory nerve to the cochlear nucleus. It occurs on the
ipsilateral side. Wave III predominately originates in the caudal pontine
tegmentum and region of the superior olivary complex. Near-field activity in
the ipsilateral cochlear nucleus corresponds with wave III [11]. Ascending
projections are bilateral, so wave III may receive input from both the
ipsilateral and contralateral ear. Scalp-recorded wave III has been recorded at
the same time as near-field activity in the cochlear nucleus [12]. Other
recordings from the area of the cochlear nucleus in the lateral recess of the
fourth ventricle indicate activity that coincides with wave IlIn (the negative
peak between III and IV) [13, 14]. The auditory nerve may continue to be
active during generation of the scalp-recorded waves III and IV [4]. Waves
IV and V are often fused into a IV-V complex and their generators appear to
be in close proximity of each other. Wave IV appears to reflect activity in
ascending auditory fibers within the dorsal and rostral pons, caudal to the
inferior colliculus with input from both ipsilateral and contralateral sides.



Wave V appears to predominantly reflect activity at the level of the inferior
colliculus, perhaps including activity in the rostral portion of the lateral
lemniscus as well as activity in the contralateral lateral lemniscus as it
terminates on the inferior colliculus [4, 11]. Waves VI and VII are
inconsistent and variable; therefore, they are not routinely monitored [15].
Most intraoperative neuromonitoring utilizes only waves I, III, and V to
guide the intraoperative course [6, 16, 17].

Primary Auditory Cortex: Mid-Latency Auditory-
Evoked Potentials

Tracts carrying auditory information project from the medial geniculate body
to the cortex and other brain areas by multiple routes [18]. The medial
geniculate body and cortex are linked by two main routes. The first pathway
from the ventral medial geniculate body carries only auditory input and
follows a sublenticular route through the internal capsule to Heschl’s gyrus in
the superior temporal lobe. The second pathway from the medial geniculate
body projects into the inferior portion of the internal capsule and carries
mixed auditory, somatic, and possibly visual sensory input. Auditory fibers
from the medial geniculate body also project to the caudate nucleus, the
putamen, and the globus pallidus.

Intrahemispheric and interhemispheric connections occur within the
primary auditory cortex . Multisynaptic pathways likely exist in the middle
and posterior areas of the superior temporal gyrus. Fibers also extend from
the superior temporal gyrus to the insula and frontal operculum. The arcuate
fasciculus provides auditory input from the auditory cortical areas in the
temporal lobes to the frontal lobes. Wernicke’s area in the temporal lobe and
Broca’s area in the frontal lobe receive auditory information via the arcuate
fasciculus. Auditory input also passes to the hippocampus and occipital
regions of the brain. Although these areas and pathways are not anatomically
defined, they provide auditory input to memory and visual association areas.
Auditory information passes between the two hemispheres through the corpus
callosum, the primary connection between the left and right hemispheres. The
transcollosal auditory pathway begins at the auditory cortex and passes
posteriorly and superiorly around the lateral ventricles.

Electrical phenomena associated with activation of auditory cortex can be
recorded in the form of mid-latency auditory-evoked potentials (MLAEPs,



see Fig. 3.1). MLAEPs are observed 10—60 ms after an auditory stimulus
[19]. They appear to arise from the ventral portion of the medial geniculate
body and primary auditory cortex in the primary pathway and also
nonprimary pathways in the auditory thalamocortical projection [20, 21].

MLAEPs consist of four deflections, labeled Na, Pa, Nb, and Pb. Na and
Pa latencies are between 10-25 and 22—40 ms, respectively [19]. Nb latency
is at 40 ms and Pb is at 40-60 ms. Magnetoencephalographic and
intracerebral recordings suggest that the Na/Pa complex is generated in the
posteromedial part of the first transverse gyrus. MLAEPs correlate well with
wakefulness during general anesthesia when using desflurane or propofol
[22] and are associated with awakening from anesthesia following verbal
command [23]. MLAEPs may be abnormal in neurologic diseases such as
dementia, Parkinson’s disease, multiple sclerosis, and myotonic dystrophy
[24-32].

Vascular Supply of Auditory Pathway Structures

The cochlea receives its blood supply from the internal auditory artery, which
is usually a branch of the anterior inferior cerebellar artery. The internal
auditory artery is quite small in diameter and passes through the internal
auditory canal along with the eighth nerve [33]. Damage to this artery will
cause cochlear ischemia or infarction. Cochlear ischemia from obstruction or
disruption of the internal auditory artery may affect the ECochG and wave I
of the ABRs resulting in the loss of all subsequent components [34]. This
may occur during tumor resection and lead to postoperative deafness [35].
These effects may be reversible if perfusion is restored within 15 min [35].

The brainstem (medulla, pons, and midbrain) receives the bulk of its
blood supply from the vertebrobasilar system [36]. Except for the
labyrinthine branch and early branches of the vertebral arteries, all other
branches supply the brainstem and medulla. In principle, conducting vessels
run along the brainstem surface, whereas the nuclei within the brainstem and
the fiber tracts are supplied by perforating vessels. The vertebral arteries
supply the medulla. The paramedian branches of the basilar artery supply
medial pontine structures. Short circumferential arteries supply the
anterolateral pons. Long circumferential branches of the basilar artery run
laterally over the anterior surface of the pons and anastomose with branches
of the anterior inferior cerebellar artery . The inferior colliculus receives
blood from the anterior inferior cerebellar artery (caudally) with some



reinforcement rostrally from the superior cerebellar artery. Quadrageminal
arteries arise from branches of the basilar artery and also supply the inferior
colliculus.

The medial geniculate nucleus lies in the dorsal thalamus and receives its
blood supply from posterolateral arteries (thalamogeniculate), which arise
from the posterior cerebral artery. The primary auditory cortex, which lies in
the superior temporal lobe, is supplied by branches of the middle cerebral
artery and, therefore, by the anterior cerebral circulation. Interhemispheric
fibers that connect the left and right auditory cortex pass through the
posterior corpus callosum, which receives its blood supply from the
pericallosal artery, a branch of the anterior cerebral artery [18, 37].

ABRs may change during posterior fossa surgery as a result of ischemia
or infarction from clipping or compression of arteries that perfuse the
brainstem auditory pathways [8]. Patients who experience major changes in
ABRs that persist to the end of the operation almost always have new
postoperative neurologic deficits [38, 39]. Changes in waveforms almost
always reflect anatomical deficits. For example, damage below the
mesencephalon will affect wave V, and wave III may or may not be spared
depending on the location of the lesion. Wave III would be lost if the lesion is
caudal to or at the superior olivary complex. However, wave I would remain
intact. Interruption of the blood supply proximal to the internal auditory
artery may affect wave 1. For example, during posterior fossa vascular
surgery, damage to the vertebrobasilar system, which supplies the anterior
inferior cerebellar artery and the internal auditory artery, could cause
ischemic cochlear damage and loss of all waveforms.

Techniques for Recording Auditory-Evoked Potentials

Auditory-evoked potentials can be recorded from all neuronal structures that
contribute to the auditory system [40]. The first potentials generated in
response to sound come from the cochlea. They can be recorded in the form
of the ECochG . Because the cochlea lies well protected in the temporal bone,
direct damage during surgery is typically either not a concern or planned as
part of the surgical access, such as in the translabyrinthine approach to the
posterior fossa. Therefore, monitoring of the ECochG is not widely used.
From the cochlea, potentials are carried along the auditory nerve and the
brainstem to the primary auditory cortex and further to association areas of



the cortex. MLAEPs reflect activation of the primary auditory cortex
occurring 10-50 ms after acoustic stimulation. MLAEPs are also sensitive to
the effects of general anesthetics and are therefore not used for intraoperative
monitoring of the integrity of the auditory pathway. On the contrary, because
of their sensitivity to anesthetics, they have been used to monitor cortical
anesthetic drug effect in order to help assess “anesthetic depth.” Their
performance as a monitor of anesthetic depth is comparable to that of other
monitors relying on the processed electroencephalogram (EEG) [41].
Recording MLAEPs requires both stimulation and recording and is therefore
technically more elaborate than the set-up for processed frontal EEG. This
fact has hampered commercial exploitation and clinical acceptance of
MLAEPs as a monitoring technique during anesthesia.

Short-latency potentials occur less than 10 ms after an acoustic stimulus
and originate in the acoustic nerve and brainstem. They are typically referred
to as auditory brainstem responses (ABRs); sometimes also described as
BAERs or BAEPs. An anesthesiologist is most likely to encounter
intraoperative use of auditory-evoked potentials in the form of ABRs.

The recording of auditory-evoked responses presents significant technical
challenges because the signals originate from anatomical structures that are
far removed from the site of electrode placement on the head’s surface.
Because of this distance between purported anatomical generator and
recording electrode, these types of responses are called far-field responses.
Their amplitude is small, typically less than 0.5 pV, compared to the EEG
and the electrocardiogram, which are a 100 and a 1000 times larger,
respectively. Because of their small amplitude, auditory-evoked potentials
cannot be seen on continuous recordings of electrical activity. Instead they
require signal averaging of the responses to 500—2000 acoustic stimuli.

Stimulation

Acoustic stimuli are presented intraoperatively as “clicks” of 100-ps duration.
The clicks comprise a broad spectrum of tone frequencies and thus activate
much of the cochlea. This nearly simultaneous activation of the cochlea
triggers a synchronized volley of action potentials in the acoustic nerve,
which in turn can be recorded as well-defined peaks in the auditory-evoked
response. Clicks can be delivered in three different “polarities”—rarefaction,
condensation, or alternating (Fig. 3.3). The description of the click polarity
refers to the initial movement of the tympanic membrane away from, toward



or alternating between away and toward the stimulator. In practice, either an
alternating polarity is used in order to cancel out the stimulus artifact or the
polarity that results in the clearest response. In rare instances bone
conduction can be used to deliver the acoustic stimulus.

The intensity/volume of the click stimulus can be based on the results of
preoperative determinations of hearing thresholds. A stimulus intensity of 70
dB above normal hearing level (70 dB nHL) normally yields maximal
auditory responses. In the absence of a preoperative audiogram, 90-95 dB is
frequently used, particularly in the presence of a preoperative hearing deficit.
Note that a decrease in the stimulus intensity as it is delivered to the cochlea
reduces the amplitude of the auditory-evoked potentials (see Fig. 3.3). Such a
reduction can result from a dislodged stimulator, fluid in the middle ear (e.g.,
from breached mastoid air cells), accumulation of nitrous oxide in the face of
a blocked eustachian tube, or damage to the auditory pathway.

Depending on the structures at risk during surgery, stimuli are typically
presented unilaterally even though rostral parts of the auditory pathway
proceed largely crossed over to the contralateral side, but also to a lesser
extent uncrossed (see above). Unilateral presentation of stimuli allows
diagnosis of lesions to the cochlea and distal auditory nerve ipsilateral to the
side of stimulation. If unilateral stimulation is used, bone conduction to the
contralateral ear is typically “blocked” by masking. Masking refers to the
continuous administration of white noise to the nonstimulated ear typically at
intensities 30 dB less than the click stimulus. An alternative way of
stimulation is the use of interleaved stimuli alternating between right and left
ear, but sorted into separate averaged recordings for left and right ear
stimulation. Such interleaved stimulation does not allow for masking, but the
small decrement in sensitivity is made up by the fact that both sides are
monitored continuously. Bilateral stimulation is sometimes used to record
MLAEPs.

Because auditory responses up to the level of the brainstem occur within
10 ms of stimulation, stimuli can be presented as frequently as 30—50 times
per second (30-50 Hz). If there is a preexisting hearing deficit such as that
caused by a large acoustic neuroma, slower stimulation at 10-15 Hz may be
necessary. Stimulus rates should never be equal to or a divisor of the line
frequency of 60 Hz, because signal averaging will then tend to augment the
electromagnetic interference from the line frequency rather than canceling it
out.



Physically, the stimuli can be presented either with earphones or with
foam ear inserts connected by a tube to stimulators placed at a short distance
(i.e., <10 cm) from the ear. Earphones are used less frequently, because they
put a source of electromagnetic interference close to the generators of the
auditory response. Ear inserts are less bulky and do not contribute to noise.
The acoustic transmission of sound from the stimulator through the tube
insert to the tympanic membrane delays auditory responses by less than 1 ms.

Electrocochleogram

Recordings of the ECochG require placement of a primary electrode close to
the cochlea. During middle ear surgery, such an electrode can be placed on
the promontory or the round window. A noninvasive recording is possible
from the external ear canal, which is preferred over a more distal mastoid
electrode [42]. The secondary or reference electrode can be at the
contralateral ear or at Cz. The filter bandpass is set to 5000—-3000 Hz.
Stimulation parameters are typically the same as those described above, even
though the two cochlear potentials depend on stimulus duration and are more
pronounced, when longer stimuli are used [43]. Typical timebases used for
ECochGs are less than 10 ms.

Three potentials characterize the ECochG (Fig. 3.3). In sequence of
activation, they are the cochlear microphonic, the summating potential, and
the N1 potential. Based on the sequence of steps that translate auditory input
into nerve impulses, the cochlear microphonic and summating potential
originate in the hair cells of the organ of Corti and the N1 potential originates
in the distal auditory nerve. The cochlear microphonic is an AC voltage that
mirrors the waveform of the acoustic stimulus. Therefore, it can be
minimized by stimulating with alternating polarity and can be augmented by
subtraction of traces recorded with alternating polarity (Fig. 3.3) [44]. In
contrast, the summating potential is a DC current thought to reflect the fact
that transduction of the stimulus by the hair cells does not occur uniformly
and at the same time throughout the cochlea. Therefore, the summating
potential is increased in patients with inner ear diseases such as Meniere’s
disease that further distort the transduction of acoustic stimuli in the inner ear
[44]. With the short clicks typically used for stimulation, the summating
potential is reflected as a “shoulder” on the much larger N1 potential. The
final potential recorded in the ECochG is the N1 potential, which reflects
activation of the distal auditory nerve and thus the same physiologic



phenomenon as wave I of the ABR. Because it is a near-field potential, it is
large in amplitude and requires fewer averages than a full ABR. Those
laboratories that use ECochG for intraoperative monitoring typically focus on
the N1 potential to quickly ascertain successful stimulation of the auditory
system similar to the more familiar Erb’s point recording used with SSEPs.

Effect of Stimulator Polarity on ABRs
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Fig. 3.3 Effect of click polarity and stimulus intensity on brainstem auditory-evoked potentials. The



top panel shows ABRs recorded in response to three different click polarities. Note that click polarity
has notable effects on the early ABR in the A2-Cz channel, because it contains information from the
ECochG. The bottom panel shows the effect of a stepwise decrease in stimulus intensity on the ABR.
Note that wave I is lost at stimulus intensities less than 80 dB, suggesting a problem with sound
delivery, whereas the desynchronization of waves III and V at low stimulus intensities are
indistinguishable from changes caused by damage to the auditory system



Electrocochleogram (ECochG)
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Fig. 3.4 ECochG and effects of anesthesia on brainstem and MLAEPs. The ECochG contains a
prominent wave N1 that coincides with activation of the distal auditory nerve. N1 is larger than a
typical ABR and therefore easier to record than wave I of the ABR. Electrical activity within the



cochlea is reflected in the cochlear microphonic and summating potential. Subtraction of ECochG
traces in response to rarefaction and condensation clicks emphasizes the cochlear microphonic (middle
panel), whereas addition emphasizes the summating potential. Anesthesia with halothane differentially
affects ABRs and MLAEPs. Whereas the latency of wave V of the ABR increases by less than 1 ms
and the amplitude is unaffected (left panel), the mid-latency response nearly vanishes at high
concentrations of halothane. (Right panel adapted from Coats [44]; with permission. Right panel
bottom adapted from Thornton et al. [47]; with permission.)

Brainstem Auditory-Evoked Potentials

A normal ABR recording should show at least three clearly identifiable
waves/peaks. Although an ABR recording is classically described as
containing seven waves (see Fig. 3.1), a minimum of waves I, III, and V
should be present for the signal to be useful for intraoperative monitoring. A
typical montage includes electrodes on the ipsilateral ear and one at the
vertex, i.e., A1-Cz and A2-Cz for left and right sides, respectively. Additional
channels can be used to aid in the identification of individual peaks (see Fig.
3.1). Specifically, a cervical midline electrode referenced to Cz sometimes
aids in identification of wave V, whereas an A1-A2 or A2-A1 channel can
aid in identification of wave I if the ECochG is not monitored separately.
With the exception of wave I, all potentials recorded as ABRs originate from
structures deep within the head and are considered far-field potentials.
Therefore, wave I shows up best in channels that contain an electrode near
the ipsilateral ear. Subsequent waves, in contrast, can be activated by
stimulation from either side and contain limited information that allows
assignment of changes to either the right or left side. In a baseline recording,
it is important to clearly identify wave I and compare it with that from the
contralateral ear. Clear identification of wave I guards against situations
when the stimulators for the right and left sides have mistakenly been
reversed. Furthermore, the presence of wave I assures delivery of an adequate
stimulus and thus allows identification of unilateral damage to the ipsilateral
auditory nerve.

The typical epoch for ABRs is 10 ms although the stimulus delay
imposed by ear insert stimulators and the presence of hearing loss sometimes
requires a longer epoch. The bandpass is set from 100 or 150 to 3000 Hz and
a notch filter for the 60-Hz line frequency can be added.

MLAEPs

Auditory-evoked potentials beyond the brainstem are recorded either for



research purposes or to measure anesthetic drug effect [45, 46]. Examples of
late potentials include the event-related potential P300, which occurs about
300 ms after an appropriate stimulus or the mismatch negativity that occurs
late after an oddball sequence of stimuli. Both reflect elements of higher
order processing and are absent under anesthesia. Latency and amplitude of
early peaks of the MLAEP correlate with anesthetic drug effect (see Fig. 3.3)
[47]. Two commercial monitors of anesthetic drug effect have been
developed based on MLAEP technology, although neither is widely used
[48]. Stimulation for MLAEPs can be done as described above, although
stimulus durations up to 500 ps and simultaneous stimulation of both ears are
described. The typical band pass is set to 15-250 Hz. The stimulation rate
needs to be less than 10 Hz because the epoch is at least 50 ms. The montage
can be mastoid—Cz, especially under anesthesia, but can also be a midline
montage of a cervical electrode referenced to Cz or Fz. The benefit of using a
midline montage is that it avoids recording the postauricular muscle response
[45]. The postauricular muscle response is an involuntary muscle reflex in
response to loud acoustic stimuli. Its amplitude may exceed that of the
MLAEP and its latency of 15-20 ms coincides with the early peaks of the
MLAEP. Furthermore, because it is triggered by the acoustic stimulus, signal
averaging will not remove it.

Anesthetic and Physiologic Considerations for

Monitoring of Auditory Brainstem Responses

Auditory brainstem responses are very resistant to the effects of general
anesthetic agents (see Fig. 3.3) [47]. Therefore, no modification of the
anesthetic approach to a patient is needed because of ABR monitoring. The
small increases in latency caused by anesthetic agents are not clinically
significant and are easily distinguished from changes in ABRs caused by
technical and physiologic factors.

Sometimes technical problems cause gradual or abrupt changes in ABRs
intraoperatively in the absence of physical damage to the auditory pathway
(see also Chap. 29, “ENT and Anterior Neck Surgery”, Tables 29.2 and 29.
3). Diminished input can occur abruptly, e.g., by kinking the tube of an ear
insert on the down ear in a lateral or park bench position, or gradually, e.g.,
by fluid accumulation in the middle ear. Conduction in the middle ear
diminishes when fluid enters the middle ear either in the form of irrigation



fluid, e.g., during drilling in the mastoid bone, or as blood from any of the
anatomic structures in the vicinity. Accumulation of nitrous oxide in the face
of a blocked eustachian tube can also decrease conduction in the middle ear.
Note that the changes caused by diminishing acoustic input look very similar
to progressive damage of the auditory pathway if changes to wave I are not
assessed (see Fig. 3.2). Finally, drilling of bone causes noise of an intensity
that overwhelms the cochlea, prevents recording of ABRs during drilling, and
alters ABRs recorded shortly after the cessation of drilling.

Physiologic factors that affect the entire ABR are interruption or
vasospasm of the cochlear artery or avulsion of fascicles of the distal auditory
nerve within the inner auditory canal. Both diminish or abolish wave I and all
subsequent waves of the ABR and result in diminished hearing or deafness,
respectively.

The intracranial portion of the auditory nerve can be affected by traction
on either nerve or brainstem resulting in an increase in the latency between
waves I and III. This change occurs only ipsilateral to the side of the injury.
The degree of desynchronization of wave III reflects the severity of the insult
and frequently the rate of change of the potential is inversely related to
reversibility, i.e., a signal that changes profoundly and rapidly is less likely to
recover [49]. Similar changes can be caused by cold irrigation or heat from
the cautery or drying of the auditory nerve [50, 51]. Application of
papaverine to relieve vasospasm [52] or aggressive attempts to fill the
subarachnoid space with irrigation fluid prior to dural closure may lead to
ABR changes [53].

Damage to the brainstem either in the form of direct trauma or through
compromise of blood supply or blood flow will be reflected in ABRs to the
extent that the auditory pathway is involved. While persistent ABR changes
nearly always predict brainstem dysfunction, damage to the brainstem may
still occur even though ABRs remain unchanged. Many centers use ABRs
together with other modalities such as somatosensory-evoked potentials
(SSEPs) and motor-evoked potentials (MEPs) to monitor the integrity of the
brainstem. Again persistent changes in monitored signals typically predict
new postoperative deficits, but unchanged signals do not rule out the
potential for injury to the brainstem. That is because the monitored pathways
only cover a small part of the cross-sectional area of the brainstem. Thus,
multimodality monitoring has good specificity, but limited sensitivity for
assessing brainstem integrity.
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Introduction

One of the important goals of surgical procedures involving the visual
pathways (retina, optic nerve (ON), optic chiasm, optic tracts, lateral
geniculate nucleus in the thalamus, optic radiation, and occipital visual
cortex) is the preservation of visual function and in cases of visual
impairment, where possible, its improvement [1-4]. With these goals in
mind, efforts to evaluate and enhance the usefulness of intraoperative
monitoring (IOM) of the visual pathways that began in the early 1970s have
continued. Wright et al. [5] are generally credited with the first report of a
method for continuous monitoring of the visual pathways in 1973; utilizing
brief flashes of light to evoke electroretinographic (F-ERGs) and visual-
evoked potentials (F-VEPs) during orbital surgery. This triggered a number
of other researchers to test their usefulness [2, 3, 6-21]. While some have
reported favorable results and outcomes [5, 22—31], others have dismissed
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their use, citing technical difficulties associated with the delivery of visual
delivery in an operating room (OR) setting, large inter- and intra-individual
variability, instability and unreliability of the visual responses [32—-36], their
susceptibility to anesthetics, particularly inhalational agents [32—37], and
lastly and most damning, the poor correlation of IOM results to postoperative
functional outcomes. All of these findings have led to a general
disenchantment with their intraoperative use [7, 12, 18, 32—-35, 37-45].

Still, on a case-by-case basis, monitoring of visual-evoked potentials (F-
VEPs) has helped guide surgeries of the orbit [46—48], and anterior visual
pathways during tumor or lesion removal where its use has helped identify
encroachment of tumors on the optic chiasm, and has aided in the
differentiation of normal ON tissue from tumor tissue; especially when the
tumor encompasses the ON [2, 12—15, 19, 20]. Direct ON stimulation has
helped navigate during surgical removal of tumors involving the anterior
visual pathway and skull base tumors [13—15, 49, 50] with good outcomes.
Though improved microsurgical techniques during procedures involving the
sellar and parasellar regions [19] have significantly reduced the incidence of
visual complications related to ON or chiasmal manipulation and/or
devascularization, the potential remains for real-time, inadvertent, and
potentially harmful maneuvers that may cause prolonged or intense indirect
traction or compression of the ON to go unnoticed. Concern for preventing
devastating outcomes to the visual pathway has encouraged a small but
dedicated group of researchers to pursue refinement of the techniques for
IOM of the visual pathways [2, 3, 13, 15, 19-25].

Other reports of beneficial use of IOM visual pathway monitoring have
been contained in the literature. F-ERGs [51, 52] and F-VEPs [36, 37, 53, 54]
have been reported to be helpful in assessing the depth of anesthesia. F-ERGs
have been utilized in monitoring retinal function during eye surgery [46, 47,
54-56] and endovascular procedures involving orbital or periorbital vascular
lesions [21] with good outcomes. They also have been used to monitor retinal
perfusion during procedures employing extracorporeal circulation and
hypothermic circulatory arrest [11, 57]. F-VEPs have reportedly been helpful
for anatomic navigation of the optic radiations during surgical treatment of an
occipital arteriovenous malformation [17], and by use of diffusion tensor
imaging-based tractography for functional monitoring of the visual pathway
[58]. Finally, visual-evoked responses obtained from direct stimulation of the
optic tract have been used as a method for globus pallidus internus (GP1i)



targeting during pallidotomy [59, 60] and deep brain stimulation (DBS)
interventions for treatment of Parkinson’s disease where such procedures are
performed under general anesthesia or for patients who otherwise are unable
to cooperate during the procedure [16]. Although many of the above reports
involved case report(s) or series, their findings suggest that further
examinations of these monitoring methodologies and applications are needed.
A better understanding of visual stimuli, the portions of the visual pathways
that are stimulated, the methods for recording neurophysiologic responses,
the effects of surgical manipulation, anesthetic management, and other
perioperative factors on responses, will hopefully lead to improved IOM
results. This in turn may spark renewed interest in research to further enhance
techniques and outcomes for IOM of the visual pathways.

Anatomy and Physiology of the Visual System

The optic structures of the eye project images onto the light-sensitive
receptors of the retina, where a surprisingly high degree of neural processing
is accomplished through the retina’s complex pattern of interconnections
between excitatory and inhibitory neurons . Some nerve fibers have small
excitatory fields surrounded by inhibitory areas, and others have inhibitory
center areas surrounded by excitatory ones. As a result, a good stimulus for
exciting the visual pathway would be one that undergoes changes in contrast
gradients (i.e., pattern-reversal). Because, in general, patient cooperation is
not possible for the majority of surgical procedures, it is not feasible to utilize
stimulation using high-contrast pattern reversing checkerboard stimuli that
are used in diagnostic testing. Hence, the frequently employed stimulus for
eliciting VEP responses for monitoring purposes has been flash stimuli [24,
61-63]. While the spatial distribution of the light over the visual field of each
eye is transmitted to the brain through the optic nerves, very little information
regarding the temporal variations in illumination is conveyed. Therefore it is
key to note that when flash stimuli are employed for IOM monitoring
purposes, what is actually being monitored is the visual pathways for light
perception and not for visual acuity [64].

The neural information of flash stimuli travels from the optic chiasm
onward, via the optic tracts to the lateral geniculate body in the thalamus,
which then projects via connections to the visual cortex (Fig. 4.1) [64].
Though coding of the visual system has been intensively studied yielding a



wealth of information about the retina’s complex neural network responses
[65], information about the gross response from the ON and lateral geniculate
body to flash stimuli remains relatively sparse, and in general, early cortical
activation following flash visual stimulation is not well understood in humans
[65]. It is important to note that the optic pathways cross at the chiasm such
that monocular or binocular flash stimuli used in monitoring will produce
bilateral pathway activation behind the chiasm unless a means of hemifield
visual stimulation can be utilized (as can be done in awake subjects).

Fig. 4.1 Schematic drawing of the visual pathway. OC optic chiasm, SC superior colliculus, LV lateral
ventricle (from Moller et al. [64]; with permission)

Eliciting and Recording Flash Visual-Evoked

Potentials

Depending on the portion(s) of the visual pathways at risk during surgical
procedures, a number of strategies for stimulation of those pathways have
been explored.



Flash Electrographic Response

Responses generated by stimulation of the retina (F-ERG) have played a
fundamental role in the diagnostic evaluation of retinal health [66]. For [IOM
purposes, they have been primarily used to ensure retinal and visual pathway
stimulation . They also have been used to monitor surgeries of the orbit and
as a measure of anesthetic depth [46, 47, 51, 52]. The main components of
the F-ERG are a negative-going a-wave with latencies occurring between
24.2 + 1.1 and 27.2 + 3.7 ms and a positive-going b-wave with latencies of
45.0 £ 1.5-55.1 + 7.4 ms. The a-wave, in response to a bright flash, largely
reflects photoreceptor function but there may be a contribution from
postreceptoral structures [67]. The b-wave, which is of higher amplitude than
the a-wave in normal subjects, reflects postphototransduction activity. The
origin of the ERGs’ a- and b-waves is reportedly a combination of activities
that include photoreceptor potentials, potassium-mediated current flow, and
DC potentials within Miiller cells [67]. The F-ERG to a flash stimulus is a
mass response; thus F-ERG responses can appear normal when dysfunction is
confined to small retinal areas (e.g., macular dysfunction). It has been
reported that despite the macula’s high photoreceptor density, an eye with
purely macular disease has a normal bright single flash ERG response [67].
Typical ERG-VEP responses to flash stimuli delivered by light-emitting
diode (LED) goggles are included in Fig. 4.2.



Flash ERG and F-VEP Responses During Cerebral Angiography
with Stenting and Ceiling of the Right Opthalmic Artery
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Fig. 4.2 An example of intraoperative flash electroretinograms (F-ERGs) recorded from surface
electrodes placed in the orbital notches bilaterally and referenced 3 cm laterally and flash visual-evoked
responses (F-VEPs) recorded from electrodes placed at left occipital (O1), mid-occipital (Oz), and right
occipital (O2) scalp locations is shown. The responses were obtained at baseline for a patient
undergoing endovascular cerebral angiography with stenting and coiling for treatment of a right
ophthalmic artery aneurysm. The rate of flash stimulation was 1.1/s. An average of 100 responses was
obtained. Anesthetic management included induction with thiopental, sufentanil and dexmedetomidine
(1 pg/kg), and maintenance with sufentanil infusion, 0.5 MAC of isoflurane and continuous infusion of
dexmedetomidine (0.7 pg/kg/h)

(i

5.0 v

1.0 v

Flash VEP Response

The F-VEP is generated by postretinal areas of the central nervous system in
response to visual light stimulation and is a reflection of activity in segments
of the primary visual pathway that project through the lateral geniculate body
to the cortical visual fields. The response is composed of a triphasic
waveform with an initial small positive deflection (40-50 ms), followed by a



second negative deflection at 70—89 ms (often referred to as N70 or N1),
followed by a positive wave at about 100 ms (P100 or P1) [68]. Though not
unequivocally documented, the generator sites for the three waves of the F-
VEP to LED stimulation are believed to originate from the lateral geniculate,
striatum, and areas 17, 18, and 19 of the visual cortex [27, 68, 69].

Techniques for Eliciting F-ERG and F-VEP

The lack of suitable equipment for visual stimulation has been a severe
handicap to the use of ERG-VEP for IOM. Pattern-reversal stimuli or
multifocal electroretinographic stimuli (which are routinely utilized in
diagnostic settings to evaluate retinal function related to acuity) cannot be
utilized on unconscious patients in the OR setting given the requirement for
their cooperation and visual fixation on the stimuli. Moreover, the shift in
dark vs. light pattern/contrast of these stimuli, which is key to stimulating the
retinal structures related to visual acuity, would certainly be diminished if not
lost if one were to try to deliver these stimuli through closed eyelids. Because
flash stimuli do not require patient fixation and cooperation and can be
delivered through closed eyelids, they have been the most frequently used
stimulus in the OR setting. Unfortunately, early research demonstrated that
even when flash stimuli were employed for clinical diagnostic use (e.g., for
assessment of ON pathology in multiple sclerosis patients), VEP responses to
bright flashes were found to be normal while their responses to pattern-
reversal stimulation were abnormal [68]. Moreover, the amplitude and
latency of VEPs elicited by the above flash stimulation methods
unfortunately demonstrate considerable patient inter- and intra-variability of
amplitude both in diagnostic and intraoperative settings [70]; especially in
neonates, where maturation of the cerebral cortex appears to play a factor
[71]. So although flash stimulation has largely been the stimulus of choice for
IOM, it is not the best stimulus for assessing the preservation of fine visual
acuity and function. Rather it has been used to assess in a rudimentary
fashion whether response to stimulation can be conveyed along various
points of the visual pathways [71]. Even so, it is important to note that when
there is preexisting visual dysfunction that may disrupt the ability to convey
such stimulation, recording responses may be compromised, although that
has not been entirely confirmed. Multiple studies [2, 3, 20, 23-25] reported
that preexisting severe visual dysfunction (even for patients with preexisting
visual acuities of <0.4 (20/50)) negatively impacted their ability to record F-



VEPs while others indicate that F-VEPs for IOM can be obtained
successfully from some patients with severe visual deficits [3, 19], when
onset of the dysfunction was acute.

Devices for Flash Stimulation

Researchers have worked to develop improvements in devices for the
delivery of flash stimuli for IOM use, since the problems of delivering stimuli
may be key to developing more effective activation of the pathways that
correlate with functional vision. Initially a traditional strobe light was used to
elicit responses but was found to be cumbersome in the OR and delivery of
the flash could be ineffective since it might be partially obscured by the scalp
flap and drapes if a bicoronal scalp incision is used, thus requiring a
modification of the surgical approach.

Fiberoptic haptic lens [72] and scleral contact lens [26] connected to
photostimulators were developed to provide flash stimuli in the 1970 and
1980s. Although some claim the resulting responses were more robust than
those later obtained with LED stimulation (especially through dilated eyes)
[72], use of contact lens for IOM has lost favor due to the invasive nature of
the technique (e.g., lid sutures to keep the corneal lens recording/stimulating
device in place) and the potential risk of corneal abrasions and ulcerations
with their use. The American Electroencephalographic Society (AEEGS)
Guidelines for IOM recommend that such hard lens stimulators be kept on
the eyes for a maximum of 45 min (limiting their practical use for a majority
of surgical procedures) and that users need to carefully examine the safety
data from the stimulator’s developer before employing such lenses in the OR
[73].

Because most shy away from the use of contact lens stimulators, LEDs
mounted in eye patches [23-25] or goggles [9, 27] have been used, but the
latter are bulky, require a headband, and can interfere with surgery. Their use
also carries some risks . Care needs to be taken to ensure that the goggles are
well-supported by the bony ridge of the patient’s orbit and that they remain in
place during the surgery. Should they inadvertently slip down and put direct
pressure on the globe of the eye, they can cause central retinal artery
thrombosis [9].

Type of Light Stimulation



The AEEGS issued a recommendation that flash VEPs induced by white
stroboscopic light (F-VEPs) be differentiated from those induced by red
LEDs (LED-VEPs) [73] by utilizing the appropriate abbreviations. However,
in general, in the IOM literature, the terms F-ERG and F-VEPs have been
used to represent both. However, abbreviations aside, the two methods of
stimulation may actually activate different retinal and cortical pathways [12].
Newer LED stimulating goggles and patches provide significantly increased
luminosity [23-25]. Although safety data regarding their use is scant, authors
reporting on their IOM use have not reported any postoperative sequelae,
including cases involving lengthy neurosurgical procedures [2, 3, 20, 23—-25].

Monocular vs. Binocular Stimulation

Although binocular stimulation has been used for some studies, when the
goal is to evaluate individual retinal and anterior pathways, the visual
stimulus should be delivered and recorded monocularly with responses from
the contralateral eye, if clinically unaffected, used as a control [73].

Pupillary Size and Retinal Luminance

When employing flash stimuli to elicit F-ERGs and F-VEPs, efforts to
maintain pupil size and retinal luminance throughout the surgical procedure
are important because these parameters affect the response latency and
amplitude. Kriss et al. [74] showed that F-VEP latency through closed eyes is
increased when compared to those recorded through open eyes.
Intraoperative use of narcotics often results in miotic pupils that reduce
retinal luminance, and staged dosing of narcotics during the surgical
procedure may induce changes in latency and amplitude that may be
misinterpreted as a surgically related event. It has been recommended that
maximal dilation of the pupils be done through use of conjunctival instillation
of mydriatics at the start of the case [73], but that may be contraindicated
when perioperative assessment of pupillary response is required or preferred.
Of note, recent and notably successful reports of intraoperative recordings of
F-ERG and F-VEPs did not employ pupil dilation as part of their total
intravenous anesthetic and monitoring management: propofol [2],
administration of opioids [23—25], or remifentanil [2]. It is important to note
that those with successful IOM recordings of F-VEPs employed newer and
brighter 16 LED arrays embedded in soft round silicone disks [2, 20, 23—-25]
or in goggles [3, 18] with luminosity adjustable from 500 to 20,000 Lumens



(Lx), which helped to ensure retinal illumination and stimulation.

Recording F-ERGs and F-VEPs

The recommended standards for IOM of VEPs were issued in 1987 by the
American EEG Society [73]. To obtain consistent results, the guidelines
advised that the following parameters be documented and remain constant
throughout the IOM period. Though no such standards for IOM recording of
ERG have been published, the following would likely apply to them as well.
Given the expected high degree of F-VEP response variability even in awake
subjects [73], each patient with a reproducible response should serve as his or
her own control in the IOM setting. A simultaneous recording of F-ERG
responses is useful for confirmation of retina stimulation.

Before the surgeon approaches the optic pathways, the monitoring team
should have identified reproducible waves to be used as benchmarks for
meaningful assessment during subsequent monitoring during critical stages of
the surgery. Stacked plots of sequentially recorded averages are indispensable
for assessing changes during surgery. Interpretation of intraoperative VEPs
should be done in relation to pharmacologic, physiologic, and surgical
factors. Change in response trends should be reported as soon as identified,
and immediate steps should be taken to prevent the risk of lasting damage
and to optimize normal function [73].

Stimulus Color
The color of the flash or LED (white vs. red) should be indicated on the
record and kept constant throughout the case.

Stimulus Rate

For transient F-ERGs and F-VEPS , a stimulus rate of 1-2.5 Hz is suggested
and for steady-state responses a rate of 8-30 Hz may be used. Steady-state
stimulation has not gained wide use for monitoring purposes. In a study
published in 2004, their use during surgery for monitoring purposes did not
facilitate improved or more stable F-VEP recordings [42].

Recording Electrodes and Their Placement

Corneal or scleral lenses for IOM recording of ERG responses were
supplanted in the 1980s with less invasive devices and methods. Corneal



recording devices using a Burian Allen electrode and other devices placed on
or near the cornea yielded larger, robust responses but are rarely used due to
the risks of corneal abrasion and ulceration with IOM use. F-ERGS can be
recorded from skin with subcutaneous needles or skin disc electrodes placed
at the center of the right lower lid proximal to the lid margin (infraorbital
notch), and referenced to an electrode 2 cm lateral to the lateral canthus
where the largest amplitudes of ERG responses from skin can be obtained
[75, 76]. Esakowitz et al. [77] compared the relative amplitudes of F-ERG b-
wave responses when recording with corneal versus other electrode types
placed on the skin. The largest response amplitudes were obtained with the
Burian Allen electrode (125 uV, 100 %), with other corneal electrodes
yielding responses of less amplitude in proportion to those made with the
Burien Allen electrode: JET (93 %), C-glide (78 %), gold foil (60 %), and
DTL (60 %). Recordings from skin electrodes yielded the smallest response
amplitudes (14 %). Obviously, one has to weigh the risks and benefits of the
use of these devices for recording F-ERGs [77]. F-ERGs recorded with
noncorneal versus corneal electrodes, except for amplitude differences, are
nearly identical in both time (a- and b-wave latencies) and frequency domains
(dominant power spectrum peaks), meaning noncorneal F-ERGs do not differ
significantly from corneal ERGs aside from amplitude [78].

One intriguing way to record F-ERGs was recently reported by Houlden
et al. [3]. In their small sample of study patients (N = 12), they were able to
reliably record F-ERGs from EEG electrodes placed at Fz' (2 cm behind Fz)
and referenced to FPz (10-20 International EEG placement) to confirm
retinal stimulation in the patients (N = 12) evaluated in their study. Though a
novel and appealing recording methodology for F-ERGs, further studies are
needed in larger patient populations to confirm its feasibility and utility for
IOM.

For F-VEPs, standard subdural needle or surface EEG electrodes may be
used to record scalp responses [73]. Ota et al. [29] reported that F-VEPs
acquired with subdural electrodes better reflect cortical activity since they
have considerably greater spatial resolution and amplitude when compared to
responses acquired from surface EEG electrodes placed on the scalp. Single-
channel response recordings are acquired using the 10—20 International
nomenclature for the placement of EEG electrodes with electrodes typically
placed at the midline occipital (5 cm above inion) to midline frontal (MQ-MF
or Oz-Fz) positions. The AEEGS guidelines [73] recommend a second



channel be recorded for signal confirmation (however, few studies employ
them). When used, the secondary set of electrodes would be placed at midline
occipital and referenced to linked earlobes (MQ-Ipsilateral Earlobe
(AI)/Contralateral Earlobe (A2) or Oz-Al/A2) locations. Typically the ground
electrode is placed at CZ. Additional channels may be used to study the scalp
distribution of VEPs [73].

Analysis Periods for F-ERGs and F-VEPs

The AEEGS guidelines recommend the use of analysis periods of 100-200
ms for F-ERG [79] and 250-500 ms for F-VEP [73]. A total of 50-200
responses are commonly recorded per average [73], with the caveat that the
number per average should remain constant throughout the monitoring
period. At least two consecutive ERG and VEP averages should be acquired
to confirm the reproducibility of the ERG and VEP waveforms after setup
and prior to surgical incision to establish a baseline (control) recording [23,
73].

Amplifier Settings for Recording F-ERG and F-VEP

For years the standard “clinical diagnostic settings” for system bandpass
settings for F-VEPs have also been employed for IOM purposes, which are 1
to 200-300 Hz (—3 dB) with filter roll-off slopes not exceeding 12 dB/octave
for low frequencies and 24 dB/octave for high frequencies. If irreducible
artifacts occurred, filter settings could be adjusted to 5-100 Hz. Digital
smoothing and filtering could also be employed to reduce artifact, and filter
settings should remain constant throughout the monitoring session [73].
Houlden et al. [3] recently suggested that the difficulties in recording F-
VEPs in IOM settings may be due to the high mean alpha EEG amplitudes
(>50 pV) in patients, contributing “noise” that impedes recording the F-VEP
“signal.” For 9 of 12 patients with low mean alpha EEG amplitudes (<30
1V), IOM F-VEPs were reproducible, including one whose vision was
limited to finger counting. To improve the recording of responses in three
patients with high mean alpha amplitudes (>50 pV), Houlden et al. [3]
elected to see if raising the low pass settings had any effect. In these patients,
they simultaneously recorded EEG from Oz—Fz and Fz—Fpz' using 3-, 10-,
and 30-Hz low cut filters (six independent recording channels) and two
channels of F-VEP using low cut filters settings of 10 and 30 Hz. They found



that F-VEP amplitude reductions were minimal for low pass filter settings of
3-10 Hz but at 30 Hz, the F-VEP’s N1-P1 amplitude decreased by about 40
% and its morphology was significantly altered. They also found that as the
low pass filter setting increased, the “noise” contribution to the averaged F-
VEP associated with electrocautery blocking time was also reduced. Based
on those findings, Houlden et al. recommended using 15-20 Hz as a low pass
filter setting for F-VEP responses. Houlden et al. points out that over 30 years
ago, Nuwer and Dawson [80] recommended increasing the low cut filter
settings from 1 to 30 Hz to improve intraoperative somatosensory-evoked
potential (SSEP) reproducibility, but at the time, did not offer any reasons
why the change improved the SSEP response. Houlden et al. [3] suggested
that the improvement was due to reduction from the averaged response of the
patient’s alpha EEG and artifact due to electrocautery amplifier blocking .
Though it seems a simple enough change to implement, only one recent
study, by Kamio et al. [20], has employed a higher low bandpass setting (20
Hz) during recordings of F-VEP. Hopefully others will take the opportunity
to test Houlden et al.’s hypotheses and determine whether indeed raising the
low pass filter setting improves the reproducibility of F-VEP responses in
IOM settings.

Monitoring Criteria

Given the documented variability of flash VEPs, responses recorded from
patients in operative settings cannot be universally characterized [73]. That
and perhaps the technical difficulties associated with obtaining reproducible
F-VEPs in operative settings have contributed a lack of clear guidelines for
warning criteria to be used during surgery to preserve the visual pathway. For
recent neurosurgical procedures involving removal of intraorbital, parasellar,
and cortical lesions, Kodama et al. [23] and Sasaki et al. [24, 25] have used a
warning criterion whereby a F-VEP amplitude decrease >50 % from baseline
control levels prompted cessation of the surgical procedure until recovery of
the F-VEP occurred and provided that other factors (e.g., anesthesia, use of
bipolar cautery) could not be used to explain the amplitude changes. Martinez
Pifieiro et al. [81] reported on monitoring patients undergoing endovascular
treatment of their occipital arteriovenous malformations (AVM) with F-
VEPs. He reported successful intraoperative recordings and postoperative
outcomes employing the same stimulation methods and parameters that
Kodama et al. [23] and Sasaki et al. [24, 25] used as well as their warning



criteria. On the other hand, Kamio et al. [20], who examined the use of F-
VEPs for patients undergoing transphenoidal surgery for tumor removal,
employed a warning criterion of either an increased or decreased amplitude
of greater than 50 % compared to control levels. In a study utilizing a similar
study population, Chacko et al. [40] used a complete loss of visual responses
as the warning criteria to halt surgery until responses returned to baseline.
Hussain et al. [44], reporting on the use of monitoring F-VEPs from five
patients undergoing functional endoscopic sinus surgery, was the only study
involving the anterior visual pathway to employ an increase in F-VEP P100
latency as an indicator of optic nerve compression. They noted that for this
criterion to be useful for IOM, the patient’s intraoperative diastolic blood
pressure had to remain higher than 50 mmHg, oxygen saturations 98 % or
higher, and bleeding to be minimized. Given the notable disparity of F-VEP
IOM warning criteria in the previously discussed studies, it is clear that more
research is needed to better define IOM F-VEP warning criteria that better
correlate with patient outcomes.

Regarding warning criteria for studies utilizing F-ERGs for monitoring,
Padalino et al. [21] used them to monitor retinal perfusion during a single
case involving endovascular treatment of a dural AVM supplied by the
bilateral superficial temporal, ophthalmic, and the right middle meningeal
arteries. The intraoperative monitoring warning criteria that they employed
was a 10-ms increase in the F-ERG latency and a 30 % decrease in its
amplitude compared with baseline and control responses from the other eye.
As with the warning criteria for F-VEPs during IOM, further study is needed
to define and confirm warning criteria for use of F-ERGs for IOM.

Other IOM Applications with F-ERG and F-VEP

Keenan et al., Burrows et al., and Reilly et al. [11, 82, 83] have explored the
F-VEP as an objective measure of the short-term effects of various
cardiopulmonary procedures on neurophysiological function given the
cortex’s sensitivity to small changes in cerebral perfusion due to its proximity
to the watershed area of the posterior and middle cerebral arteries. Reilly et
al. [83] showed that F-VEPs are a more sensitive indicator of central nervous
system (CNS) stress provoked by combined hypothermia and hypoxia than
EEG. Burrows et al. [11] found F-VEPs to be an objective measure of
neurophysiologic function in the visual pathway during profound
hypothermic circulatory arrest (PHCA) in neonates and infants undergoing



surgical correction of congenital heart defects . Although their findings
seemed promising as an IOM tool for such cases, Markand et al. [84] found
VEPs to be too inconsistent during the surgical course of hypothermia and
recovery; and that their disappearance at temperatures below 25 °C made
them less than ideal for monitoring brain function during hypothermia. Even
Burrows and Bissonnette [85] appear to have abandoned the use of F-VEPs
for this application, opting instead to use other measures of cerebral blood
flow (transcranial Doppler sonography) for monitoring perfusion during CPB
surgery in their subsequent study.

However, the use of F-ERGs to monitor cardiac surgery and
extracorpeal circulation may serve as a new area to consider for IOM
purposes. Indeed, monitoring the retina as an extension of the brain for such
cases has been encouraged by Nenekidis et al. [86]. They believed that better
quantification of the hemodynamic state of retina—optic nerve head (ONH)
during on-pump CPB, is needed, stating that, “The retina provides a
‘window’ for the study of cerebral microcirculation; it lies in the territory of
the internal carotid artery and has a blood barrier analogous to the blood—
brain barrier. It would seem reasonable to assume that the changes observed
in the retinal microcirculation also occur in brain. The central nervous system
can suffer from the same pathophysiological entities that affect the retina and
the ONH during hypothermic CPB procedures.” During CPB procedures ,
retinal ischemia and infarction due to emboli, anterior ischemic optic
neuropathy (AION), posterior ischemic optic neuropathy (PION) , damage
of nerve fibers, chorioretinal hypoperfusion and hypoxia secondary to
hemodynamic and hematologic changes have resulted in profound visual
deficits and other neuro-ophthalmological complications [86]. Because F-
ERG responses are sensitive to (1) alteration of blood flow as a consequence
of the reduction of perfusion pressure and (2) to body hypothermia,
associated with hemodilution, which helps to depress neural function and
neural tissue oxygen requirements, but may also bring on tissue hypoxia, it
stands to reason that focus be given to the use of F-ERGs as a tool to monitor
patients undergoing cardiosurgical procedures with CPB. A recent, intriguing
recent paper by Brandli and Stone [87], while not directly related to
intraoperative monitoring and performed in rats, suggests that F-ERGs are
indeed sensitive to ischemia, even when the induced ischemia is remote to the
retina. A pilot study done by Nebbioso et al. [57] examined the use of F-
ERGs for monitoring patients during extracorporeal circulation (ECC) , both



hypothermic and normothermic with some promising results. Under
hypothermic ECC, they reported that the amplitude of the F-ERG response
decreased by 50 % while those under normothermic ECC only decreased 10
%. Recovery of response amplitudes to baseline levels occurred upon the end
of ECC and with the rewarming of the patient, with the exception of one
individual whose F-ERG response recovery was very prolonged. That patient
required postoperative ventilatory support and a long stay in the intensive
care unit [57]. Time and further studies will tell whether use of F-ERGs will
become a useful tool for monitoring and maintaining adequate retinal as well
as cerebral microcirculation and perfusion during surgical procedures.

Retinal Stimulation and Intracranial Recording of

Responses

Recording directly from cortical structures for lesions of the visual pathways,
though feasible (albeit in studies with relatively small sample sizes), has
limited utility but has yielded responses with greater amplitudes and better
signal-to-noise ratio [45]. Mgller et al. [88] recorded compound action
potentials directly from optic nerve (ONEP) elicited by short light flashes via
LEDs during tumor resection in two patients and was able to record
responses that had an initial small positive deflection, with a latency of about
45 ms, followed by a negative wave with a latency of 60—70 ms, although
considerable individual variation in the shape and size of those responses was
observed [88].

In another application of this type of recording, Curatolo et al. [89] found
that monitoring the responses recorded from the visual cortex during photic
stimulation proved to be a reliable technique for preserving central vision
during occipital lobe surgery [89]. Ota et al. also evaluated the usefulness of
cortically recorded VEPs as an IOM tool of the posterior visual pathway in
17 patients who underwent posterior craniotomy for lesions or epileptic foci
in the parietal, posterior temporal, and/or occipital lobes; reporting detection
of VEPs in over 90 % of cases with preserved vision that was independent of
the type of anesthesia employed for those procedures [29].

In still another application of this type of recording, photic stimulation
while recording averaged visual responses in the optic tract during
pallidotomy and deep brain stereotaxic surgery has been reported to be useful
in guiding those surgeries [16, 59]. Such recordings have also been useful in



determining the generators for scalp-derived VEP responses. Tobimatsu et al.
[90] was able to record VEPs using pattern-reversal stimuli in eight awake
patients with Parkinson’s disease undergoing stereotactic pallidotomy using a
depth recording electrode located at or below the stereotactic target in the
ventral part of the GPi and dorsal to the optic tract. They simultaneously
recorded VEPs from the scalp to provide information for differentiation of
the generators of the scalp VEP components. In such cases where little or no
anesthesia is used during surgery, the option to use pattern reversal and other
visual stimuli that provide more information in visual pathway function (e.g.,
visual acuity), may open up a new era for using VEPs for monitoring
purposes. Indeed, their use during other “awake” procedures (e.g.,
endovascular stenting and coiling procedures) when visual function is at risk,
has yet to be fully explored.

Direct Electrical Stimulation of Optic Nerve

Bosnjak and Benedicic [14, 15, 50] evaluated the feasibility and utility of
recording scalp VEP responses to direct electrical stimulation (eVEP) of the
ON during tumor removal surgery involving the anterior visual optic
pathways [14], skull base [15], and during orbital enucleation due to
malignant melanoma of the choroid or the ciliary body [91]. To acquire
cortical potentials elicited by electrical epidural stimulation of the optic nerve
(ON), insulated platinum needle-stimulating electrodes with a noninsulated
ball tip were attached epidurally to both sides of the ON. Bosnjak et al. [50]
used the following procedure for placement of these electrodes, noting that
“When the exit of the optic nerve (ON) from the periorbit is fully visualized
through a small fenestration of the orbital apex, needle electrodes are placed
in contact on each side of the ON into the cleft between the nerve itself and
the basal remnants of the lateral walls of the optic canal. The needles are
manipulated during positioning with bipolar forceps through grip connectors.
After placing the epidural stimulating electrodes , their position is secured
with wet cotton patties laid over the orbital apex and leads.” Monopolar optic
nerve potentials after retinal flash or electrical epidural stimulation of the ON
were then recorded with insulated platinum ball-tipped wire electrodes placed
on the surface of the ON using an extracephalic reference electrode. The
distance between the stimulating and recording electrodes was approximately
25 mm. The same recording electrodes were used for monopolar recordings
from structures outside of the visual pathway to collect control data. The



electrical stimulus consisted of a rectangular current pulse of varying
intensity (0.2—5.0 mA) and duration (0.1-0.3 ms) using a stimulation rate of 2
Hz [14, 15]. The bandpass filter settings utilized in previous studies were 1—
1000 Hz when recording these cortical potentials after electrical epidural
stimulation of the ON. The analysis time used was between 10 and 300 ms.
Each trace was generated from the average of 100 responses. Of note,
considerable stimulus-related artifact from direct ON stimulation does present
a technical hurdle to recording these potentials [14, 15]. Using this
stimulation and recording technique, BenedicCi¢ and Bosnjak [14, 15]
concluded that it was beneficial in preventing ON damage and improving
outcomes. They did not report any warning criteria used in the studies and
their sample sizes were small [4]. The typical eVEP they recorded consisted
of N20 and N40 waves (Fig. 4.3) [50]. Considerable variability in the
amplitude of the responses was observed (e.g., N40 wave amplitudes prior to
tumor removal varied as much as 25 %). Not surprisingly, artifact was
observed with use of bipolar coagulation, ultrasonic aspirator, laser, and
craniotome-hampered IOM [15]. In one patient with an ON sheath
meningioma and vision limited to light sensation, only the N20 wave was
observed (see Fig. 4.3) [50]. In their subsequent report of IOM monitoring for
a very small sample (IV = 3) of patients undergoing orbital enucleation due to
malignant melanoma of the choroid or the ciliary body, both F-VEPS and
cortical potentials from direct stimulation of the optic nerve were inconsistent
or absent in patients with a history (>3 months) of severe visual deterioration,
but obtainable from a single patient with a short history of mild visual
impairment [91]. Clearly, more studies are needed to confirm the utility of
direct electrical stimulation of the optic nerve for visual pathway IOM use
and for the development of effective preoperative criteria for patients in
whom these techniques may be useful, as well as warning criteria that
correlates with and improves patient outcomes.
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Fig. 4.3 (a) An example of a typical electrically elicited visual-evoked potential (eVEP) response is
depicted. The response consists of a larger N20 wave and a smaller N40 wave. The stimulus duration
was 0.5 ms, and its frequency 2 Hz. An average of 100 responses was obtained. (b) The eVEP
responses recorded from a patient with an optic nerve sheath meningioma and visual perception of light
only is shown for which a decreased N20 wave and absent N40 wave are observed (from Bosnjak and
Benedicic¢ [50]; with permission)

Duffau et al. [13] described the use of intraoperative electrical
stimulations (IES) during surgery to help identify and preserve afferent visual
fibers during removal of a low-grade glioma invading the whole temporal
lobe and temporo-occipital junction. They used a 5-mm spaced bipolar
electrode to deliver biphasic current stimuli (pulse frequency of 60 Hz,
single-pulse duration of 1 ms, and amplitude of 5 mA) to cortex involving the
optic tracts, in a nonsedated patient, to guide tumor removal. By mapping the
optic radiations using this electrical stimulation and obtaining the patient’s
report of visual effects related to that stimulation, they were able to detect the
posterior and deep functional boundary of the tumor resection, and to avoid
production of a postoperative symptomatic homonymous hemianopsia. Given
the incidence of visual field defects following surgeries involving the
posterior temporal lobe and temporo-parieto-occipital junction (TPOJ) with



considerable risk for the occurrence of permanent homonymous hemianopsia,
it may be of great interest for surgeons and IOM practitioners to consider
conducting further research in the application of this direct electrical
stimulation technique to help preserve visual function and improve patient
outcomes for those undergoing such procedures [13].

Effects of Temperature

In conscious humans, F-VEP latency is 10-20 % longer at 33 °C than at 37
°C. With increasing hypothermia, progressive increases in F-VEP latency and
decreases in F-VEP amplitude occur with complete loss of the components of
the responses at 25-27 °C. When cooling occurred more swiftly, F-VEP
responses disappeared at higher temperatures than when a slower cooling
process was utilized [92].

Effects of Anesthesia on F-ERGs

Although for IOM purposes, F-ERG responses are most frequently being
employed for confirmation of stimulation of the retina, gaining an
understanding of the reported effects of anesthetic and sedative agents on
retinal responses, and conducting additional studies to further elucidate the
effects of these agents on retina physiology, is of interest.

Wongpichedchai et al. [93] evaluated the effects of halothane in a
pediatric population, on dark-adapted (scotopic) and light-adapted (photopic)
F-ERGs and found it had little effect on the a-wave and b-wave latency and
amplitude of the scotopic F-ERG and amplitudes and latencies of the F-ERG
photopic responses to red flashes and 30 Hz flickering white light. In another
study, Tremblay et al. [66] retrospectively compared the effects of sedatives
and inhalational agents on scotopic and photopic F-ERGs in a small sample
of pediatric patients diagnosed free of retinal disease. In that study, F-ERGs
were recorded in subjects who either were (1) conscious (no anesthetic or
sedative medications) [n = 9]; (2) under sedation (chloral hydrate [75-125
mg/kg] and pentobarbital sodium sedation [5—-6 mg/kg]) (n = 9); or (3) under
general anesthesia (intravenous injection of propofol [2 mg/kg] with or
without fentanyl 4 pg/kg, and maintained with isoflurane 2—3 % or halothane
1-2.4 % with 50 % O, and 50 % N,O [n = 9]). They found that sedation

appeared to decrease a- and b-wave amplitudes of the scotopic bright-flash F-



ERG responses, without affecting the responses’ latencies. Though Tremblay
et al. [66] reported that F-ERG responses recorded under photopic conditions
showed minimal changes in latencies and amplitudes, if one examines the
table provided in the paper [66] (Table 4.1), it appears that while the
amplitude of the responses are not affected, the latencies of the photopic
responses recorded under anesthesia versus consciousness are significantly
and statistically increased and that the same holds true for F-ERG responses
recorded under sedation versus under anesthesia [66].

Table 4.1 Summary of statistical analysis performed on ERG parameters obtained after 5 min in
photopic conditions in the conscious (C), sedated (S), and anesthetized (A) patients

ERG parameter |Conscious |Sedated |Anesthetized|C-S|C-A|S-A
Amplitude (uV £ 1 SD)

a-wave 76 £ 20 63+9 54+ 20 - |+ |-
b-waveparameters{216 + 49 |186+35 |163 +47 - |- |-
OP2 19.1+£09 |152+4.0 |17.1+4.6 - |-
OP3 21.1+2.7 |17.3+7.2 |185+11.7 - |-
OP4 35.5+14.5/22.6 +11.6/9.6 + 4.7 + |-
OP52 9.2+10.7 (20.1+8.6 [8.8+2.0 + |-
Implicit time (ms £ 1 SD)

a-wave 13.7+04 |14.1+£0.5 |16.2+£1.0 + |+
b-wave 33.1+£0.8 |344+1.5 |46.8+4.9 + |+
OP2 16.4+0.3 |17.2+0.4 [20.0+0.8 + |+
OP3 243+1.1 |25.4+1.6 |29.3+£1.6 + |+
OP4 32.0+1.1 |32.6+1.5 |443+5.2 + |+
OP5 408+ 1.5 (41.1+£1.7 [52.6+4.8 + |+

Stars in the three rightmost columns indicate statistical difference between
paired-wise groups after post hoc Bonferonni/Dunn correction (P>0.016)
(from Tremblay et al. [66]; with permission)

Early studies by Raitta et al. [94] evaluated F-ERG responses recorded in
ten adults before and 15-20 min after induction of anesthesia with a
combination of thiopentone sodium, halothane, and nitrous oxide (N,O) and

found that the amplitudes of F-ERG a- and b-waves were significantly
decreased when compared with preoperative levels, but that latencies were
unchanged. The findings of a study by Yagi et al. [52] evaluated the effects



of enflurane on F-ERG in a small sample of patients undergoing surgical
procedures and found that use of enflurane significantly increased latencies of
F-ERG a-waves and b-waves and decreased their amplitudes but did not have
any significant effects on F-ERG b-wave responses, with increasing
concentrations of enflurane (0, 0.8, and 1.7 %) [52]. Interestingly, a study
conducted by Ioholm et al. [95] in adult populations examined photopic F-
ERGs before and after surgery under general anesthesia induced with
sevoflurane (8 %) in 100 % oxygen (O,) and maintained with sevoflurane

(range, 0.05-0.31 %, mean 0.22 + 0.07 %) and nitrous oxide (mixture of 33
% O, and 66 % N,0). The F-ERG responses were recorded preoperatively

from unpremedicated American Society of Anesthesiologist (ASA)
classification I and II patients, and again immediately following discharge
from the recovery room, and 24 h following sevoflurane/N,O anesthesia.

Ioholm et al. [95] found that the F-ERG b-wave latency in these subjects was
increased at both postoperative time points compared with preoperative
responses and that b-wave amplitudes were also decreased postoperatively
compared with their preoperative levels. Similar findings were obtained in a
subsequent study conducted by Ioholm [96]. Of interest, Sasaki et al. [24]
reported that “after induction of inhalation anesthesia with sevoflurane, ERG
data were not reproducible” [24]. An example of the comparison of the F-
ERG responses obtained by Sasaki et al. [24] with anesthesia employing
sevoflurane versus total intravenous infusion of propofol with fentanyl is
shown in Fig. 4.4. Given the variance in the reports regarding the effects on
F-ERG responses to different combinations of sedative and halogenated
agents, one would have to agree with Tremblay’s conclusion that normal
retinal physiology is affected by sedation and anesthesia through different
mechanisms that remain to be fully elucidated by future research [66].
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Fig. 4.4 lllustrates the reproducibility of ERG and VEP following induction of inhalation and venous
anesthesia in the same patient, same eye (without visual dysfunction). F-ERG and VEPs were obtained
twice to confirm the reproducibility of the data in the absence of surgical procedures. Following
induction with inhalation anesthesia (/eft), F-ERG responses were not reproducible and the VEP
amplitude was also affected. Conversely, following induction of propofol-based infusion anesthesia,
reproducibility of ERG and VEPs were both good (from Sasaki et al. [24] with spelling modifications:
revised “Seboflurene” to “Sevoflurane’; with permission)

Total intravenous anesthesia (TIVA) utilizing propofol and opioid
medication is touted as F-ERG friendly. Indeed F-ERGs obtained from 20
normal children undergoing evaluations of their visual function under
anesthesia with propofol and fentanyl versus topical anesthesia showed that
F-ERG b-wave response latencies were only slightly increased and b-wave
amplitudes decreased when propofol and fentanyl versus topical anesthesia
were employed and were not statistically different [97]. This finding was
further supported by an animal study conducted in pigs [98]. Although no
specific reports have been published on the effects of bolus administrations of
fentanyl or other opioids on F-ERGs in humans during surgery, bolus
administrations (additional injections of fentanyl every 60 min) were used in
Sasaki’s et al. study [24], with what can presumed to be little detriment to
their use of F-ERG responses (chiefly to ensure retinal stimulation) for IOM
purposes.



Effects of Anesthesia on VEPs

A summary of the effects of anesthesia on F-VEPS prepared by Banoub et al.
is shown in Table 4.2 [1]. F-VEPs are very sensitive to the effects of
anesthetics and physiologic factors because they represent polysynaptic
cortical activity. Because flash stimulation activates both temporal and nasal
parts of the retina and the nasal fibers cross to the contralateral side at the
level of the optic chiasma, retrochiasmatic lesions cannot be monitored [33].
In addition, VEPs are highly dependent on appropriate stimulation of the
retina and may be unduly affected by narcotic-induced pupillary constriction

[99].
Table 4.2 Summary of the effects of anesthetics on visual-evoked potentials responses
Anesthetic drug Dose/concentration Latency of P- Amplitude
100
Halothane [102] 1 MAC ~10% 1 Inconsistent
Isoflurane [41, 103] 0.5 MAC 10 % 1 40 % |
1.0 MAC 20% 1 66 % |
1.0 MAC + 70 % N»O Abolished Abolished
1.5 MAC + 70 % N»O Abolished Abolished
Sevoflurane [104] 0.5 MAC + 66 % N>O 5-10 % 1 20% |
1 MAC + 66 % N»O Abolished Abolished
1.5 MAC + 66 % N»O Abolished Abolished
Nitrous oxide [105-107] 10-50 % No effect 25-80 9% 1€
Propofol [108] 2 mg/kg + 10 mg kg_l h1 Negligible ~20 % |
Thiopental [109] 3 mg/kg <10 % 1 No change
6 mg/kg Abolished Abolished
Etomidate [109] 0.3 mg/kg <10% 1t No change
Fentanyl [99] 10-60 pg/kg <10 % 1t 30% ¢
Ketamine [108] 1 mg/kg + 2 mg kg_l h1 Negligible ~60 % |
Morphine scopolamine 0.2 mg/kg morphine + 0.4 mg No change ~20 % |
(premedication) [99] scopolamine
Neuroleptanalgesia [110] 10 % 1 No change




|Fentany1, droperidol nitrous oxide | | |

From Banoub et al. [1]; with permission. All data are from humans
MAC minimum alveolar concentration, N , O nitrous oxide, 1 increase, |

decrease

n a substantial fraction of patients, waveforms were not recordable at this
concentration

*During electroencephalogram suppression; visual-evoked potentials
reappeared during electroencephalogram bursts [111]

“Some report a 40 % increase in N-70—-P-100 amplitude [108] (Fig. 4.10)

The findings included in Table 4.1 suggest volatile anesthetics prolong
VEP latency and decrease F-VEP amplitudes in a dose-dependent fashion.
Nakagawa et al. [37] found that even at a 1 % (0.5 minimum alveolar
concentration [MAC] ) concentration of sevoflurane, responses were
significantly decreased. At 1.5 MAC, responses could not be interpreted [37].
However, as mentioned previously, conflicting information about the effect
of low-dose sevoflurane on F-VEP responses have been reported, with one
researcher finding amplitude decreases with its use [37] while another did not
find any such decrease [29], although the latter recorded responses directly
from cortex and those responses are reportedly not as susceptible to the
effects of inhalational agents as those recorded from scalp [45, 88]. Nitrous
oxide (N,O) alone considerably reduces VEP amplitude. Its use in addition to

volatile anesthetics can make VEP responses unrecordable. Increased
concentrations of nitrous oxide significantly increase VEP latencies.

In general, it appears that opioid and ketamine or propofol-based
anesthetic techniques (TIVA), along with those employing low-dose volatile
anesthetics without nitrous oxide, seem to facilitate intraoperative recording
of VEPs but do not ensure it. In some cases, the use of these anesthetic
protocols may involve a high incidence of false-positive and false-negative
results [33].

Opioids (e.g., fentanyl, alfentanil, sufentanil, and remifentanil) reportedly
have a very mild effect on other evoked responses [100], which presumably
extend to VEP responses. However, it is important to keep in mind that bolus
administration of opioids has been reported to significantly reduce the
amplitude of scalp-recorded responses [101]. Chi et al. [99] studied the
effects of incremental doses of fentanyl (10 pg/kg) given every 10 min for a



total dose of 60—90 pg/kg for patients undergoing coronary artery bypass
graft procedures and observed that while fentanyl administration did not
affect latency, amplitude was decreased. They posited that those decreases
may be due to changes to retinal luminance related to pupillary-induced
constriction associated with fentanyl bolus administration [99]. Accordingly,
bolus administraton of fentanyl, while not precluded during such surgeries,
may indirectly affect F-VEP responses induced by retinal flash stimulation,
and therefore should be taken into account if responses change post-
administration. Loughnan et al. [100] showed that neither fentanyl, 200 pg,
nor diazepam, 20 mg administered intravenously, significantly changed F-
VEP latency or amplitude, suggesting that an anesthetic technique based on
these two drugs might be suitable when intraoperative evoked potential
monitoring is required to assess ischemia and preservation of visual-evoked
responses [100].

With respect to anesthetic techniques that employ infusion of propofol ,
although most of the new studies for visual pathway IOM espouse the use of
propofol, Neuloh [45] points out that TIVA alone cannot ensure success, as
one recent study found that “a satisfactory rate of successful VEPs could not
be achieved despite use of TIVA for anesthetic management” [41]. Moreover,
a couple of studies have found that the amplitude of VEP is strongly affected
by the concentration of propofol and that caution and perhaps further studies
are needed in evaluating VEP in patients undergoing propofol anesthesia.
Nakagawa et al. [37] found that at a propofol concentration of 3.0 pg/mL
(80-100 pg/kg/min), VEP amplitudes were decreased significantly compared
with the amplitude at 1.5 pg/mL concentration (40-50 pg/kg/min). It led him
to conclude that a propofol-based TIVA technique appears to induce less
change in evoked potentials, including VEP, than halogenated agents [37].
Hamaguchi et al. [36] further investigated the influence of propofol
concentration on F-VEP components in three patients with cranial aneurysm
and four with brain tumor. Anesthesia was maintained with intravenous
propofol using target controlled infusion. Changes in F-VEP amplitude and
latency were measured during three propofol concentrations (effect site
concentrations of 1.5, 2.0, and 3.0 pg x mL !, and correlated with bispectral
index (BIS) readings at each concentration. At 3.0 pg x mL—1 propofol
concentration, F-VEP amplitude was decreased significantly compared with
the amplitude at 1.5 pg x mL—1 concentration. No significant change was
observed with the latency of F-VEP. The value of BIS at 3.0 pg x mL—1



propofol concentration also decreased significantly compared with 2.0 pg x
mL—1 concentration.

Thankfully, neuromuscular blocking drugs do not directly influence F-
VEP responses. In fact, their use may contribute to an improved signal-to-
noise ratio by eliminating electromyographic artifact [12].

Conclusion

A number of researchers [2, 3, 1315, 19-21, 23, 25, 78, 79] have continued
their efforts to overcome the poor reputation that IOM of the visual pathways
has had for several decades. By employing new and brighter stimuli, direct
cortical stimulation methods, and monitoring new types of cases, these
researchers hope to spawn revitalization of research that will help evaluate,
establish, and improve the usefulness of visual pathway intraoperative
monitoring. Certainly, the success of Sasaki et al. [24, 25] (93.5 %), Kodama
et al. [23] (97 %), and subsequent research [19, 20] for acquisition of stable
scalp F-VEPs recordings during surgeries involving the anterior pathways,
with good correlation of monitoring results and visual outcomes, have been
encouraging. Their ability to achieve those goals has largely been attributed
to the combined use of (1) a brighter reusable (sterilizable); (2) flexible LED
stimulating devices that guarantee supramaximal retinal stimulation, even
when VEPs cannot be recorded; and (3) use of TIVA with propofol to
minimize the effects of anesthetics on the responses. However, monitoring of
patients with preoperative visual deficits remains controversial. Indeed,
Kodama et al. limited their monitoring to patients with preoperative acuities
of less than 0.4 (20/50) [23]. Because impaired preoperative vision is a major
predictor of postoperative deterioration [45], eliminating such patients from
monitoring limits the broad usefulness of VEPs for IOM of these surgical
procedures. Regarding enhancements in anesthetic management, it is still not
clear that the use of TIVA with propofol ensures F-VEP recording in all
patients [41]. Still, there clearly is a need for continuous monitoring during
cases involving the visual pathways, and indeed studies indicating that they
were able to detect ischemic response changes in the F-VEP that would have
been missed by imaging data [58] make a compelling argument to encourage
those who would continue efforts to optimize the methodologies for use of
VEPs for IOM purposes. Certainly, replication of their protocols and
confirmation of their results will help solidify their methods. Only time will



tell if others take up that cause [5, 45]. The development of visual stimulation
methodologies that can better assess visual acuity during surgical procedures,
coupled with improved anesthetic management techniques may serve to
revitalize the efforts to confirm the usefulness of IOM of the visual pathways:
a plea that was issued years ago and still remains true [73].
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Key Learning Points
e The role of the anesthesiologist in the DBS case is critical to maintain
patient comfort and cardiovascular support in an awake patient without
the use of common sedative medications.

e In complex movement disorder procedures, the use of sedation is almost
always necessary and the fine balance between these medications and
the consciousness of the patient is critical to allowing the physiologists
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to obtain the data necessary for optimal electrode placement.

Introduction

Intraoperative monitoring (IOM) may generally be separated into two
categories: (1) evaluating real-time data to detect adverse changes in the
nervous system, giving the surgical team a chance either to reverse or to stop
what is causing the change; (2) evaluating real-time data to help determine
related physiologic localization or guidance for the surgical team through
specific procedural steps of a particular surgery. In both categories, the
surgical, anesthetic, and neuromonitoring personnel play a role in how the
data are interpreted and incorporated during the procedure. Deep brain
stimulation is challenging in that the patient needs to be comfortable enough
to be alert through the complete procedure, yet not affect the properties of the
single unit recordings.

Deep brain stimulation (DBS) surgery, with the use of microelectrode
recording , for movement disorders falls into the second category. For the
anesthesiologist, the challenge is that most anesthetics used to minimize pain
and sedate a patient affect the firing patterns of the neurophysiologic data
necessary to locate functional targets during the surgery, which in turn makes
localization based on the firing patterns more difficult. In addition, the patient
is likely to be fully awake and in their “worst” clinical state, which further
complicates the situation. These issues make the communication between the
anesthesiologist, surgeon, and neurophysiologist critical, and not something
that should occur only in the morning before the procedure starts. A
dedicated member of each of those three disciplines, who is always present,
is preferable in making this procedure successful in every case.

The most common movement disorders that are treated with DBS are
ones that are associated with some abnormality of the basal ganglia (BG) .
The BG are a group of six nuclei in the brain with two principal input
structures: the corpus striatum (Striatum) and the subthalamic nucleus (STN),
two output structures (internal segment of the globus pallidus [GPi] and
substantia nigra pars reticulata [SNr]), and two intrinsic nuclei (external
segment of the globus pallidus [GPe] and substantia nigra pars compacta
[SNc]). The striatum receives excitatory (glutamatergic) input from multiple
areas of the cerebral cortex as well as feedback inhibitory and excitatory
input from the dopaminergic cells of the SNc. One subset of these cells



projects directly to the GPi, forming the “direct pathway,” while another
subset projects to the GPe, the first relay station of a complementary “indirect
pathway,” which passes through the STN before terminating at GPi. The
antagonistic actions of the direct and indirect pathways regulate the neuronal
activity of GPi, which in turn provides inhibitory input to the
pedunculopontine nucleus (PPN) and the ventrolateral (VL) nucleus of the
thalamus, which contains the sensory receiving area (ventral caudal nucleus
[VC] ) and the cerebellar receiving area (ventralis intermedius nucleus [VIM]
). The VL nucleus projects back to the primary and supplementary motor
areas, completing the cortico-ganglio-thalamo-cortical loop. The direct
pathway inhibits GPi, resulting in a net disinhibition of the motor thalamus
and facilitation of the thalamocortical projections. The indirect pathway, via
its serial connections, provides excitatory input to the GPi, inhibiting the
thalamocortical motor pathway.

In various movement disorders, the signaling between the complementary
balance between the direct and indirect pathways is disrupted, which results
in clinical symptoms . In Parkinson’s disease (PD) , the disruption results in a
hypokinetic clinical picture, whereas for dystonia the disruption results in a
hyperkinetic clinical picture. DBS is thought to act by renormalizing the
aberrant firing patterns caused by the disbalance of the direct and indirect BG
pathways. The exact mechanism by which DBS affects this renormalization
is unknown.

We present three different scenarios to help illustrate important points.
The first will involve a classic parkinsonian patient undergoing a
straightforward placement of a DBS electrode in the STN with minimal
anesthetic intervention. The second involves a complex dystonic patient who
required continuous changes in anesthetic management throughout the
procedure. The third involves a patient with a medication-induced movement
disorder that was on a continuous infusion of propofol prior to surgery to
reduce the adverse effects of the movement disorder. In addition to these
three examples, we also include a basic surgical methodology common to all
DBS procedures for movement disorders.

Surgery

Movement disorders surgery is performed stereotactically. This means the
brain is placed in a three-dimensional (3D)-coordinate space that allows



accurate and reliable targeting of specific anatomic areas. Historically, the
most common stereotactic systems consist of a frame that is attached to the
outer table of the patient’s skull followed by either a computed tomography
(CT ) scan or magnetic resonance imaging (MRI) scan. A more recent
technique uses a smaller stereotactic platform (FHC Starfix system,
Bodenheim, ME; or Medtronic Nexframe, Minneapolis, MN) where
trajectory guidance is done using “frameless” stereotactic techniques. These
new “frameless” techniques offer anesthesiology advantages of easy access to
the patient’s airway. The standard frames make access to the patient’s airway
more difficult due to frame components making emergent mask access
difficult, so the use of a laryngeal mask airway (LMA) should be considered.
Once the imaging has been performed, the surgeon calculates the target
location in the 3D space. Due to anatomical variations, imaging distortions,
and functional neurophysiologic differences among patients, this initial
targeting acts only as a guide to reach the target structure. Once targeting is
complete, the surgeon creates a 14-mm burr hole in the skull to accommodate
the electrode trajectory and readies the neurophysiology recording equipment
attached to the stereotactic frame.

Microelectrode recording (MER) is best performed with the patient’s full,
nonmedicated attention. After MER is performed and the appropriate
functional target is located, the permanent DBS electrode is placed and a
second neurophysiologic test using stimulation, which mimics the DBS
therapy, takes place. The wound is then closed and the controlling
implantable pulse generator (IPG) is implanted.

The most serious complication during a DBS procedure is a fatal
hemorrhage [1]. During a standard DBS procedure, blood pressure (BP)
control is a critical anesthetic concern during both microrecording and
permanent lead placement. While symptomatic hemorrhages may be readily
detected, asymptomatic hemorrhages may yet presage clinical demise, so
postoperative imaging is highly recommended [2]. To minimize the chance of
intraoperative hemorrhage, systolic BP should be kept below 150 mmHg. If
systolic pressure rises above this level, the procedure is halted until the
systolic BP returns below 150 mmHg. For patients with PD there may be
rebound hypertension when dopaminergic agonists have been halted prior to
the procedure, often making BP control more challenging. Several standard
BP control medications have been demonstrated to cause no hindering effects
on single-unit recordings. These include most notably hydralazine,



nimodipine, nitroglycerine, and sodium nitroprusside (authors’ experience
and Venkatraghavan [3]), although there are no specific references in the
literature describing the effects in detail. The one report that discusses the
effect of the B-blocker metoprolol demonstrated a significant reduction in
STN spiking activity with a transient reduction in rigidity after intravenous
administration to reduce BP in three patients [4]. Some clinicians recommend
avoiding the use of B-blockers because these may reduce the ability to assess
the movement disorder during the electrode placement.

Dehydration may be a concern in longer DBS procedures. Intravenous
(IV) fluids at maintenance levels should be given throughout the surgery.
Bladder catheters are placed in all patients to save patients from worrying
about voiding during the procedure and because many movement disorder
patients can have difficulty moving after surgery. Because the patient is in a
modified sitting position with the head above the chest, the occurrence of a
venous air embolism should always be considered a possibility; particularly
with the burr hole allowing for surface vein exposure. Standard pulse
oximetry and end-tidal CO, monitoring are helpful in this regard. Pulse

oximetry monitoring, IV access, and an arterial line (if used) should be
placed on the hand or foot that is on the same side as the surgery, so as to
allow unhindered examination of the tremor, rigidity, and movement speed in
the contralateral limb. If a venous air embolism is suspected or detected, the
subdural space should be continually flushed with saline to avoid further air
entering the venous system. All stereotactic frames allow for the placement of
endotracheal tubes or laryngeal mask airways without removing the frame.
Specific wrenches for frame removal and adjustment should be kept handy
for potential emergency use.

Although sedatives and systemic analgesic anesthetics are categorically
contraindicated prior to and during the parts of the procedure when
neurophysiologic data are being acquired, there are times when both are
beneficial and even necessary. When the stereotactic frame is being placed on
the patient’s head, a local anesthetic (e.g., lidocaine/bupivacaine) is injected
subcutaneously at the sites where the pins will be placed. At our center, we
also use sedation (propofol boluses of 20-50 mg/kg or constant infusions of ~
100 pg/kg/min) during frame placement, incision, burr hole, and opening of
the dura. Due to varying degrees of tolerance in some patients, higher doses
(as much as 250 pg/kg/min) may be needed (see example 3). A second
anesthetic that has been shown to be acceptable during such procedures is



dexmedetomidine (Dex). For these procedures, ideally it is important to use
an anesthetic that is metabolized rapidly (propofol) and has minimal effects
on single unit recordings. Anesthetics may be used without restrictions during
wound closure. On occasion, it may also be necessary to use small doses of
anesthetics for brief periods to sedate patients between recording tracts. As
described in the second case below, there are also special circumstances in
which anesthetics are needed even while performing MER.

Because anesthetics can alter neuronal firing frequency [5] and impair
patient assessment, the use of gabaminergic sedative medications, even in
small doses, has been shown to affect the quality of MER adversely [6].
Temporary modification and suppression of parkinsonian tremor [7, 8] and
increase in dyskinesias [9] have been reported with the use of propofol and
remifentanil and thus, at our center, we require at least 10 min for the
propofol to wear off prior to tremor testing. It is unclear which general
anesthetic agents allow the most effective MER because all of them affect
recordings to some extent [6, 10] and no studies comparing their effects on
data acquisition have been performed intraoperatively. An “awake” technique
has obvious advantages and most centers avoid anesthesia at least during the
recording and mapping phase of DBS electrode placement in order to detect
cellular activity and movement-related responses to neurostimulation.
Another common technique used to improve intraoperative recordings and
patient assessment is the withholding of antiparkinsonian medications
beginning the night before surgery; this can be unpleasant for the patient but
is necessary to assure optimal DBS electrode placement. On the other end of
the movement disorder spectrum are dystonic patients who usually do need
sedation during the initial phase of surgery before neurophysiologic testing,
and potentially even during the testing phases. Ideally, any sedative effects
should be readily reversible. Benzodiazepines and opioids with longer half-
lives should be avoided. Opioids can also cause agitation, muscular rigidity,
sweating, and hyperpyrexia in combination with some PD medications (e.g.,
selegiline) [8].

In PD patients , propofol has been used extensively, but its use requires
vigilance to ensure patient alertness. Erring on the side of less medication
ensures that its effects wear off more quickly and decreases the risk of airway
loss. The surgeon may use extra local anesthetic with the scalp incision to
reduce surgical pain. Also, as stated earlier, Dex is a good choice for dystonic
patients and has been successfully used in pediatric patients [11]. A critical



reason for choosing Dex is its minimal effect on single-unit MER recording
data, as one can appreciate that neuronal activity is still readily obtainable
(Fig. 5.1). Dex reliably produces conscious sedation while the patient remains
responsive and cooperative to verbal commands [2, 12]. One reason that Dex
most likely does not affect BG recordings is that its effect is on the o-

adrenoreceptors in the locus coeruleus, a major site of noradrenergic
innervation in the central nervous system, and not on the gabaminergic
receptors of the BG. The locus coeruleus has been implicated as a key
modulator for a variety of critical brain functions, including arousal, sleep,
and anxiety [13]. This, together with minimal respiratory depression, makes it
an attractive agent to use in “awake” functional craniotomies. Low-dose
infusion of this drug provides sedation from which patients are easily
arousable and cooperative to verbal stimulation. Consequently, there are
several reports on the successful use of the drug, both alone [3, 14, 15] and in
combination with intermittent propofol [16]. Dex has also been shown to
attenuate the hemodynamic and neuroendocrine responses to headpin
insertion (the method for attaching the frame to the patient’s head) in patients
undergoing craniotomy and to significantly reduce the concomitant use of
antihypertensive medication [17, 18]. It can theoretically decrease cerebral
blood flow via direct a,-mediated vascular smooth muscle constriction and,

indirectly, via effects on the intrinsic neural pathways modulating vascular
effects. a,-Agonists have a more potent vasoconstrictor effect on the venous

rather than on the arteriolar side of the cerebral vasculature and can,
therefore, decrease ICP. There is, so far, no evidence of adverse effects on
cerebral hemodynamics associated with its use, even in the setting of a
compromised cerebral circulation; nor does Dex ameliorate the clinical signs
of Parkinson’s disease, such as tremor, rigidity, and bradykinesia. The
pharmacologic profile of Dex suggests that it may be an ideal sedative drug
for DBS implantation [19]. General anesthesia (GA) is an option reserved for
patients with severe disorders for whom awake surgery would compromise
their safety. These include patients with dystonia and related disorders who
are on multiple medications to prevent contractions and spasms. Another
group of patients are those that may not be able to tolerate the procedure,
have severe respiratory conditions, or bad tics (such as patients with Tourette
syndrome) that preclude them from remaining relatively motionless.
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Fig. 5.1 Single-unit recordings under two different anesthetics . Each tracing shows 1 s of data.
Tracings recorded from the same patient during a bilateral DBS STN procedure (a and b). Tracings
recorded during a GPi DBS in two different patients (¢ and d). a and ¢ were recorded using low-dose
Dex (~0.1 ug/kg/h); b and d were recorded using low-dose continuous infusions of propofol (<20
pg/kg/min). The recordings with propofol are much less robust than the ones during Dex infusions

After the DBS electrodes are inserted, sedation can be increased and the
frame removed. Implantation of the pulse generator and internalization of
electrodes can be performed either immediately or as second-stage surgery
under GA. Patients should receive their usual antiparkinsonian medication as
soon as possible after the procedure to avoid possible deterioration in
neurologic function and respiratory muscle impairment.

There is limited information on the incidence of intraoperative anesthetic
complications during these procedures. A review of intraoperative anesthetic-



related complications in a series of 158 cases of deep brain ablation or
stimulation under sedation with propofol or Dex [20] found that
intraoperative events occurred in 6.96 % of cases. These events included
coughing, sneezing, aspiration, pulmonary edema, combative behavior and
agitation/confusion, bronchospasm, angina, and intracranial hemorrhage. All
of these have the potential of moving the electrodes and cannula in the brain
and causing an intraparenchymal hemorrhage. Yet, with an anesthesiologist
who understands the specific movement disorder of the patient, the surgical
procedure, the need for quality, and who pays constant attention to the
alertness of the patient, these effects can be minimized. In our experience, the
only case of a complication was when the anesthesiologist was concentrating
on the infusion numbers and not the patient.

The MER Procedure

Due to accuracy problems with direct CT or MRI targeting, visualization is
generally only a first step in locating the target, whereas MER gives a much
more detailed spatial and functional map. Several excellent descriptions of
the MER technique exist [21-32]. Understanding the type of neuronal
activity from regions immediately adjacent to the intended target is critical to
the success of the procedure. Following are two case examples (one fairly
typical and the other unusual and complex) illustrating the integration of
diagnosis, technique, and anesthetic management. During a MER recording
session, not only are recordings acquired from the target location but also
from structures located above and below that location. These recordings from
other structures are useful in helping to determine the correct sagittal,
coronal, and axial positions of the target. At the time of the writing of this
chapter, both patients are significantly improved and are still benefiting from
the procedure. In addition to looking for spontaneous single cell firings, it is
important to look for cells that respond to specific types of evoked activity
given that the basal ganglia is composed of segments that are nonsensory
motor. Finding cells that respond to voluntary patient movement and cells
that respond to limb joint position (kinesthetic) are key in making sure the
electrode will be placed in the sensory motor region of the specific target.
Both voluntary and kinesthetic cells will either increase or decrease their
firing rate during the activity and are only found in the sensory motor region
of the specific nuclei. Voluntary testing is performed by asking the patient to



move a particular body part while looking for changes in the firing pattern of
the single unit under study. Kinesthetic testing is performed by moving an
isolated joint and looking for changes in the single unit’s firing rate.

Target Structures for the Case Examples

For movement disorders surgery, there are three common targets : (1) the
ventral intermediate nucleus (VIM ) of the thalamus, (2) the internal globus
pallidum (GPi), and (3) the STN. Each of these targets is thought to best treat
a specific symptom of a movement disorder of a specific disease, although
research is still underway to prove these hypotheses. Two of the three cases
that will be presented in this chapter involve placing DBS electrodes in the
GPi and, for the other case, in the STN. These cases were chosen because
they demonstrate the extremes of movement disorder surgery. VIM is the
primary target for tremor-related diseases such as essential tremor and one
can still use the lessons from the cases below in a VIM case because it is the
patient that dictates the anesthetic intervention and not the disease. To get a
better feel for the procedures, we have included a short description of what
type of physiology is encountered to show what can be lost if the anesthetic
technique is not appropriately applied.

Although the complete GPi may be visualized on an MRI, the functional
target location in the GPi is in the posterior and ventral region of the nucleus
[33-39]. As the microelectrode is lowered into the brain along its recording
trajectory toward the target location, the firing patterns from three anatomical
structures must be recognized to confirm optimal placement: the striatum, the
external globus pallidum (GPe), and the internal GPi. Figure 5.2 shows the
anatomy of the GPi and the surrounding structures. The recordings on the
right show representative firing patterns from each area. These are the critical
physiologic markers in differentiating the structures. During placement of the
DBS electrode, proximity to certain structures must be avoided such as the
optic tract and internal capsule, which can render the therapy useless.
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Fig. 5.2 A sagittal image , ~21.5 mm from midline, through the GPi and associated anatomy. Traces to
the right are representative firing patterns from each area. Each trace represents single-unit activity as
recorded from a representative cell in that structure [68]

After the microelectrode mapping is performed, micro- or macroelectrode
stimulation is performed prior to permanent DBS placement to ensure that the
electrode is at a safe distance from the internal capsule and the optic tract. If
the patient is awake and alert, they can easily respond by indicating when
they see flashing lights or experience muscle contractions. If the patient
cannot respond, they cannot indicate when the optic tract is being activated or
if they are having muscle tightness. In these cases, EMG recordings are used
to indicate if muscles are being activated by either direct stimulation of the
motor fibers in the internal capsule, which is an adverse effect, or the
contractions are not a direct result of the stimulation but an indirect effect of
stimulation at the appropriate location in the GPi. Thus, it is critical that no
muscle relaxant be used.

The functional target in the STN is in the middle of the structure between
10.5 and 13.0 mm lateral from midline [28, 32, 40—42]. Once again, as the
microelectrode is slowly lowered toward its target location, the neuronal
firing patterns from three anatomical structures must be recognized to
confirm optimal placement: the thalamus, the STN , and the substantia nigra
pars reticulata (SNr). Figure 5.3 shows the anatomy of the STN and the



surrounding structures. The waves on the right show representative firing
patterns from each area, which are the critical physiologic markers in
differentiating the structures. If the DBS electrode is placed too medial and
posterior within the STN, it can activate the sensory thalamus and/or medial
lemniscus; if it is placed too lateral and anterior, it can adversely affect the
internal capsule and render the therapy useless.

STN SUMMARY

Fig. 5.3 A sagittal image, ~12.5 mm from midline , through the STN and associated anatomy. Traces
to the right are representative firing patterns from each area. Each trace represents single-unit activity
as recorded from a representative cell in that structure. For the SNr, the recording is from multiple units
[68]

Cases and Disorders

Case 1: Noncomplex (PD-STN): A 60-year-old male with a 10-year history of
PD, well controlled on Sinemet until age 59.

Clinical symptoms of PD began on the patient’s right side starting with
tremors in the upper extremity and rigidity in both the upper and lower
extremities. As the disease progressed, symptoms became as problematic on
the left side and started to affect the patient’s ability to ambulate. One year
prior to surgery, levodopa-induced dyskinesias began in the head and face,
followed by a progressive difficulty swallowing. At the time of the surgery,



the patient was on Stalevo (a mixture of carbidopa, levodopa, and
entacapone) 37/5/150/200 g.i.d., Requip 4 mg t.i.d., Amantadine 100 mg
t.i.d., and Neurontin,300 mg t.i.d. Due to the medication-induced symptom of
dyskinesia and the minimal amount of benefit, surgical implantation of a
DBS electrode in the STN was then planned.

Parkinson’s Disease

PD is a slowly progressive degenerative disorder of the BG. Nerve cells in
SNc produce dopamine, which is transported to the input of the BG
(striatum). In PD, for reasons not yet understood, the dopamine-producing
nerve cells of the substantia nigra die off. The clinical signs of tremor,
bradykinesia, and rigidity do not fully become apparent until significant
dopaminergic neuronal cells are lost [43—45]. Medications are the first line of
treatment to alleviate symptoms of PD, yet in many patients who have been
responding to medications, their symptoms usually begin to gradually worsen
with time. As they become more pronounced, patients may start to have
difficulty walking, talking, or completing other simple tasks. Surgery should
be considered when the patient develops moderate to severe motor
fluctuation, medication-induced dyskinesia, medication refractory tremor, or
intolerance to medication. Levodopa-sensitive symptoms may be more likely
to respond to surgery [46], although in our experience, surgery in the STN
and the GPi for PD has demonstrated a benefit to dopa-induced symptoms
[41, 42]. Continued refinement of the knowledge of BG circuitry and PD
pathophysiology has narrowed the focus of movement disorder surgery to
three nuclei: (1) the thalamus, (2) GPi, and (3) the STN. The STN is the
preferred surgical target for DBS electrode placement in PD [41, 47-50].
Serious complications such as hemorrhagic bleeding associated with STN-
DBS electrode placement is relatively uncommon [51]. Hypertension must be
treated prior to surgery because of the risk of hemorrhage [52, 53]. PD
patients commonly suffer from orthostatic hypotension, contributed to by the
use of levodopa and dopamine agonists, as well as other autonomic
disturbances [54—56]. Respiratory dysfunction is well known in PD [55]. This
includes an obstructive ventilation pattern, dysfunction of upper airway
musculature, rigidity, bradykinesia , and dystonia of respiratory muscles [57].
These problems are exacerbated by withdrawal from antiparkinsonian
medications.



Procedure and Decisions

The patient arrived at the hospital on the morning of surgery “off” of all PD
medications from 7:00 p.m. of the night before. During frame placement,
propofol was given in 20 mg boluses for sedation and monitored by the
anesthesiologist. A foley catheter was also placed while the patient was
sedated. The patient was then taken to the CT scanner (an MRI was
performed at an earlier visit) with propofol given as needed to keep the
patient relaxed. After the CT, the patient was brought to the OR, transferred
to the bed and positioned with the frame also locked to the bed. It is
important that the patient feel comfortable with both their ability to breath as
well as with the position of their neck and back because they will be locked
in that position for the duration of the surgical procedure, which can be
several hours. When the patient is comfortable, either a propofol infusion or
bolus doses are given until the dura is opened. Once the dura is incised (about
10-15 min before the MER is to start), the propofol is stopped to allow the
patient to be awake for testing. Recording tracts in this patient included one
on the left side and three on the right side. This difference in the number of
recording tracts can be caused by potential asymmetries in anatomy, effects
of nonlinear errors in imaging, or brain shift during the procedure. It is hard
to pinpoint the exact reason, but in about 15 % of our cases we find this
discrepancy. Each move requires the surgeon to remove the recording system
and electrode from the head and place a new tract in the brain. Any time an
electrode or cannula is placed in the brain, the chance for hemorrhage
increases. Thus, it is critical to keep the BP below 150 mmHg systolic. On
the left side, 4.9 mm of STN were encountered with four kinesthetic cells. On
the right side, the first tract had 4.6 mm of questionable STN and no
kinesthetic cells. The second tract had 5.7 mm of STN with three kinesthetic
cells, and the third tract had 1.3 mm of STN with no kinesthetic cells. At the
start of the second tract on the right side, the systolic BP increased above
150-165 mmHg. Recordings were halted and 10 mg of labetolol were given
until the systolic BP dropped to 135 mmHg. Subsequent stimulation and
recording required no changes or additions to the anesthesia. All of our PD
patients have nasal cannula O, administered throughout the procedure and

SpO, monitoring.
The DBS electrode was placed in the first recording tract on the left side
and the second recording tract on the right side. These placements were



chosen due to the number of kinesthetic cells and length of STN encountered.
Once the DBS electrodes were placed, they were tested with an externalized
stimulator (Medtronic Dual 7240 stimulator, Minneapolis, MN). Testing is
performed in a sequential bipolar fashion (-0,+1: —1,+2; —2,+3) using a pulse
width of 60 ps and a frequency of 180 Hz. Voltage is slowly raised to 4 V.
For this patient, no continuous adverse effects were noted with stimulation up
to 4 V. There were some transient sensory paresthesias in the arm that lasted
for about 5-15 s. Transient adverse effects are acceptable since the device is
never supposed to be turned off. We were able to get improvements in
bradykinesia and rigidity at the —1,+2 for the left side and both —0,+1 and
—1,+2 on the right side. Postoperatively the patient was improved by 72 %
based on the unified Parkinson’s disease rating scale part III (a common
motor classification system for PD patients).

Case 2: Complex: A 14-year-old boy with methylmalonic acidemia
(MMA) was diagnosed at age 3 months. His condition was well controlled
and in good health until acquiring HIN1, when he subsequently developed
pancreatitis, sepsis, and in turn bilateral BG strokes.

As a consequence of the strokes, he developed spastic quadriparesis for
which a baclofen pump (a common treatment for spasticity) was placed
without benefit. He was admitted for worsening dystonia, and resistance to
multiple medical therapies. Due to the severity and worsening dystonia,
including fixed posturing and dynamic spasms, it was decided to move
forward with bilateral GPi stimulation. During the time between the baclofen
trial and the decision to move forward with DBS electrode implantation, the
patient’s respiratory status deteriorated somewhat as well.

Dystonia

Dystonia refers to a syndrome of involuntary sustained or spasmodic muscle
contractions involving cocontraction of the agonist and the antagonist
muscles [58—60]. The movements are usually slow and sustained, and they
often occur in a repetitive and patterned manner. However, they can be
unpredictable and fluctuate. The frequent abnormal posturing and twisting
can be painful and functionally disabling. Regardless of the causes, the
dystonic contractions can have a chronic course and can lead to severe
persistent pain and disability. Because each type of dystonia is treated in a
different manner, the distinction between the various types is therapeutically
important [61-66]. On the basis of its clinical distribution, dystonia is



classified as focal dystonia, segmental dystonia, multifocal dystonia,
generalized dystonia, and hemidystonia.

Systemic medications benefit about one-third of patients and consist of a
wide variety of options, including cholinergics, benzodiazepines,
antiparkinsonism drugs, anticonvulsants, baclofen pump, carbamazepine, and
lithium [67]. Many patients with dystonia realize an inadequate response to
those treatments [68]. For such patients whose symptoms are sufficiently
troublesome, surgical treatment can be used to reduce symptoms and improve
function. For dystonia, stimulation is primarily directed at the GPi, which has
been the most thoroughly studied stimulation site to date.

Procedure and Decisions

This particular case was one of the most complex of all that we have
experienced for DBS electrode implantation. The patient was extremely
tenuous metabolically due to the MMA and required anesthesia for the
procedure due to excessive movement. The anesthetics themselves can cause
not only poor recordings but also adverse metabolic effects. In this case, the
surgeon, neurophysiologist, anesthesiologist, critical care physicians,
neurologists, and social workers all met to plan the pre-, intra-, and
postsurgical management of the patient. Each group discussed their particular
needs for the case and the effects each would have on the patient. As
discussed previously, the most common issue facing the anesthesiologist in
most DBS cases is BP control. A plan was made to use Dex initially and if
that proved unacceptable, then propofol would be used if the patient could
tolerate it. Due to the underlying metabolic issues, it was questioned whether
a controlled amount of Dex could be given to allow for patient comfort and
also the ability to record. Also, one of the main problems with Dex is the
potential for causing hypotension in a patient. This is not a major issue in PD
patients, where this effect is usually helpful, but in children, it needs to be a
consideration. Three days prior to the procedure, the plan was to try and wean
the patient off of some medications, including high doses of benzodiazepines,
which proved unsuccessful.

On the morning of surgery the patient was taken directly to the CT
scanner and intubated. Anesthesia included 3 mg of midazolam, 10 mg of
etomidate initially followed by another 5 mg, 12 mg of cisatracurium, and
100 pg of fentanyl. The patient was maintained on sevoflurane (1.5 %) for
the placement of the frame, and also while they were in the CT area. Prior to



moving the patient to the CT area, Dex was started at 0.7 pg/kg/h with
remifentanil at 0.1 pg/kg/min. Five minutes after this the sevoflurane was
stopped. This infusion continued up to the creation of the first burr hole in the
operating room. At this point the Dex was reduced to 0.1 pg/kg/h and the
remifentanil was stopped. The purpose of reducing the Dex at this time was
to allow about 1015 min to slightly awaken the patient for the recordings.
Once the burr hole was created and the dura incised, the BP was confirmed to
be 127/77 and the initial cannuli were inserted into the brain, followed by the
microelectrode. At this point (with the patient still intubated yet alert and able
to follow simple commands) the patient exhibited no spasms and even had
his eyes open. Once the electrode entered the brain, “burster” cells were
recorded indicating: (a) that the tip was in the GPe, and (b) that the sedation
level (Dex at 0.1 pg/kg/h) permitted the ability to record single units while
still preventing excessive movements. Recordings continued, moving through
GPe, through the laminae separating the two structures and into GPi. Because
the firing rates of the GPe and the GPi are similar, the ability to record
kinesthetic cells is critical to distinguish between the two. Keeping all
anesthetics constant, kinesthetic testing was done on all cells encountered.
Eight distinct single units were located on the first side with kinesthetic
activity noted on three of them. Recording was stopped near the base of the
GPi due to an increase in BP to 168/120 mmHg, which was most likely due
to a continued wearing off of the Dex and the patient becoming more alert to
his surroundings. Advancing of the electrode stopped and two 6-mg doses of
hydralazine and a 1.5-pg/kg/min infusion of sodium nitroprusside was needed
to bring the pressure down. The pressure eventually stabilized to 114/50
mmHg. The Dex was increased to 1 pg/kg/h and the remifentanil was
increased to 0.1 pg/kg/min. Upon exiting GPi, a border cell was noted and
then the optic tract 2 mm below. Because it was impossible for the patient to
describe muscle activity to the team during macrostimulation (stimulation
testing through the permanent DBS lead after it is placed to assure there are
no significant adverse events), we used EMG recordings to assess muscle
activation. No direct driving activity was noted at 5 Hz, while a minor thumb
contraction was noted at 130 Hz and 7.0 V. 5 Hz is used because it is the
lowest output of the test stimulator and will give muscle contractions that
follow the stimulus train. If this occurs, the muscle activity is related to direct
activation of the internal capsule and demonstrates that the electrode is too
medial and posterior. If no muscle activity is noted, then the contracture



noted previously is most likely due to stimulation of the GPi. In our
experience, this has been shown to be a positive indicator of electrode
placement, as is a contraction of the nasal labial fold, when stimulation is
above 5.0 V. With this information the electrode was then placed. The Dex
was then increased to 1.4 pg/kg/h and the remifentanil was adjusted to 0.07
ng/kg/min for the closure of the first burr hole and the creation of the second
burr hole. Once the second burr hole was created, the Dex was reduced to 0.7
ng/kg/h and the remifentanil was stopped. Nitroprusside was continued at 0.5
ng/kg/min. No further changes in anesthetic were needed during the
recording or stimulation on this side. The patient was able to open his eyes
during the procedure. On this second side, 12 distinct GPi cells were
recorded, and a small area of the internal laminae that separates the external
and internal segments of the internal GPi was detected. Kinesthetic activity
was noted on five of those 12 cells. The optic tract was also noted about 1.7
mm from the base of the GPi. Stimulation testing, similar to the first side,
was performed with no adverse events. At this point, sevoflurane was added
at 0.7 % for the remainder of the procedure, which included the implantation
and tunneling of the connecting wires and IPG.

Case 3: Complex: A 29-year-old male with mild cerebral palsy and
severe status dystonicus, which developed after a surgical lysis of omental
adhesions and a partial omentectomy.

There were no complications during the omentectomy yet upon
awakening from surgery, the patient presented with intractable spasms and
jerky movements, which were thought to be related to the opiate (fentanyl) or
the scopolamine the patient received during the procedure. The patient had a
similar reaction after an earlier surgery. At this time the patient was placed on
Ativan (2 mg IV) and Benadryl (50 IV every 6 h) with no change over the
next couple of days. At this time a diagnosis of myoclonic dystonia was
made. Due to the excessive and painful dystonia and dystonic posturing, the
patient was intubated and placed on a propofol drip (95 mg/h [25.13
ng/kg/min]; the patient weighed 63.1 kg), valproic acid (250 mg t.i.d.) and
put back on Ativan and Benadryl on postoperative day 5. Attempts were
made to reduce both the propofol (40 mg/h (10.57 pg/kg/min)) and Ativan to
levels to that which the patient could communicate; yet the painful dystonic
cramping would return. At 4 weeks postsurgery, Dex was started and the
propofol was decreased with the hope of reducing the spastic movements. At
this point, the patient was extubated but continued to have the spastic



movements, which eventually led to reintubation, being placed back on a
propofol drip (95 mg/h), and started on tetrabenazine (50 mg IV q.6 h). The
patient was transferred to our institution for GPi DBS to treat the status
dystonicus [69].

Status Dystonicus

Status dystonicus (SD) was first recognized by Jankovic and Penn in 1982
and had been defined as “increasingly frequent and severe episodes of
generalized dystonia and rigidity, which may be refractory to standard drug
therapy” [70]. This condition had been labeled as “status dystonicus” or
“dystonic storm.” The condition is quite rare, with less than 40 episodes
reported in the literature [71]. Patients with SD usually develop life-
threatening complications such as bulbar weakness, compromising upper
airway patency with the risk of pulmonary aspiration , progressive
impairment of respiratory function leading to the development of respiratory
compromise, exhaustion and pain and metabolic derangements.

Several drugs and surgical procedures have been tried for SD with no
consistent outcome. Orally active medications have been tried [72], once
again with no consistent outcome, and in many cases the current literature
favors using intravenous agents for deep sedation [73]. Patients with SD
often develop metabolic complications such as rhabdomyolysis, which can
lead to renal failure, and bulbar and respiratory complications, which require
tracheal intubation. Other complications often seen include hyperpyrexia,
muscle exhaustion, pain, and dehydration. For all the above reasons, patients
need to be treated in the intensive care unit (ICU) setting. Patients commonly
require deep sedation under muscle paralysis and assisted ventilation [71].
Intravenous infusion of midazolam and propofol may be used in the
management of SD. Second-line strategies, especially in those with
progressive disorders, involve deep brain stimulation surgery.

Procedure and Decisions

Given the lack of a “best medical therapy ” benefit, bilateral GPi DBS
surgery was performed 2 months after the onset of the intractable spasms and
jerky movements, which led to an improvement in symptoms. During the
procedure, three MER tracts were performed (two on the right side and one
on the left side). An average of 3.3 GPi cells were recorded per stereotactic



pass. This is somewhat less than the normal 10+ cells that we find in the GPi
in PD and a DBS dystonia patient. The average GPi firing rate of this patient
was also significantly less: 34.3 +/— 16.5 Hz as compared to PD patients,
which are in the range of 60—-80 Hz. While for GPe, in this patient, it was
44.5 +/- 16.6 Hz, which is lower than found in PD, yet not as significant as
was found in the GPi firing rate. Figure 5.4a shows the spike activity in both
the GPe and the GPi of this patient at different propofol concentration levels.
This reduced activity is similar to what is observed during surgery in patients
for dystonia when on propofol as compared with no propofol (Fig. 5.4b). The
change in firing rate appears to be related to the level of propofol, as seen in
Fig. 5.4a. It is interesting to note that given the continuous propofol infusions
over 2 months prior to surgery, the intraoperative dose needed to be much
higher for sedation when compared to other patients undergoing a variety of
surgical procedures, and even at these high propofol concentrations the
patient was still interacting in a meaningful way. Even with the ability of the
patient to interact with the surgical team, there was still a reduction in basal
ganglia activity (as measured by the GPi firing rate), which clinically
manifests as a reduction in abnormal movements. In a review article, Wilson
et al. [74] found multiple instances of patients demonstrating a propofol
tolerance with continuous infusion, thus requiring greater and greater doses
for sedation and reduction of pain over time. Propofol directly activates
GABA , receptors, which have the effect of reducing the overall activity in

the BG due to the receptors’ inhibitory nature. Additionally, propofol has
been shown to affect other neuotranmitters and neuromodulators, specifically
cannabinoid receptors, which are thought to be sedative sites of action of
anesthetics [75]. The variation in accommodation between these two
receptors may account for the clinical differences (communication versus BG
activity reduction) noted in this patient.
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Fig. 5.4 Single-unit recordings from both the GPe and GPi during different infusion concentrations of
propofol in a patient with status dystonicus (a). Single-unit recordings from the GPi in a patient with
dystonia during a propofol infusion and with no infusion (b)

Conclusion

As in most other areas of intraoperative neurophysiology, the trade-offs
between anesthetics and the collection of neurophysiology data are a
challenge. One advantage in most movement disorder procedures is that very
little sedative or global pain medication is needed, but because of the highly



sensitive nature of the tissue, BP control is critical as is O, saturation. Finally,

due to the diversity of movement disorders, there may be times where
sedative anesthesia or even GA is needed, and the procedures can only be
performed by a close collaboration between the surgeon, the anesthesiologist,
and the neurophysiologist.
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e Segmental nerve stimulation

e Transcranial electric or magnetic stimulation
e Spinal cord stimulation

e Heterosegmental nerve stimulation

e The techniques to introduce the catheter electrodes into the epidural
space

e To identify the components of segmental spinal cord potentials—initial
spikes, negative waves, slow positive waves

e Conducting (conductive) spinal cord potentials

e Heterosegmental spinal cord potentials—slow positive waves

Introduction

Spinal and cardiovascular surgeries impart mechanical [1] or ischemic [2]
stress to the spinal cord. To prevent spinal cord injury due to such surgical
stresses , the intraoperative monitoring of spinal cord function is important.
Until the 1960s, there were no available methods of spinal cord function
monitoring. In the late 1960s, a novel tool for monitoring spinal cord function
became available; it recorded somatosensory-evoked potentials (SSEPs )
from the scalp. In this technique, the electrical potentials evoked by
peripheral nerve stimulation are recorded on an electroencephalogram (EEG).
The short-latency component of SEPs may indicate cervical spinal cord
function in waveforms (latencies and amplitudes) [3].

Since their introduction, SEPs have been used in clinical monitoring,
diagnosis and investigations, as well as in animal experiments [4]. In the
1980s, SSEPs were also adopted for the monitoring of spinal cord function
during spinal [5] or cardiovascular [6] surgery. The recording of small
electrical changes, such as SSEPs, requires the close attachment of electrodes
to spinal cord tissues. Commonly, electrodes are placed on the scalp close to
the sensory cortex. These potentials recorded from the scalp or even the
cervical skin surface may not reflect the spinal cord function because they
interact with brainstem potentials or far-field potentials. Thus, segmental or
regional electric changes in the spinal cord cannot be recorded from the body
surface, because the spinal cord is situated deep in the body, and its activities



are obscured by other electrical activities such as electroencephalogram
(EEG), electromyogram (EMG), and electrocardiogram (ECG) [7].

During the same time, another novel technique of recording SCPs directly
from the spinal cord by inserting electrodes into the dorsal epidural space was
developed by Shimoji et al. [8]. A catheter electrode was placed
percutaneously in the same manner as for a continuous epidural block. From
the epidural electrodes, spinal cord field potentials were recorded [9]. In
addition, the spinal cord was stimulated electrically using the same epidural
electrodes utilized for pain management (spinal cord stimulation [SCS]) [10,
11].

Intrathecal electrodes were utilized by Magladery et al. [12] initially, but
the risks associated with electrode insertion raised great concern. As a result,
intrathecal electrodes were not used clinically except in those cases in which
surgical manipulations were carried out directly on the cord [13]. With the
idea that epidural recording can minimize the risks compared with those of
intrathecal recording, Shimoji et al. [9, 14] further developed techniques to
exclude contamination by ECG activity when recording evoked SCPs
(discussed later). Following these developments, recording and stimulation
with epidural electrodes have been used in routine clinical monitoring,
therapeutics, and investigations, as well as in animal experiments at various
institutes [15].

The acquisition of SSEPs requires a somewhat lengthy period of time
from a few to several minutes, because the repetitive recording (50-200
times) of waveforms is needed for amplification by computed averaging
[3-6]. Both SSEP and SCP recordings are easily interfered with by the noise
from electrocoagulation or other electrical sources of noise during surgery.
SSEPs are cerebral electrical changes evoked by sensory nerve stimulation,
and evoked SCPs are spinal electrical changes evoked by sensory nerve or
spinal cord stimulation (SCP). Therefore, it is advantageous to acquire
simultaneous records of both electrical activities (SSEPs and SCPs) when
monitoring spinal cord function, particularly when surgical manipulations
involve the sensory spinal tracts (see Appendix).

Thoracic and lumbar aortic occlusion has frequently been demonstrated to
result in ischemia of the ventral two-thirds of the spinal cord [16]. As such,
there was also a great demand from surgeons and anesthesiologists for the
monitoring of spinal motor function. In the late 1990s, transcranial motor-
evoked potentials (tc-MEPs) were utilized to monitor spinal motor function.



Using this monitoring technique, impulses generated by transcranial
stimulation of giant pyramidal cells descend the pyramidal tract to the spinal
motoneurons, producing skeletal muscle contractions. In this way, the
stimulation technique and the recording of tc-MEPs are simple. Both electric
and magnetic stimulation are currently used in clinical practice (electric tc-
MEPs [17] and magnetic tc-MEPs [18, 19]). The motor responses resulting
from transcranial stimulation are recorded as EMG responses.

Following the development of tc-MEPs, transcranial stimulation was used
to evoke SCPs (transcranially evoked SCP [tc-SCP]) in the early 2000s.
Either transcranial electric (electric tc-SCP) [17] or magnetic (magnetic tc-
SCP) [18, 19] stimulation is applied to giant pyramidal cells and the
responses can be recorded directly from the spinal cord epidurally [15]. The
tc-SCPs provide highly precise data, because spinal motor function can be
directly monitored.

Recording Evoked SCPS for Intraoperative Monitoring

A catheter equipped with several Ag-AgCl electrodes , designed by Shimoji
et al. [8], is inserted into the epidural space, using the same technique as that
for the continuous epidural block, at a level corresponding to the spinal
segment to be monitored. The catheter with platinum—iridium electrodes
(Medtronic™ Inc., Minneapolis, MIN), which was developed for SCS, is also
available for SCP recording. Because evoked SCPs are easily affected by
ECG artifacts, the exclusion of ECG contamination is very important. To
exclude such contamination, a peripheral nerve is stimulated by square pulses
triggered by a QRS component of ECG with a delay of 0.3-0.5 s, when the
triggered pulses coincide with the end of a T wave. Thus, evoked SCPs are
recorded on the electrically silent phase (0.5-0.7 s) between T and P waves
(Fig. 6.1) [8, 20-23].
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Fig. 6.1 Recording methods of spinal cord potentials (SCPs). A catheter electrode is inserted into the
dorsal epidural space using the same technique as that for the continuous epidural block at a level
corresponding to the spinal segment to be monitored [8]. To exclude ECG contamination, stimulation
pulses are triggered by a QRS component of ECG with a delay of 0.3-0.5 s, when the triggered pulses
coincide with the end of a T wave. In this manner, evoked SCPs are recorded in the electrically silent
phase (0.5-0.7 s) between T and P waves [9]. (a) A catheter (1 m diameter) equipped with several Ag-
AgCl electrodes (A-1), and platinum—iridium electrodes (A-2), which are designed for spinal cord
stimulation, are also available. (b) An illustration of a catheter electrode inserted into the epidural
space. (¢) The relation between ECG and electrical stimulation [14, 15]

The peripheral nerve trunk is electrically stimulated to evoke SCP
responses. For monitoring of cervical spinal cord activity, epidural catheter
electrodes are inserted into the cervical epidural space close to the cervical
enlargement. Next, the brachial plexus or the radial, ulnar, or median nerve is
stimulated (segmentally evoked SCPs, Fig. 6.2a). To monitor lumbar spinal
cord function, the recording electrodes are placed close to the lumbar
enlargement, and the common tibial or peroneal nerve is stimulated
(segmentally evoked SCPs, Fig. 6.2a, ¢) [7, 9, 12].
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Fig. 6.2 Recording of spinal cord potentials (SCPs). A peripheral nerve trunk is electrically stimulated
(see Fig. 6.1). Recording electrodes are inserted into the epidural space to monitor the dorsal spinal
activity. Dysfunction of the spinal cord is reflected as abnormalities in the waveforms, such as
prolongation of peak latencies and depression or augmentation of amplitudes. The waveforms of the
segmental SCPs recorded in the cervical and lumbosacral enlargements are very similar to each other.
In the ascending evoked SCPs, complex positive waves (C1, C2, and C3) are recorded, but N1 and P2
waves are hardly noticed. (a) The waveforms of segmental evoked SCPs recorded from the cervical
enlargement (c) by stimulation of the ulnar nerve (a). (b) Ascending evoked SCPs recorded from the
cervical enlargement (c) by stimulation to the common tibial nerve (b). (¢) Segmental evoked SCPs
recorded from the lumbar enlargement (d) by stimulation at the common tibial nerve (b). P;: action

potential of spinal nerve roots. N1: synchronized activities of interneurons. P»: primary afferent
depolarization (PAD). Sometimes, Py splits into two components, first (P>f) and second (P5s)
components. N-dip: negative dip driving P»f and Pys [8, 22, 23]

The waveforms of the segmental SCPs recorded in the cervical and
lumbosacral enlargements are very similar. Evoked SCPs can be recorded at
the level of the cervical enlargement by the stimulation of a nerve trunk in the
lower limb (ascending evoked SCPs; see Fig. 6.2b). The waveforms of SCPs
recorded at the lumbar enlargement by epidural stimulation of the cervical
spinal cord are similar to those of the segmentally evoked SCPs (descending



evoked SCPs; see Fig. 6.2a, ¢) [8, 9, 10, 14, 15, 22, 23].

The summated electrical potentials travel along the spinal cord in
response to SCS in the epidural space of the upper or lower spinal segments,
cauda equina, or from peripheral nerve stimulation. Thus, the human SCPs
can be recorded from the cervical epidural space in response to cauda equina
stimulation at the L.3—4 vertebral level or SCS by an electrode situated in the
epidural space close to the lumbar enlargement (ascending SCPs; see Fig.
6.2b, c) and vice versa (SCS from cervical epidural space and recording at the
lumbar enlargement level) (descending SCPs) [8, 10, 15].

Recording Electric tc-MEPS and Magnetic tc-MEPS

for Intraoperative Monitoring

In transcranial electrical stimulation , electrodes are placed at C3 or C4 on the
scalp, and a train of square wave stimulation pulses (with a pulse duration of
0.02-0.2 ms and an interpulse interval of 0.2 ms) are applied at an intensity
of 250-1000 V [24-26]. Because of the use of high-voltage stimulation to
obtain electric tc-MEPs, durable electrodes such as corkscrew-shaped
electrodes are used for stimulation so as to avoid scalp burns. For magnetic
tc-MEPs, a magnetic coil is used for stimulation. For both forms of
stimulation, EMG (CMAP) responses are usually recorded from the abductor
pollicis brevis muscle (upper limb) or the tibialis anterior muscle (lower
limb) using needle or surface electrodes [24—-26].

In response to pulse train stimulations, giant pyramidal cells are directly
depolarized generating D waves [27-29]. However, during magnetic
stimulation, interneurons are depolarized first and the firing of giant
pyramidal cells follows sequentially generating several I waves at 1.5- to 2.0-
ms intervals [28, 29]. Both D and I waves descend the pyramidal tract as a
group of several spiky waves (multiple descending volleys), and the spinal
motor neurons are stimulated by these piston-like multiple descending
volleys, resulting in summation of excitatory postsynaptic potentials (EPSP)
[18, 29-31]. Thus, the spinal motor neurons are excited with a few
milliseconds of delay (Fig. 6.3) [18, 19, 28-33].
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Fig. 6.3 Recording of transcranially stimulated motor-evoked potentials (tc-MEPs) . The brain is
stimulated electrically or magnetically, and the evoked EMG (motor-evoked potential [MEP]) is
recorded from the abductor pollicis brevis muscle (upper limb) or the tibialis anterior muscle (lower
limb). (a) Magnetic tc-MEP, which is stimulated magnetically at the parietal cranium (m) and recorded
from the abductor pollicis brevis muscle (m-emg). (b) Electric tc-MEP, which is stimulated electrically
at the contralateral scalp, C3 or C4 (e), and recorded from the abductor pollicis brevis muscle (e-emg)

Convulsions are occasionally induced during brain stimulation for a
clinical examination in the arousal state [32], but they are rare during
stimulation for intraoperative monitoring under general anesthesia [33, 34].
Surgical procedures on the spine or spinal cord should be performed under
general anesthesia with adequate monitoring of spinal cord function [35].

Recording tc-SCPS for Intraoperative Monitoring

Transcranial stimulation also results in electrical changes in the SCP
recordings, which appear to provide better evidence of spinal motor function
than tc-MEPs [18, 19, 27-29]. The methods of electric and magnetic
stimulation are described for the respective tc-MEPs. However, the methods
of recording the tc-SCP responses are the same as those described for the
segmental SCPs [8-10, 17, 18].

When acquiring magnetic tc-SCP responses, the generation of multiple



descending volleys in the pyramidal tract as well as the process of electric
summation in the dorsal horn are clearly depicted [18, 19, 27, 29]. These
phenomena are never evident when acquiring magnetic tc-MEP responses
because only evoked EMG activity can be observed [14, 18, 19]. Therefore,
magnetic tc-SCPs may provide fine data quality when monitoring spinal
motor function (Fig. 6.4).

Magnetic stimulation @ Recording point

4~ Electric stimulation @ Stimulating point

magnetic tc-MEP

Multiple descending volleys | 20 uv

i 5ms
electric tc-MEP

scp (e-scp) ™1 1

D-wave Multiple descending volleys

Fig. 6.4 Recording of transcranially stimulated evoked spinal cord potentials (tc-SCPs). The brain is
stimulated magnetically or electrically, and the resulting spinal cord potentials (SCPs) are recorded
with epidural electrodes. Both forms of stimulation evoke a group of several spiky waves (multiple
descending volleys) descending the pyramidal tract. The volleys result in the summation of excitatory
postsynaptic potentials (EPSPs). (a) Magnetic tc-SCP, which is stimulated magnetically at the parietal
cranium (m) and recorded from the spinal cord (scp). (b) Electric tc-SCP, which is stimulated
electrically at the contralateral scalp, C3 or C4 (e), and recorded from the spinal cord (scp)

Anesthetics Used in Spinal Cord Monitoring

Many general anesthetics , especially inhalation anesthetics, suppress spinal
electrical activity, thereby reducing the amplitudes and prolonging the
latencies of SSEPs, SCPs [36—39], and tc-MEPs. Therefore, the use of
intravenous anesthetics, including low-dose propofol, ketamine, fentanyl, and



remifentanil, are usually recommended for surgeries that use spinal cord
monitoring. Also, anesthesia can suppress spinal electrical activity, leading to
incorrect judgments [19, 23, 24, 40, 41]. In light of this, simultaneous
monitoring of the bispectral index (BIS) is recommended for maintenance of
adequate anesthesia depth (40-60 % in BIS) [42]. Administration of a muscle
relaxant is desirable when recording SSEPs and SCPs because the use of
relaxants diminishes the presence of muscle contractions and noise due to
EMG artifact. Muscle relaxants, however, interfere with MEP monitoring.

Intravenously administered anesthetics, which are mixed with venous
blood, stream into the heart (right atrium). After circulating through the
lungs, the anesthetics return to the heart (left atrium) with minimal loss or
consumption. Thus, most of the anesthetics enter the aorta. When the aorta is
occluded during a surgical procedure, blood flow in the distal region of the
occlusion becomes very small, and blood is pooled in the proximal region,
where 30 % of the circulating blood volume is distributed [43]. Therefore,
when intravenous anesthetics are continuously infused using a syringe pump,
the concentration of an anesthetic in the proximal region of the aortic
occlusion elevates two- to fourfold [44]. This elevation results in a deeper
anesthetic state than was assumed before the aorta occlusion, leading to
misjudgments. The monitoring of BIS is therefore helpful in realizing correct
judgments in such cases [45].

Case Studies (Clinical Applications)

Spinal cord monitoring by SCP, tc-MEP, or tc-SCP is utilized during spinal
surgery to assess the force on spinal neurons caused by traction, the stress or
injury caused by surgical manipulation, the stress or damage due to ischemia,
and hypofunction under conditions of hypothermia. Representative cases of
each clinical application are presented below.

Traction force on the spine and spinal cord produces immediate spinal
cord ischemia as a result of blood vessels being stretched. The force can
reduce the amplitudes of SCPs by over 50 %. Amplitude reduction in the
SCP due to ischemia can occur with or without prolongation of latency.
Based on findings obtained from SCP monitoring, a nonharmful traction
force on the spine can be determined. Consequently, a spinal cord injury was
able to be prevented in the following case involving open traction and
fixation of the spine to correct idiopathic scoliosis (Fig. 6.5) [46].
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Fig. 6.5 Clinical application of SCP for spine traction . Open traction and fixation of the thoracic spine
to correct idiopathic scoliosis in a 26-year-old female. Anesthesia was maintained with fentanyl and
ketamine. The cauda equina (L4) was supramaximally stimulated by electric pulses. Ascending SCPs
were recorded from the posterior epidural space at the C7 spinal cord level. Immediately after traction
of the spine at 15 kg, the amplitudes of C1, C2, and C3 were reduced to 47.0, 47.5, and 49 %,
respectively. These reductions in amplitude recovered within 15 min after the traction force was
reduced to 12 kg. In this case, the latency did not change. Reprinted with permission from Fujioka et al.
[46]

The surgical manipulation during resection of spinal cord tumors causes
direct and/or indirect mechanical stress or injury to spinal neurons, which can
be determined by using tc-MEP monitoring. When spinal cord damage
occurs, the amplitudes of the tc-MEP responses drop and the stimulation
thresholds elevate. Based on observations of the tc-MEPs, alterations to the
tumor resection can be recommended so as to avoid postsurgical motor



dysfunction (Fig. 6.6). When amplitude reductions exceed 50 % during the
resection, the surgical approach or the resection size needs to be
reconsidered: should the resection be continued, should a smaller resection be
performed, should the angle or direction of the section be changed, or should
the resection be discontinued altogether? Also, based on the final findings
from the tc-MEP monitoring, the level of postsurgical motor dysfunction can
be predicted [15].
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Fig. 6.6 Changes in tc-MEPs during spinal cord tumor resection. A 38-year-old male patient with a
spinal cord tumor in the T5—6 area underwent tumor resection. Anesthesia was maintained by TIVA.
While monitoring tc-MEPs, electric stimulation was performed with a five-pulse train (50—100 ps of
duration, 2-ms intervals, 600 V) on the scalp (C3 and C4), and an EMG of the tibialis anterior (TA)
muscles was recorded. During tumor resection, the amplitudes decreased, but they recovered
immediately after the surgical approach was altered. The tumor resection was continued from the other
direction. Thus, postsurgical motor weakness was not evident. Reprinted with permission from Fukaya
etal. [15]

Aortic surgery usually requires aortic cross-clamping , which often results
in spinal cord ischemia [47, 48]. Because of the prompt response to ischemia,
SCPs are monitored during aortic surgery to assess the severity of ischemic
stress to the spinal cord. Sequential changes in segmental SCPs during



surgery for aortic aneurysm are shown in Fig. 6.7. Ischemia due to aortic
cross-clamping caused a rapid decrease in the amplitude and an increase in
the latency of the responses. The waveforms recovered quickly after
declamping. However, the duration of ischemia that is tolerable or reversible
when a reduction/abolition of the SCP occurs without any resulting
postsurgical neurological symptoms is still not clear (see Fig. 6.7).
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Fig. 6.7 Effects of aortic cross clamping on segmental SCPs. A 71-year-old man underwent abdominal
aortic surgery. Segmental SCPs were recorded from the epidural space at the T12/L1 vertebral level,
and the common tibial nerve was stimulated supramaximally at the popliteal fossa. Anesthesia was
maintained mainly with fentanyl and midazolam, and blood cooling was initiated by cardio pulmonary
bypass. The N1 wave disappeared 30 min (13:05) after cross-clamping (12:35) and reappeared (14:12)
after the declamping (13:19), with the time lag between its reappearance and the declamping being 53
min. The durations of aortic cross-clamping and that of the disappearance of SCP were 44 and 67 min,
respectively. There were no neurological sequelae after surgery. Reprinted with permission from
Kondo et al. [49], with modification



Thus, test cross-clamping before dividing an aneurysm is recommended
(i.e., SCP is closely observed for 15 min after aortic cross-clamping). If a
greater than 50 % reduction of the amplitude is observed, the surgeons should
make repeated short-term releases of the clamp during the surgery so as to
avoid long-term ischemia or should change to another bypass route [49]. This
test can also be modified when monitoring via tc-MEPs or tc-SCPs. On the
other hand, when no or only minimal recovery in the SCP is noted during the
final observation, motor dysfunction corresponding to the amplitude decrease
can be predicted. Because there are concerns that heparinization during aortic
surgery causes an epidural hematoma, an epidural catheter electrode should
be inserted at least 1 h before the surgery and extracted 1 day later when the
effect of the heparin has dissipated.

Cardiovascular surgery is usually performed under moderate or deep
hypothermia , which makes interpretation of waveform changes more
complicated. The waveform of the SCP under moderate hypothermia
responds very sensitively to a drop in body temperature with characteristic
responses in the waveform under such conditions being prolongation of the
latency, widening of the duration, and augmentation of the amplitude (Fig.
6.8) [49].
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Fig. 6.8 Waveform changes of descending SCPs under moderate hypothermia . A 56-year-old patient
underwent thoracoabdominal aortic surgery under hypothermic cardiopulmonary bypass. Descending
SCPs were recorded from the epidural space at the T12/L1 vertebral level, and the spinal cord was
supramaximally stimulated at the C6/7 vertebral level with epidurally inserted electrodes. Anesthesia
was maintained with fentanyl and midazolam, and rectal body temperature was measured. Subsequent
serial changes of N1 and N2 waves were superimposed: (a) before cooling; (b) SCPs during cooling
process; (¢) SCPs during rewarming process. Prolongation of the latency, widening of the duration, and
augmentation of the amplitude are noted under moderate hypothermia. Reprinted with permission from
Kondo et al. [49]

Interestingly, the change in the amplitude was biphasic when the body
temperature was lowered even further: the amplitude gradually increased
until around 30 °C, and then began to decrease under deeper hypothermia .
The precise mechanisms of the biphasic response are still not clear. Under
profound hypothermia (below 20 °C), the amplitude decreases or disappears.
Under even lower body temperature of approximately 10 °C, the N1 wave is
split into two peaks (not illustrated in Fig. 6.7) [49]. These changes recover to
the baseline level immediately upon rewarming. Thus, body temperature
measurements are indispensable for the interpretation of the waveform



changes in the SCP monitoring.

Conclusion

In conclusion, besides basic routine monitoring of SSEPs and tc-MEPs [47],
combined monitoring of other parameters such as tc-MEP or tc-SCP and
MEPs may provide an accurate monitoring of spinal cord function during
surgical manipulations of the spine or nearby structures depending on
individual surgeries [50-52].

Recording of the spinal cord potentials recorded from the epidural space
may add more precise monitoring of spinal cord functions in certain cases.

Appendix: Techniques and Physiology

Introduction

The development of the catheter electrode has made it possible to stimulate
the spinal cord from the epidural space for pain management [53] and to
record epidurally human spinal cord potentials for monitoring spinal cord
function during an operation [8].

The Catheter Electrodes

Human spinal cord potentials (SCPs) can be recorded from the epidural space
using the same catheter used for continuous epidural block. The epidural
catheter electrode can be made simply by insertion of a stainless steel wire
through the epidural catheter approximately 5 mm beyond its tip (Fig.
A6.1a). This simple catheter has been used for the recording of spinal cord
potentials in patients during surgical operations or for the stimulation of the
spinal cord in patients with various spinal cord diseases [54]. An epidural
catheter with three orifices on the side and three platinum wire electrodes was
developed in our laboratory for multiple applications (Fig. A6.1b, c),
including monitoring of spinal cord potentials, measurement of epidural
pressure and epidural tissue blood flow, epidural spinal cord stimulation, and
epidural injection of drugs [55].
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Fig. A6.1 Three types of epidural catheter electrodes are shown. A stainless steel wire can be placed
through an epidural catheter approximately 5 mm beyond its tip (a). Three platinum wire electrodes can
be placed on the catheter (b) that may also have three orifices on the side to measure epidural pressure
and epidural tissue blood flow, epidural spinal cord stimulation, and epidural injection of drugs (c)

Accurate insertion of the catheter electrode at the required site in the
epidural space is critical for these applications. We have been using three
methods to determine the proper placement of the catheter electrodes in the
posterior epidural space: (1) epidural electrical stimulation test, (2) recording
of the spinal cord potentials evoked by stimulation of the segmental,
heterosegmental nerves, or dorsal cord [14, 56, 57], and (3) image
examination such as X-ray, MRI, or CT scan.

When the catheter electrodes are situated in the posterior epidural space
on the mid-line, stimulation through the catheter electrodes produces the
bilateral twitches of the segmental muscles. When it produces unilateral
muscle twitches in the same spinal segment, the electrodes might be situated
laterally in the epidural space. By this stimulation test, you can verify the
spinal segment position and the laterality of the catheter electrode in the
epidural space. When the catheter electrode is situated in the anterior epidural
space, the polarity of the segmental SCPs is reversed as expected. Laterality
of the catheter electrodes in the epidural space can also be determined by the



waveform characteristics of the SCPs. When the catheter electrodes are
situated ipsilateral to the stimulated peripheral nerves and close to the roots,
the recorded initial positive spikes and P, wave are larger than those recorded

contralateral to the nerves.

The procedure used to introduce the catheter electrodes into the epidural
space is the same as that used to place catheters for continuous epidural
anesthesia [53]. The patients are placed in the lateral position and flexed to
open the interspaces of the vertebral column. After making a skin wheal
aseptically and injecting 0.5-1.0 % lidocaine (5 mL), a 16- to 18-gauge
Tuohy needle is inserted into the epidural space using the paramedian
approach, with the bevel parallel to the sagittal plane and targeting the
predicted segment. When the tip of the Tuohy needle is located in the
epidural space, the direction of the bevel is adjusted, and the catheter
electrode is inserted approximately 5 cm into the epidural space. The tip of
the catheter electrode and the skin surface electrode are connected,
respectively, to the negative and positive outlets of an electrical nerve
stimulator [57]. Using these electrodes, recordings can be made at several
spinal levels (Fig. A6.2).
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Fig. A6.2 Recording of the human SCPs. The recording electrodes are placed at various levels of the
spine (a) into the epidural space (b)

Origins of Each Component of the Segmental SCPs

The initially positive spike, P1, of the segmental SCPs is believed to be a
reflection of the extracellular events associated with the action potential
propagation through the roots into the spinal cord [14, 58—-62]. The
generation of an action potential at a node of Ranvier creates a positive



capacitive current, which is conducted electronically down the axon and the
nearby tissues. This current is responsible for the initial positivity of the
triphasic spikes (Fig. A6.3a). The capacitative current is also responsible for
depolarizing the cell membrane at the next node to threshold, thereby
initiating the production of an action potential here. The rising phase of the
action potential is generated by an influx of Na + into the axon from the
extracellular space. The loss of Na + causes the extracellular space to become
negatively charged; this event is recorded as the negative component of the
triphasic spikes (Fig. A6.3b). The falling phase of an action potential is
caused by a K+ efflux from the axon into the extracellular space. The
additional positivity in the extracellular space is recorded from the cord
dorsum as the second positive component of the triphasic spikes (Fig. A6.3b)
[63].
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Fig. A6.3 Origins of each component of the segmental SCPs. The initial positivity of the triphasic
spike is believed to be a reflection of the extracellular events associated with the propagation of action
potentials through the roots down the axon into the spinal cord (a). The rising phase of the action
potential is generated by an influx of Na + into the axon from the extracellular space resulting in the
extracellular space becoming negatively charged; this event is recorded as the negative component of

the triphasic spike (b). The falling phase of an action potential is due to a K" efflux from the axon into
the extracellular space, which is recorded from the cord dorsum as the second positive component of
the triphasic spike (b). The negative waves, N1 (c¢), are thought to be reflections of changes in the
extracellular environment produced by activity of dorsal horn interneurons. The slow positive wave,
P», of the segmental SCPs (d) has been demonstrated as the extracellular manifestation of the process

of primary afferent depolarization. Positive ionic current leaves the extracellular space at excited axon-



axonal synapses (sinks) resulting in the dorsal most portion of the spinal cord becoming positively
charged (d)

In addition, heterosegmental nerve stimulations also produce a slow
positive potential (heterosegmental slow positive [HSP] wave) in cervical and
lumbar enlargements in animal [58, 60, 61, 64] and man during wakeful state
[61].

The negative waves, N1, of the segmental SCPs (Fig. A6.3c) are thought
to be reflections of changes in the extracellular environment produced by
activity of dorsal horn interneurons (see also Fig. A6.4). When the
interneurons are synaptically activated, positive ionic current leaves the
extracellular space at the synapses (sinks) and reappears along the ventrally
projecting axons of the cells (sources). Thus, the dorsal horn takes on a
negative charge and the ventral horn takes on a positive charge [62, 65, 66].
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Fig. A6.4 Proposed origins of each component of the segmental SCPs. The negative waves, N1, are
thought to be reflections of changes in the extracellular environment produced by activity of dorsal
horn interneurons. The positive wave, Py, of the segmental SCPs has been demonstrated as the

extracellular manifestation of the process of primary afferent depolarization and/or intracellular
hyperpolarization [68]

The slow positive wave, P,, of the segmental SCPs (Fig. A6.4d) has been

demonstrated as the extracellular manifestation of the process of primary
afferent depolarization (PAD) just as observed in the spinal animals (Fig.
A6.4) [14, 65, 66]. Positive ionic current leaves the extracellular space at
excited axo-axonal synapses (sinks) and reappears along the primary
afferents (sources). Thus, the dorsal most portion of the spinal cord becomes
positively charged (Fig. A6.3d) [21, 23, 67—72]. Another component,
inhibitory postsynaptic potential (IPSP), might be involved in the P2 wave
[68, 69].
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Introduction

Intraoperative neurophysiologic monitoring (IOM) using either electrically
elicited triggered or mechanically elicited spontaneous electromyographic
(EMG) activity has become widely used for the preservation of neurologic
function during various surgical procedures. Its use has a long history dating
back to the 1960s when it was first used for the preservation of facial nerve
function [1, 2]. Its use at that time was prompted by the high incidence of loss
of such function during surgical procedures involving tumors of the acoustic
nerve. As techniques evolved for performing surgery in the cerebellopontine
angle, on large skull base tumors, and for other intra- and extra-cranial
procedures, monitoring techniques for assessing and preserving the function
of the auditory nerve and other cranial nerves also evolved [3-23]. Much the
same can be said regarding the advent of the revolutionary use of metallic,
internal fixation devices for the treatment of spinal deformity. In the
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lumbosacral and increasingly in the thoracolumbar and cervical regions of the
spine, it has become the standard of care for the surgical management of
spinal deformity, degenerative spinal disease, and traumatic insults to use
pedicle screws to hold rods in place for the purpose of segmental
transpedicular fixation. Although the scope of their usage is increasing, these
screws are most commonly utilized in the most caudal aspects of the spine
from L2 to S1, where their usage has resulted in primarily placing nerve root
rather than spinal cord (which ends in the conus medullaris at about L1-L2)
[24] function at risk.

It is now widely recognized that the use of monitoring can improve
surgical outcomes by several means. It can help to reduce the risk of
surgically induced injuries and can help to properly identify specific neural
structures. As a result, the scope of its use during various neurosurgical and
orthopedic surgical procedures has significantly expanded. The EMG
monitoring techniques that are used for this purpose provide an inexpensive
and effective means for assessing functional integrity such that, if needed,
surgical intervention and correction can occur in a timely fashion so as to
preserve function. These techniques that utilize EMG responses to protect
neurologic function when brain, spinal cord, cranial nerve, cauda equina, and
nerve root function are at risk, include cranial nerve monitoring, brainstem
and cortical motor strip mapping, nerve root monitoring for surgeries in the
region of the cauda equina, nerve root monitoring during pedicle screw
placements, H-reflex testing, and transcranial motor-evoked responses. The
latter technique is only mentioned here and will be further discussed in Chap.
2 (“Transcranial Motor-Evoked Potentials”) and elsewhere.

General Principle of EMG Monitoring

The methodology for protecting neurologic function during various neuro-
and orthopedic surgical procedures using EMG techniques is relatively
simple and straightforward. The brain, spinal cord, cranial nerves, and spinal
nerve roots contain motor pathways that innervate various muscle groups. By
placing recording electrodes in these muscles and with controlled usage of
neuromuscular junction blocking agents, EMG activity can be acquired when
these pathways are irritated or stimulated due to surgical manipulation or
activated by means of an external electrical stimulus.

The monitoring of cranial nerve function is dependent on being able to



record EMG activity. Such activity cannot be recorded if the patient is
pharmacologically relaxed. Hence, if muscle relaxants are given, they should
be short acting and should be allowed to wear off or reversed before
monitoring is attempted. To avoid extended paralysis as a result of the use of
neuromuscular blocking agents, there should be good communication
between all members of the surgical and monitoring teams regarding the use
of relaxants and when the use of monitoring will be needed. In addition, a
means of accurately assessing the degree of muscle relaxation should be used
in order to validate the monitoring findings when relaxants are utilized.

Cranial Nerve Monitoring Technique

The technique that was initially used for monitoring cranial nerve function in
the 1960s involved a handheld stimulation electrode to elicit muscle
contractions. The methodology for eliciting these contractions has not
changed to any great extent. However, the way in which these contractions
are detected has changed. Initially, an observer detected the muscular
contractions of the facial musculature [1, 2]. Later, mechanotransducers [25,
26] were used for this purpose but it was soon found that these contractions
could be detected by simply recording the EMG activity from facial muscles
[8, 9, 27]. As a result, during a surgical procedure, the general principle for
monitoring cranial nerve function involves the use of a handheld monopolar
electrical stimulating electrode to probe the surgical field and single or pairs
of needle electrodes that are used to record EMG activity from muscle groups
innervated by cranial nerves at risk [28] (Fig. 7.1, Table 7.1). During
procedures involving tumor removal, short constant-voltage [28] or constant-
current pulses are typically used intermittently for stimulation and recordings
of spontaneous or free-running EMG activity are continuously monitored.
Stimulus pulse durations are usually 50—100 ps, with a rate of stimulation of
3-5 pulses per second [10]. The intensity of the stimulus is an important
consideration. When using monopolar stimulation , nerves that are located
within its sphere of influence will be activated; the more intense the stimulus,
the larger the diameter of its sphere of influence. In this way, it is possible to
identify regions of a tumor where there is no motor component of a cranial
nerve present so that large portions of the tumor can be quickly resected with
a low risk of causing any permanent neurologic injury. A stimulus intensity
that is too low can result in unintended surgical nerve injury because the



nerve may not react to the stimulus intensity and may be part of tissue that is
resected. A stimulus intensity that is too high may give a false indication that
the nerve is located close to the stimulator and may slow down and lead to
incomplete tumor removal. At the same time, the same methodology can be
used to identify the anatomic location of cranial nerves in order to avoid
surgical manipulation and preserve functional integrity. Initially keeping the
stimulus intensity high will protect the nerve from damage, and once a
response is obtained, the intensity should be reduced in order to determine its
exact location. Therefore, when using constant-current stimulation, initially
the stimulus may be as high as a few milliamps, but once a response has been
obtained, 0.1-0.2 mA may be sufficient to elicit a robust EMG response
when cranial nerves are directly stimulated [10].
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Fig. 7.1 Placement of electrodes for recording EMG responses from the extraocular muscles (CNs I1I,
IV, V1), facial muscles (CN VII), masseter muscle (CN V), trapezius muscle (CN XI), and the tongue
(CN XII). Cranial nerve IX is monitored by either placing needles or an adhesive surface electrode in or
on the soft palate. Cranial nerve X can be monitored by placing needle electrodes in the vocal folds,
percutaneous needle electrodes in the larynx muscles, or by using a tracheal tube with built-in surface
electrodes. Also included are electrodes for recording auditory brainstem responses (ABRs) or
brainstem auditory evoked potentials (BAEPs) and visual evoked potentials (VEPs). Also shown are
insert earphones for presenting a click stimulus to the inner ear and eliciting the ABRs and a contact
lens with light-emitting diodes for stimulating the eye and eliciting the VEPs. As a result, the function
of cranial nerves VIII and II can be assessed as well. Reprinted from Moller et al. [28]

Table 7.1 Muscle groups commonly used to assess cranial nerve function based on their innervations

Cranial nerve Muscle group

I Medial rectus

v Superior oblique

\'% Masseter, temporalis

VI Lateral rectus

VII Orbicularis oris, orbicularis oculi
IX Soft palate

X Vocal cords

XI Trapezius

XII Tongue

As below, continuous monitoring of spontaneous or free-running EMG
activity provides a means for assessing if an injury may occur to a cranial
nerve. Normally, the activity should remain flat or quiet, indicating that the
nerve has not become activated as a result of mechanical stimulation.
Manipulation of a nerve may result in periods of activation. The length of
time a nerve is activated depends on the degree of nerve irritation [4, 29].
Short periods of activation generally correlate with no permanent injury.
Frequent or sustained periods of activation have a greater likelihood of being
associated with a postoperative neurologic deficit [30]. This type of sustained
activation has been given the name “A-train” activity , the occurrence of
which has been associated with postoperative paresis in patients operated on
for vestibular schwannoma [11, 13, 31] and microvascular decompression for
trigeminal neuralgia [12, 27, 28]. The condition of a nerve prior to
manipulation also plays a role in determining how it will react to mechanical
stimulation. Manipulation of normal healthy nerves will generally produce
little or no activation, whereas nerves that are already slightly injured will
tend to react more strongly when manipulated and may act as impulse



generators of spontaneous EMG activity even when no manipulation is taking
place [4, 30]. However, severely injured nerves may not react to mechanical
stimulation at all and therefore the absence of EMG activity does not
guarantee that a nerve has not sustained an injury. As a result, it is important
to use electrical stimulation to validate that an injury has not occurred. If the
responses that result have latencies or amplitudes that are prolonged or
diminished relative to baseline responses, these are indications that an injury
has occurred.

Monitoring Specific Cranial Nerve Function
Cranial Nerves V and VII

Historically, monitoring cranial nerve function began with attempts to assess
and preserve the motor function of the facial (VIIth cranial nerve) and
trigeminal (Vth cranial nerve) nerves during operations for removal of large
acoustic or other skull base tumors [1, 2]. The facial nerve provides
innervation to the orbicularis oculi and orbicularis oris muscles, whereas the
trigeminal nerve innervates the muscles of mastication (masseter and
temporalis muscles). Therefore, if pairs of needle electrodes are placed in
these muscles, they provide a means for recording EMG activity during
tumor removal and other surgical procedures [12—15, 19, 20, 32]. If each pair
is connected to a different recording channel, the recordings provide a means
for differentiating between which muscle group is being activated and hence
which cranial nerve is being irritated or stimulated. Electrical stimulation of
the trigeminal nerve will result in responses with a peak latency less than 6
ms, whereas the responses elicited by facial nerve stimulation will have peak
latencies greater than 8 ms [30]. This provides another means for
differentiating which cranial nerve is being activated.

During operations for removal of large acoustic tumors or during
operations in the cerebellopontine angle, the function of the component
branches (acoustic and vestibular) of the VIIIth cranial or auditory nerve is
clearly at risk. Unlike the other cranial nerves where the monitoring is
dependent upon recording EMG activity, the auditory nerve consists of
sensory pathways and, as a result, monitoring of auditory nerve function is
dependent on assessing sensory pathway function using brainstem ABRSs.
This monitoring technique is thoroughly discussed in Chap. 3 (“Auditory



Evoked Potentials”).

Cranial Nerves III, IV, and VI

Cranial nerves III, IV, and VI innervate the extraocular muscles. Hence, as is
the case when monitoring facial and trigeminal nerve function, if needle
electrodes are placed in or in close proximity to these muscles, cranial nerve
function can be monitored by recording the EMG activity from the muscles
that these nerves innervate [27, 28]. Cranial nerve III function can be
monitored by recording from the medial rectus muscle. Similarly, cranial
nerve IV function is monitored by recording from the superior oblique
muscle. Recordings from the lateral rectus muscle are used to monitor cranial
nerve VI function [21]. Because of space limitations, only single electrodes
are placed in each of these muscles with a reference electrode placed
contralateral to the side of surgery.

Cranial Nerves IX, X, XI, and XII

As was the case with monitoring cranial nerve III, IV, and VI function using
the EMG activity from extraocular muscles, the function of the IX, X, XI,
and XII cranial nerves is assessed by monitoring the EMG activity from
muscles innervated by the motor components of these cranial nerves [15-20,
33]. Although these cranial nerves also contain sensory and autonomic
components, it is assumed that the EMG activity associated with these nerves
represents the condition of the entire nerve and not just the motor component.
The motor component of the IXth cranial nerve is monitored by recording the
EMG activity from the soft palate using needle electrodes [9, 27]. Although it
is possible to monitor the motor function of the Xth cranial nerve (the vagus
nerve) using needle electrodes placed in the vocal folds, it is difficult to place
these electrodes [9]. As a result, recording of vagal nerve EMG activity is
typically done using a tracheal tube with attached electrodes that are able to
make contact with the vocal cords. Monitoring of recurrent laryngeal nerve (a
branch of the vagus nerve) function during surgery is a common application
of this technique [16, 17]. Monitoring the motor function of the spinal
accessory or XIth cranial nerve is relatively easy. This is done by placing
needle electrodes in the trapezius muscle and recording the ongoing EMG
activity. Finally, monitoring of the XIIth cranial or hypoglossal nerve is done
by placing needle electrodes in the tongue [9, 28], although other techniques



have been shown to be effective as well [34]. The hypoglossal nerve is very
small but very important. Therefore, if there is any question regarding its
location or identity, electrical stimulation can elicit EMG responses from the
tongue or other appropriate muscles. When monitoring the function of all of
these cranial nerves, caution must be taken with regard to the stimulation
intensity that is used for eliciting EMG responses from the muscles that they
innervate. If the intensity is too high, the resulting responses may be
excessive and possibly injurious.

Although the amplitude of the EMG responses resulting from electrical
stimulation of the various cranial nerves may vary, the responses are typically
monitored by viewing their traces on an oscilloscope-type display with each
trace dedicated to a particular cranial nerve. In addition, the surgeon may
want to receive auditory feedback of the stimulus and any elicited EMG
activity each time they stimulate. Therefore, most monitoring equipment
comes equipped with a speaker system for this purpose.

However, the use of electrical stimulation to test cranial nerve function is
necessarily only intermittent and, in addition, sometimes a nerve will be
inaccessible to test because of the size of a tumor. Hence, even when a nerve
is available for testing, this method cannot provide the desired ongoing
functional assessment. In such cases, the use of multipulse transcranial
electrical stimulation provides a means for continuous monitoring of
cortibulbar pathway function. The technique involves the use of the same
standard scalp stimulation sites and parameters that are routinely utilized to
elicit transcranial motor-evoked potentials (tcMEPs) (see Chap. 2,
“Transcranial Motor-Evoked Potentials”). However, rather than recording
these MEP responses from muscles in the extremities, the recordings are
acquired from the same muscles in the face and head that are routinely used
to monitor triggered and spontaneous EMG activity when assessing cranial
nerve function in the traditional manner as discussed earlier. These responses
are known as corticobulbar tract motor-evoked potentials (CBT-MEPs) . The
successful use of this corticobulbar technique during cerebellopontine angle
(CPA) tumor removal when facial nerve function is at risk or for other skull
base surgeries when the function of other cranial nerves is at risk, including
the vagal nerve pathways, has been reported [35-38].

Brainstem Mapping



Brainstem mapping is a neurophysiologic technique for locating the cranial
nerve motor nuclei (CMN) on the floor of the fourth ventricle. This technique
has proven to be valuable for preventing damage to the CMN during surgery
for the removal of tumors and other pathologies located in and around the
brainstem [20, 39—43]. Occasionally, the surgeon is confronted with having
to make a decision regarding the safest approach to reach structures below the
brainstem surface. When this approach involves the floor of the fourth
ventricle, stimulation of the floor at various locations using a handheld
stimulation probe can result in EMG responses from various muscle groups
that are innervated by cranial motor nerves of the head. These muscle
responses can provide information regarding the location of various CMN
and also safe entry points to the brainstem. The motor nuclei are generally
located near specific anatomic landmarks such as the facial colliculus and
striae medullares. However, even in normal patients, visualization of these
landmarks is not always apparent; when these landmarks become distorted
due to the presence of a tumor, the locations of these nuclei become even
more problematic. This is when this technique is of particular value.
However, because it is only used intermittently during tumor resection to
localize and confirm the location of CMN, it is only a mapping and not a
monitoring technique. Unlike monitoring techniques, it is not used
continuously to assess function and validate the integrity of neural pathways.
Therefore, any neural damage that might occur during brainstem tumor
resection would not be preventable using this technique.

Mapping Technique

Stimulation of the floor of the fourth ventricle is performed using a handheld
monopolar stimulation probe with a tip that allows for very focal stimulation.
The anode or return electrode is generally placed at Fz, near the front of the
scalp. Stimulation consists of 0.2-ms pulses presented at a frequency of 4 Hz.
The stimulation intensity is kept low and generally begins at 1.5-2.0 mA.
Once muscle responses are obtained, the intensity is gradually reduced in
order to establish stimulation thresholds. This is generally between 0.3 and
2.0 mA [43].

As is the case with cranial nerve monitoring, recording electrodes are
inserted into the appropriate muscle groups. These are placed in the
extraocular muscles for mapping the cranial nerve III, IV, and VI motor
nuclei. For the CMN VII, they are placed into the orbicularis oris and oculi



muscles. For mapping the cranial nerve IX and X motor nuclei, the electrodes
are inserted into the soft palate and posterior pharyngeal wall using direct
laryngoscopy. Alternatively, a tracheal tube with attached electrodes can be
used. For the CMN XI, electrodes are placed in the trapezius muscle, and for
the CMN XII, electrodes are inserted into the lateral aspect of the tongue. The
EMG responses that result from stimulation of these nuclei are typically
several hundred microvolts in amplitude and can be recorded using a time
base of 20 ms and a filter bandwidth between 50 and 2000 Hz.

Anesthetic Management

Because the EMG responses used for mapping purposes result from the
activation of lower motor neurons, the anesthetics used for general anesthesia
have little or no effect on these responses. Because lower motor neurons are
being stimulated via the motor nuclei of cranial nerves or their intramedullary
roots, as long as muscle relaxants are not utilized during the mapping and
monitoring period, any type of anesthetic management is compatible with
brain stem mapping.

Motor Strip Mapping

Identification of the motor cortex is typically performed by placing a
recording grid of electrodes directly on the cortical surface of the pre- and
post-central gyri. The contralateral median or ulnar nerves are then stimulated
and the resulting somatosensory-evoked potentials (SSEPs) can be recorded
from each of the grid electrodes. At the transition between the sensory and
motor cortex, the elicited responses reverse polarity or undergo a phase
reversal. In this way, in most instances, the location of the motor cortex can
easily be identified. However, with distortion of the cortical anatomy that can
occur as a result of the presence of a brain tumor, these results can become
unreliable. Phase reversal may not be obtained and other techniques may
have to be used. One of these techniques utilizes direct electrical stimulation
of the cortical surface to elicit motor responses that can be visualized or to
elicit EMG responses that can be recorded from various muscle groups of the
limbs, face, or trunk [44]. Location of the lesion within or adjacent to the
motor cortex will dictate what muscle groups to focus on. Subdermal needle
electrodes are then placed within the appropriate muscles.



The surgeon uses a handheld stimulator to excite the cortex. The electrical
stimulation technique relies on the activation of the cortical circuitry by
means of a train of bipolar, biphasic short-duration (1 ms) rectangular
electrical pulses. These pulses are applied at a rate of 50—60 Hz. The intensity
of the stimulus is normally kept low (3—5 mA) and is gradually increased in
1- to 2-mA steps until motor responses are elicited. The duration of the
stimulus train is typically applied for a few seconds in order to detect any
elicited motor responses in the spontaneous EMG activity that is being
observed. The surgeon notes the location of these occurrences and in this way
is able to determine what tissue can be removed while still preserving
function. Chapter 9 (“Cortical Mapping”) provides a more comprehensive
discussion of this topic.

Techniques for Assessing Nerve Root Function and

Pedicle Screw Placement

The use of pedicle screws for spinal stabilization is becoming increasingly
more common. However, proper placement of pedicle screws such that they
do not irritate or injure nerve roots requires that the surgeon doing the screw
placement be very experienced and knowledgeable about the anatomic
characteristics of all aspects of the spine. Although a surgeon will rely on
anatomic landmarks and fluoroscopy for accurate placement, the placement is
still largely done blindly. Ideally, screw placement should result in the screws
being placed within the pedicles with about 1 mm of bone between the lateral
and medial walls of the pedicle and with no breaches of the pedicle walls.
However, when significant deformity is present, even a skilled surgeon can
misplace screws. Nerve roots tend to position themselves near the medial and
inferior aspects of the pedicles as they exit the spinal canal through the spinal
foramen. If screws are misplaced such that they protrude from the pedicle
wall in either of these a