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Preface

The study of the human brain and its functioning is an interesting and fascinating
subject. Electroencephalography (EEG) and brain connectome analysis are evolving
fields for understanding brain electrophysiology and its complex and interconnecting
cerebral network.

EEG has been used for decades, from basic investigations in epilepsy patients to
advanced studies of the propagation of pathological seizure in refractory epilepsy.
The advances in the study of the brain connectome by anatomical and neuroradio-
logical aspects supplement the mechanisms underlying cognition, behavior, and
disease.

Advances in Electroencephalography and Brain Connectome presents a comprehensive
overview of the basic principles and concepts as well as the latest developments in
this field. The chapters cover a wide range of topics including laboratory practical
use of EEG, EEG with correlation of neuroimaging, medical application of EEG, and
connectome concepts in surgical intervention including newly evolving stereotactic
electroencephalography. In addition, the book discusses the popular implementation
of EEG in brain-computer interfaces for neurorehabilitation.

The book serves as a platform for sharing ideas among researchers and clinicians who
are interested in the study and advancement of anatomo-clinical electrophysiology
networking of the human brain and its relevant functions.

Tak Lap Poon

Department of Neurosurgery,
Queen Elizabeth Hospital,
Hong Kong SAR, China






Chapter 1

Practical Recommendations for
Conducting an EEG Study in a
Neurophysiological Laboratory

Sergey Alexander Gulyaev

Abstract

The method of electroencephalography is an accurate and objective method of
recording the bioelectrical activity of the brain, used both in scientific research and in
clinical practice. However, achieving a high-quality result requires a lot of preparatory
work. This chapter describes the technology for conducting electroencephalographic
studies, their subsequent analysis, and presentation of results that are understandable
to both a specialist neurophysiologist and a practicing neurologist. You will also find a
description of the organization of the EEG study, the choice of scenario, functional
tests, and the basics of forming a medical report. We will also consider individual
issues of organizing an EEG study in people who have had a stroke, and multichannel
and functional EEG studies.

Keywords: electroencephalography, brainmapping, organization, clinical
neurophysiology, clinical practice

1. Introduction

Electroencephalography is an accessible method for objective diagnosis of
the functional activity of the brain, widely used in modern neurology. The main
reason for the modern use of electroencephalography in clinical diagnostics is
the fact that there is no time delay between the level of nutrient supply to the
nerve cell and changes in the total postsynaptic potential recorded using the
electroencephalographic system, which is due to the absence of organelles in
nerve cells that ensure the deposition of nutrients. This makes it possible to use the
EEG for diagnosing brain processes with fast dynamics that are inaccessible to
other technologies, in particular, fMRI. In practice, this makes it possible to
observe the features of changes in cerebral hemoperfusion in the cortical regions of
the cerebral hemispheres in real time. And taking into account the peculiarities of
the EEG—technology to implement an economically accessible system of func-
tional observation / control without significant risks of adverse effects on the
subject.

However, the most significant issues limiting the use of EEG at present are the
training of specialists who use in their daily work either primitive diagnostic
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technologies in the form of visualization-phenomenological analysis or controversial
mathematical methods introduced into the EEG technique back in the era of analog
devices, thanks to their accessibility and ease of implementation, but lacking a con-
vincing scientific justification [1].

To understand the place of EEG in modern neurological diagnostics, these
issues need to be considered in more detail. The issue of localization of the EEG
signal source and its connection with brain structures were solved as early as by
Penfield in the 1940s of the last century [2], using the “10-20” system of
electrode placement on the scalp, which is still used today, which made it possible
to create a triangulation model for determining the basic signal, as which W.
Penfield used a focal epileptic discharge. Currently, these ideas are actively used
in the photogrammetric localization system, actively promoted by Magstim
Corporation (USA) [3].

But due to a lack of understanding of the need to build a triangulation model, as
well as attempts to revise the technology from the standpoint of other functional
methods, a significant simplification of the EEG methodology was formed and the
further development of electroencephalography went in two ways: The first was
the use of a routine study in outpatient practice, the purpose of which was diag-
nostic search and active detection of epilepsy in workers of certain specialties and
industries, and the purpose of the second was to scientifically search for the
relationship between functional and behavioral reactions caused by various objec-
tive factors (especially those associated with the development of intracranial vol-
umetric formations) and changes in the general nature of the EEG signal. These
studies made it possible to make a number of significant observations about the
nature of slow-wave rhythmic phenomena and from the connection with processes
accompanied by swelling of the nervous tissue and disorders of cerebral
hemoperfusion processes; however, the lack of localization technology and the
search for alternative solutions led to a loss of interest in EEG in the late 1990s of
the last century, with the advent of affordable radiological diagnostic systems that
made it possible to obtain a two-dimensional image understandable to most spe-
cialists, comparable to traditional anatomical drawings and postmortem examina-
tion data.

At present, the creation of systems for accurate localization of the position of EEG
electrodes in space [4-6], as well as the development of the latest EEG diagnostic
systems with a large number of active electrodes presented in the developments (3),
has revived interest in electroencephalography as an accessible a method that makes it
possible to study the processes of brain activity that have fast dynamics, which are
inaccessible to systems using technologies for recording the dynamics of changes in
cerebral microcirculation (MRI, near-infrared spectroscopy), and the development of
software products for combining the results of a spatial representation of the EEG
potential distribution on the scalp with radio imaging data methods [7] made it
possible to obtain information on functional changes, comparable in accuracy to the
methods of X-ray neuroimaging.

This led the International Federation of the Clinical Neurophysiology (IFCN)
guidelines in 2017 to adopt official recommendations for the use of advanced lead
localization systems and also recommended a gradual transition from using the
“10-20” system to the “10-10” system [8]. This approach makes it possible to develop
new ideas for creating a system of brain mapping (brain mapping), which allows
recording various functional changes in cerebral activity in real time and making their
direct connection with anatomical data [9].
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The development of such systems will improve the quality of life and stroke
patients and accelerate their return to an active social life, which has already been
shown by a number of authors [10-12].

2. Registration of bioelectrical activity in a routine study

Important!

EEG registration begins with the procedure for checking the device for electrical
safety!

Make sure that the instrument is connected to the network (control computer).
Wires (especially mains power wires) do not have visible damage, which are not
located near water or heat sources.

Carrying out functional stress tests may be associated with the risk of developing
an epileptic seizure or other paroxysmal condition. Therefore, the specialist
conducting the study must have the skills to provide resuscitation and also be able to
call the resuscitation team.

2.1 Patient preparation

The patient comes to the study in a calm state with a clean head. Best of all, in the
first half of the day, in order to avoid the consequences of psycho-emotional impact.

2.2 Start of the study

The patient is connected using an electrode interface (cap). It is necessary to make
sure that the cap is clean and dry, and the helmet material and wires do not have
visible damage.

Installation of electrodes is carried out by means of the international layout of
electrodes “10-20.”

Installation of reference (ear) electrodes is carried out on the earlobes Al—left
lobe and A2—right lobe using electrodes—clothespins.

If it is impossible to install ear electrodes (there are no clothespins in the packing or
otherwise), reference electrodes are installed on the mastoid processes Al—left mas-
toid process and A2—right mastoid process.

After connecting the patient to the device, the photostimulator is installed at a
distance of 20 cm from the eyes and the direction of the light flux is checked.

2.3 Next, we move on to working with the program

1.Fill out the patient card

We enter data into the card, including full name, age, and gender

2.Checking the installation of the current installation

Most often, the current editing of the recording is set automatically, but before
examining, you need to make sure that the program settings have not changed.

3.Check the write speed

Write speed should be set to 30 mm per 1 second
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4.Checking the amplitude sweep

Amplitude sweep set to 7 pV

5.Checking the settings of filtering values
The low-frequency limit is set to 0.5 Hz
The high end is set to 35 for normal exploration and 70 for advanced.

After checking the recording parameters, we start monitoring—a mode in which
the device is turned on, but no data are written to the disk.

In monitoring mode, we check the characteristics of the curves and proceed to the
impedance test.

6.Impedance test

The subelectrode resistance (impedance) shows the correct installation of the
electrode and characterizes the contact of the electrode with the scalp. The
impedance value must not exceed 10 kOm. At high impedance values, it is
necessary to check the contact of the electrodes with the scalp, if necessary,
remove the hair that has fallen under the electrode, add an electrically conductive
gel, or thoroughly degrease the skin with an alcohol-containing solution and a
cotton swab.

After stabilization of the impedance values (should be equal under all electrodes),
we start recording with research.

7.Study recording

The study recording mode differs from monitoring in that the data are saved to the
computer’s hard drive. Recording is the main survey mode!

During the study, the patient is presented with various functional tests, which, for
ease of understanding, are combined into a single-study scenario.

3. Study scenario
3.1 General scenario

The study is carried out for at least 20 minutes and includes the following
procedures:

Background recording 3-5 minutes (but not less than 3 minutes)

Opening eyes—1 min. Closing eyes—1 min.

Background recording—3 min.

Test with photostimulation (rhythmic light flashes are presented with the help of a
photostimulator):

e Hz—10 sec.

o Break 5 sec
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2 Hz—10 sec.

o Break 5 sec

3 Hz—10 sec.

o Break 5 sec

4 Hz—10 sec.

o Break 5 sec

5 Hz—10 sec.

o Break 5 sec

25 Hz—10 sec.

Background recording—3 min.

Opening eyes—1 min. Closing eyes—1 min.
Background recording 1 min.
Hyperventilation—3 min.

Background recording—>5 min.

Opening eyes—1 min. Closing eyes—1 min.
Study Termination

3.2 Children

In children and adolescents, it is sometimes difficult to make a full-fledged
recording, according to the “10-20” system due to the small size of the head, and it is
also difficult for children to remain still for a long time. At the same time, due to the
functional immaturity of the structures of the child’s brain, the desired phenomena
manifest themselves better than in adults. Thus, an EEG study in children takes at
least 15 minutes and includes the following tests:

3.3 Scenario “Children”

Background recording 3 min

Eye opening—1 min. Eye closing—1 minute

Background recording—1 min.

Test with photostimulation (rhythmic light flashes are presented with the help of a
photostimulator)

¢ 1 Hz—10 sec.
o Break 5 sec
e 2 Hz—10 sec.

o Break 5 sec
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3 Hz—10 sec.

o Break 5 sec

4 Hz—10 sec.

o Break 5 sec

5 Hz—10 sec.

o Break 5 sec

25 Hz—10 sec.

Background recording—1 min.

Opening eyes—1 min. Closing eyes—1 min.
Background recording—1 min.
Hyperventilation—3 min.

Background recording—3 min.

Opening eyes—1 min. Closing eyes—1 min.
Study termination

3.4 Epilepsy

When the diagnosis of “Epilepsy” is established, the study is carried out for 25
minutes, but not less than 20 minutes and includes the following procedures:

3.5 Scenario “Epilepsy”
Background recording 5 min
Opening eyes—1 min. Closing eyes—1 min.
Background recording—3 min.
Test with photostimulation (rhythmic light flashes are presented with the help of a
photostimulator)
* 1 Hz—10 sec.
o Break 5 sec
* 2 Hz—10 sec.
o Break 5 sec
* 3 Hz—10 sec.
o Break 5 sec

e 4 Hz—10 sec.

o Break 5 sec
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e 5Hz—10 sec.
o Break 5 sec
e 25 Hz—10 sec.
Continuous photo stimulation from 1 to 50 Hz
* 40 Hz—10 sec.
o Break 5 sec
* 30 Hz—10 sec.
o Break 5 sec
* 20 Hz—10 sec.

Background recording—3 min.

Opening eyes—1 min. Closing eyes—1 min.

Background recording—1 min.

Hyperventilation—3 min.

Background recording—3 min.

Hyperventilation—2 min

Background recording—3 min.

Opening eyes—1 min. Closing eyes—1 min.

Background recording—3 min.

Study termination

In patients who have had a cerebral stroke, of particular interest is the reaction of
the bioelectrical activity of the brain to physical activity, which occurs as a result of
impaired cerebral hemoperfusion and defective functioning of the collateral blood
supply system.

3.6 Scenario “Stroke”
Background recording (passive relaxed wakefulness with closed eyes)—3 min
Opening eyes—1 min. Closing eyes—1 min.
Test with photostimulation (rhythmic light flashes are presented with the help of a
photostimulator)
* 1 Hz—10 sec.
o Break 5 sec

e 2 Hz—10 sec.

o Break 5 sec
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3 Hz—10 sec.

o Break 5 sec

4 Hz—10 sec.

o Break 5 sec

5 Hz—10 sec.

o Break 5 sec

25 Hz—10 sec.

Background recording—1 min

Opening eyes—1 min. Closing eyes—1 min.
Motion test

Squeeze—unclench the right hand—3 min
Background recording—1 min

Opening eyes—1 min. Closing eyes—1 min.
Motion test

Squeezing—unclenching the left hand—3 min
Background recording—1 min

Opening eyes—1 min. Closing eyes—1 min.
Motion test

Squeeze—unclench both hands—3 min
Background recording—1 min

Opening eyes—1 min. Closing eyes—1 min.
Test with hyperventilation

Deep breathing—3 min

Opening eyes—1 min. Closing eyes—1 min.
Background recording (passive relaxed wakefulness with closed eyes)—3 min

Important!

With the appearance of paroxysmal epileptiform activity, the development of a
seizure, the study stops!

4. Conducting standard functional stress tests in the study
4.1 Photostimulation

Photostimulation is carried out using a special device combined with an electroen-
cephalograph, which makes it possible to produce rhythmic light flashes at a given
frequency.

The color of the flash may be white or red, depending on the design
of the device. The light source can be a gas discharge lamp or high-power LEDs.
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4.2 Contraindications for the test

Pregnancy is a relative contraindication to a photostimulation test, as there is a risk
of adverse effects on the fetus in the event of an epileptic seizure.

Important!

When using a photostimulator with a gas discharge lamp as a light source,
never test with open eyes, due to the risk of eye damage from the powerful light
flux of the gas discharge lamp!!!

4.3 Hyperventilation

During hyperventilation, the subject takes a deep breath (trying to fill the lungs as
best as possible and exhale through slightly closed lips).

4.4 Contraindications for the test

Relative contraindications to the hyperventilation test:

History of indications of cardiac arrhythmias

Intracranial tumors of subtentorial localization

Myocardial infarction

Diabetes mellitus in the stage of decompensation

Acute intoxications

Chronic obstructive pulmonary disease

Frequent series of generalized and secondary generalized seizures

4.5 Absolute contraindications

Trauma to the upper respiratory tract
Paroxysmal ventricular arrhythmias
Acute period of myocardial infarction
Pneumothorax

In addition to the contraindications listed above, the hyperventilation test should
not be continued if true epileptiform activity is clearly presented in the record, since
the main goal of the test has been achieved, and its continuation may lead to the
development of a clinical seizure, or in an unfavorable case, status epilepticus.

Important!

When performing the test, frequent, shallow, and ineffective breathing should be
avoided, since in this case, the state of hyperoxia is not achieved and the test becomes
ineffective.

Important!

The main task of a routine examination is to ESTABLISH A DIRECT RELATION-
SHIP between the development of a functional disorder and the type of functional
load imposed, which is confirmed by the development of pathological activity in the
EEG recording!!!

In the absence of a direct connection between the development of a functional
disorder and a provoking factor, it is concluded that further examination is necessary
using long-term EEG recording technologies.
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5. Long-term EEG study
5.1 Continued EEG study

The purpose of the study: to identify a possible pathological response to functional
loads, if there is a suspicion of the likelihood of developing a seizure, but no pathology is
detected on a routine examination, but there are suspicions of the development of such.

The main objective of the study is to exclude the possibility of developing a seizure
in workers of complex industries.

The study is based on repeated functional stress tests for a long time (up to 3 hours)

5.2 Study scenario

Background recording 5 min

Opening eyes—1 min. Closing eyes — 1 min.

Background recording—3 min.

Test with photostimulation (rhythmic light flashes are presented with the help of a
photostimulator):

e 1 Hz—10 sec.

o Break 5 sec

2 Hz—10 sec.

o Break 5 sec

3 Hz—10 sec.

o Break 5 sec

4 Hz—10 sec.

o Break 5 sec

5 Hz—10 sec.

o Break 5 sec

25 Hz—10 sec.

Background recording—3 min.

Opening eyes—1 min. Closing eyes—1 min.
Background recording 1 min.
Hyperventilation—3 min.

Background recording—>5 min.

Opening eyes—1 min. Closing eyes—1 min.
Background recording 20 min.

Study repetition (up to 6 times)

Study Termination
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Important!

When pathological activity appears in the record, the study is terminated as the
main goal is achieved and the task is completed.

After the studies, the recording stops and the data are saved, which are transferred
for analysis to the doctor, who forms the medical report.

5.3 VideoEEG monitoring from 4 hours (in children) to 9-12 hours in adults)

Purpose of the study: to evaluate changes in bioelectrical activity under condi-
tions of a decrease in external stimuli and changes in the characteristics of the bio-
electrical activity of the brain caused by a change in the phases of physiological sleep).

5.4 Patient preparation

The patient comes to the study in a calm state with a clean head. It is best that he
does not attend work on the day of the study.

With him, the patient has pajamas or a tracksuit to change into.

Before the study, the patient is explained that he will be filmed by a video camera
throughout the study and he will be in bed without a blanket.

Important!

The patient should not take sleeping pills for the onset of sleep, but the patient
does not stop taking basic drugs (especially antiepileptic ones!)!

Conducting research

The patient is connected to the device as well as for routine examination; however,
the use of electrically conductive gels is inappropriate for studies lasting more than 4
hours. When planning a long study, it is better to use a special conductive paste.

Important!

There is no need to require the subject to be in a state of sleep. A person can be in a
state of passive relaxed wakefulness or perform normal activities. The main condition
is constant video recording!

Important!

Functional stress tests, including opening-closing of the eyes, rhythmic photosti-
mulation, and hyperventilation during sleep monitoring are NOT PERFORMED! Due
to the possible disruption of the process of falling asleep.

All functional stress tests are carried out at the stage of a routine examination and
an extended EEG examination!

During night sleep monitoring, the following events are noted:

1. Time of arrival of the patient in the ward
2.Bedtime

3.Light off time

4.Time of onset of sleep

5.Events (woke up, went to the toilet, etc.)

6.Main wake up time

11
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7.Light on time
8.Time when the patient left the room.

After the studies, the recording stops and the data are saved, which are transferred
for analysis to the doctor, who forms the medical report.

5.5 Ambulatory EEG monitoring (not always present in EEG laboratories!)

It is the longest version of the EEG—examination.

Purpose of the study: to establish how changes in the bioelectrical activity of the
brain affect the daily life of the subject

The main task: to establish a direct relationship between the development of
pathological bioelectrical activity and a violation of the quality of life of the subject.

Ambulatory EEG—monitoring is carried out using special mobile devices similar to
ECG monitoring devices (Holter ECG).

The installation of electrodes should imply prolonged contact with the patient’s
skin; therefore, special electrically conductive collodion-based adhesives are used as a
contact medium. The use of standard gels for outpatient EEG monitoring is not
suitable, and the use of conductive pastes is possible only within the daily study.

The time of the study is from 1 day to a week.

After installing the electrodes, they are connected to the device. The operator
checks the charge of the power sources of the device, checks the fullness of the
information storage, and controls the impedance. After these manipulations, the
device is fixed on the patient’s body, eliminating tension and breakage of the
conductors.

The subject is given a form of a diary of observations drawn up in a free form in
which he must enter information about his current condition.

Important!

The main task of long-term EEG examinations is to PROVE THE
DIRECT RELATIONSHIP of the functional disorders present in the subject
with epileptic changes in bioelectrical activity or to prove the absence of this
connection!

A successful examination is only one in which a functional disorder was recorded
videographically, which forms the basis of the clinical picture of the disease and a
clear connection was established between the fact of its occurrence and the
registration of pathological paroxysmal activity on the electroencephalogram!!!

If there is no event registration or there is no direct connection between the clinical
manifestations of the disease and changes in the electroencephalogram, the results of
VideoEEG monitoring are not conclusive!

5.6 EEG examination in patients with stroke

Ischemic stroke is a disease that occurs as a result of cerebral infarction and is
characterized by the development of persistent focal neurological syndromes of loss of
functions, primarily motor.

Therefore, a functional study of the state of the bioelectrical activity of the brain
under conditions of motor load is of great interest both in assessing the general
condition and in developing rehabilitation measures.

12
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The purpose of the study was to evaluate changes in the bioelectrical activity of
the brain caused by violations of cerebral hemoperfusion and to identify the reactions
of the microcirculatory vascular bed under conditions of physical exertion.

5.7 Periodization of ischemic stroke

1.the most acute period—the first 3 days (with regression of symptoms in the first
24 hours, a transient ischemic attack is diagnosed)

2.acute period—up to 21 days
3. early recovery period—up to 6 months
4.late recovery period—up to 2 years

5.period of residual effects—after 2 years

6. Mounting 25 active EEG electrodes (as element of “10-10” system)

Volumetric intracerebral processes are characterized by suppression of neuronal
activity (especially in the early stages of development). On the EEG, this is reflected in
the registration of slow-wave activity, which is poorly localized using the 10-20
system.

To address this issue, in 2017, the International Federation of Clinical Neurophys-
iology (IFCN) recommended a system of 25 active electrodes in a 10-10 electrode
system as the research standard. This system includes 25 active electrodes, against 19
in the standard “10-20” system, which is achieved by introducing three pairs of
additional electrodes F9-F10, T9-T10, P9-P10, which allow recording biopotentials
from the basal parts of the brain.

6.1 Procedure for converting a “10-20” system to a “10-10” system

The procedure for converting the “10-20” system to the “10-10” system includes
the introduction of six additional electrodes into the wiring diagram: F9 T9 P9 and F10
T10 P10, one row down (20% of the nasion-inion distance) from the F7 T3 T5
electrodes F8 T4 T6 (Table 1).

Device socket Electrode
X1 F9

X2 F10

X3 T9

X4 T10
X5 P9

X6 P10

Table 1

Electrode connections accordingly, the device uses sockets.

13
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Figure 1.
An example of creating a system 10-10 using additional channels of the device (Program “Neuron-Spectrum” LLC
“Neurosoft,” Russia, author’s observation).

Instrument socket Electrode X1 F9 X2 F10 X3 T9 X4 T10 X5 P9 X6 P10 For
registration, an appropriate new mounting of electrodes is created (Figure 1).

7. Features of the examination when using a multichannel EEG system

A traditional study with 21 scalp electrodes in a 10-20 system is carried out using
simple electrode attachment systems, most often in the form of “caps” of intertwined
elastic tubes or cords, and “bridge” electrodes, in which improved skin-electrode
contact is achieved using physical solution. This is the so-called classical or “wet” EEG
interface. Direct installation of electrodes on the scalp is also possible using needle
electrodes or adhesive electrodes attached to the scalp with a paste or collodion gel.
This system is used in cases of long recordings and sleep studies. In recent years, the
“dry interface” system has been actively introduced, which does not require the use of
conductive solutions, pastes, or gels. Each electrode of such a system has a chlorine-
silver comb installed directly on the scalp, and the contact error is solved either by a
larger electrode surface or by installing a signal microamplifier.

The classical EEG scenario represents a successive change in the recording of
background activity and functional tests “on tape” or in one file, which allows the
researcher to “scroll the record” to compare the characteristics of the bioelectrical
activity of the brain under different conditions and under different external influ-
ences. Since the number of electrodes is small, and the distance between them is from
4 to 7 cm, then in such a system there are no strict requirements for determining the
spatial location of each electrode.
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However, the use of a multichannel system with more than 64 electrodes requires a
more careful approach to creating a scalp-electrode system. A small distance between
the electrodes of 1-2 cm requires careful use of solutions and gels, since with an
overabundance of the latter, a common contact will occur between two adjacent
electrodes and, accordingly, they will be “turned off” from the common recording
system.

When using a 64-channel system, systems of ring electrodes pumped with an
electrically conductive gel are more often used, but when using 128- and 256-channel
systems, it is difficult to implement such a solution, since a large number of adjacent
electrodes create the problem of forming “conductive bridges” and shorting adjacent
electrodes to each other.

The next problem of the multichannel interface is the spatial localization of the
electrodes. As mentioned earlier, the use of the 10-20 system and the use of visual-
phenomenological analysis allow the researcher to do without this information or use
the simplest methods of approximation by the area-electrode type. But the high-
density system operates with a much larger number of electrodes located above the
same zone, and the researcher uses various methods of analysis that require adequate
consideration of differences and input data.

To solve this problem, both methods of a spherical model are currently used with
the representation of the head as a sphere of a given radius with a uniform arrange-
ment of electrodes on its surface, as well as more accurate methods of geodetic
photogrammetry, which determines the position of the electrode from a series of
spatial images with the construction of an individual three-dimensional model, or the
method an electronic pointer that allows you to determine the position of the elec-
trode and its connection with the brain structure obtained using the transformation of
CT or MRI images (Figure 2).

8. Problems of visual representation of a multichannel EEG study
When trying to visually and phenomenologically analyze a multichannel EEG
recording, it is difficult to identify individual diagnostically significant patterns, since
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Figure 2.

Spatial localization of 128 electrodes of a multichannel EEG system using a spherical head model (EEGLAB®,
author’s observation).
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] 1 2 i 4

Figure 3.
Visual representation of native recording of 128 channels of EEG recording (EEGLAB®, author’s observation).

a large amount of linear data is located in a limited space, so attempts to identify
dynamic changes in bioelectrical activity under these conditions are doomed to failure
in advance (Figure 3).

It is more rational to use mathematical processing of primary data with the pre-
sentation of results in the form of frequency graphs and amplitude-frequency maps
(Figure 4) [13, 14].

This approach makes it possible to identify functional changes in the bioelectrical
activity of the brain by the type of potentials associated with the event, the use of a
large number of electrodes that create a dense network allows not only to fix the
response to the event, but also to see the reaction of adjacent cortical zones.

Log Power Spectial Density 107Iog, u[;-\l"‘M:}

Frequency (Hz)

Figure 4.
Mathematical analysis of the native vecording, which allows to determine the avea of desynchronization of the
sensorimotor zone (EEGLAB®, author’s observation,).
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9. The functional study

In the most acute and early recovery period, the patient’s condition is still unstable,
because the cerebral blood supply system is being restructured, damaged as a result of
occlusion of the cerebral arteries and the formation of a compensating collateral blood
supply system.

Under these conditions, the determination of changes in the bioelectrical activity
of the brain is directly related to disorders of cerebral microcirculation. Since the
nerve cell does not have in its structure organelles containing a supply of nutrients,
any change in the conditions of its blood supply leads to disturbances in the formation
of action potential (AP) and postsynaptic potential (PSP), which is manifested by the
appearance of slow-wave activity in the structure of the EEG recording.

To determine the change in the characteristics of bioelectrical activity, we will
compare the state of passive relaxed wakefulness and physical activity in the form of
rhythmic squeezing—unclenching the hands (Figure 5).

In a state of passive relaxed wakefulness, a zone of slow-wave activity of theta—
range is recorded in the left frontotemporal leads. A preserved motor area in the right
hemisphere of the brain and a shift in the focus of alpha activity to the undamaged
hemisphere are determined (Figures 6 and 7).

At the beginning of the load, a change in bioelectrical activity is observed, which is
characterized by the appearance of a section of slow waves in the frontal regions of the
right (intact) hemisphere of the brain, which is a reflection of the formation of a
collateral flow along the system of the anterior communicating artery and the steal
syndrome of the frontal regions of the healthy hemisphere.

At the third minute of the exercise test in the affected hemisphere, a pronounced
increase in the area of slow-wave activity is observed, which characterizes

Figure 5.
The state of passive relaxed wakefulness in a patient with ischemic stroke in the basin of the left middle cerebral
artery (EEGLAB®, author’s observation).
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Figure 6.
Formation of areas of low-frequency pathological activity in a patient who started the exercise test (EEGLAB®,
author’s observation,).

Figure 7.
Continued changes in the characteristics of bioelectrical activity by the end of 3 minutes of functional exercise
testing (EEGLAB®, authors observation).

pronounced microcirculation disorders due to decompensation of the collateral blood
supply system. At the same time, the patient does not complain about the deteriora-
tion of the general condition.
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This observation is important for the development of exercise programs at the
early stages of medical rehabilitation, since, as shown above, even slight physical

activity can cause decompensation of the emerging collateral blood supply system in
such patients.

10. Formation of an EEG conclusion
10.1 Routine EEG study

Conclusion (Report) is the main result of the study, which characterizes all its
importance as a diagnostic method. The report is compiled by the medical specialist

who conducted the study and should include the following sections:
Section 1 Guide containing.

* Information of the referring physician (brief description of the patient’s
condition)

* Patient identification number in the clinic registration system

* Age

* Diagnosis

* Neurological status

* Treatment

* Date of last seizure (in case of examination of a patient with epilepsy)
* Clinical question of the attending physician to be answered by the study
Section 2. Technical

* Information from EEG technician

* Nr. EEG

* Time and date of recording

* Level of consciousness, wakefulness, cooperation with the patient

* Activation procedures used in the study (photostimulation, hyperventilation,
mental activation, sensory stimuli, etc.)

* Section 3 Description

* The description of the EEG is carried out using the terminology of the EEG
glossary)
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* The use of special electrodes during application is noted (basal, nasal, and other
additional, conditions for their attachment)

* Recording conditions are indicated—wakefulness / sleep / stupor / coma
3.1. Background activity

* Description of alpha—activity: severity, localization, distribution to the central
and frontal leads, amplitude, frequency, frequency modality (monomodal,
bimodal, polymodal) severity of amplitude modulations, interhemispheric
asymmetry is or is not.

* Description of beta activity, severity, localization, distribution to the posterior
leads, amplitude, frequency, interhemispheric asymmetry, whether or not.

* Slow activity Theta and Delta waves

* Severity in leads, type, localization, formation of groups of waves, and
pathological rhythms with indication of localization.

* Paroxysmal activity if present

* Appearance of non-epileptiform/epileptiform, bilaterally synchronous, focal,
main pathological pattern, its amplitude, frequency, presence/absence of
amplitude, and frequency gradients.

* Special EEG patterns (if available)

3.2. Recording under stimulation conditions

* The effect of the activation procedure (opening-closing the eyes)
* Reaction to the test with photostimulation:

o Rhythm learning yes/no, whether the test provokes the appearance of
paroxysmal/epileptiform patterns in the recording. If they are present, a
description of their amplitude, frequency, presence/absence of gradients in
amplitude and frequency.

* Response to hyperventilation

o The time of the test is indicated (3, 5, 3+2 min, or the test is terminated at ...
a minute).

o Whether the trial induces paroxysmal/epileptiform patterns in the
recording. If they are present, a description of their amplitude, frequency,
presence/absence of gradients in amplitude and frequency.

Important

* The normal hyperventilation response implies disorganization and
flattening of rhythms for 1 minute of HB, as well as an increase in the index
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of slow waves in the theta range for 2-3 minutes conducting a sample on the
index up to 40% of the epoch.

* In children and adolescents, for 2-3 minutes of HB, high-amplitude
paroxysmal bioelectrical activity may appear in the form of flashes of
bilaterally synchronous waves of the alpha-theta-range, maximally
expressed in amplitude in the fronto-central leads (the phenomenon of
“respiratory waves” associated with functional immaturity mid-stem
structures and their hypersensitivity to hypoxia).

Section 4. Final

* In this section, the physician makes a judgment by interpreting the data obtained
using clinical terminology. The interpretation of the results of the recording is
carried out in the context of the diagnosis and the question of the referring
physician (clinical significance of the results, prognosis, etc.) using general
clinical terms; special EEG terminology should be avoided if possible.

10.2 Continued EEG study

Section 1 Guide containing.

* Information of the referring physician (brief description of the patient’s
condition)

* Patient identification number in the clinic registration system

» Age

* Diagnosis

* Neurological status

* Treatment

* Date of last seizure (in case of examination of a patient with epilepsy)
* Clinical question of the attending physician to be answered by the study
* Section 2. Technical

* Information from EEG technician

* Num. EEG

* Time and date of recording

* Level of consciousness, wakefulness, cooperation with the patient

* Activation procedures used in the study (photostimulation, hyperventilation,
mental activation, sensory stimuli, etc.)
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Section 3 Description

* The description of the EEG is carried out using the terminology of the EEG
glossary)

* The use of special electrodes during application is noted (basal, nasal, and other
additional, conditions for their attachment)

* Recording conditions are indicated—wakefulness / sleep / stupor / coma
3.1. Background activity

* Description of alpha—activity: severity, localization, distribution to the central
and frontal leads, amplitude, frequency, frequency modality (monomodal,
bimodal, polymodal) severity of amplitude modulations, interhemispheric
asymmetry is or is not.

* Description of beta activity, severity, localization, distribution to the posterior
leads, amplitude, frequency, interhemispheric asymmetry, whether or not.

¢ Slow activity Theta and Delta waves

* Severity in leads, type, localization, formation of groups of waves and
pathological rhythms with indication of localization.

* Paroxysmal activity if present

* Appearance non-epileptiform/epileptiform, bilaterally synchronous, focal, main
pathological pattern, its amplitude, frequency, presence/absence of amplitude,
and frequency gradients.

* Special EEG patterns (if available)
* 3.2. Recording under stimulation conditions

Important!
We note the number of stimulation tests in the study and the patient’s condi-
tion during their execution

3.2. The effect of the activation procedure (opening-closing the eyes)

* Reaction to the test with photostimulation:

o Rhythm learning yes/no, whether the test provokes the appearance of
paroxysmal/epileptiform patterns in the recording. If they are present, a
description of their amplitude, frequency, presence/absence of gradients in
amplitude and frequency.

* Response to hyperventilation

o The time of the test is indicated (3, 5, 3+2 min, or the test is terminated at ...
a minute).
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o Whether the trial induces paroxysmal/epileptiform patterns in the
recording. If they are present, a description of their amplitude, frequency,
presence/absence of gradients in amplitude and frequency.

Important

* The normal hyperventilation response implies disorganization and
flattening of rhythms for 1 minute of HB, as well as an increase in the index
of slow waves in the theta range for 2-3 minutes conducting a sample on the
index up to 40% of the epoch.

* In children and adolescents, for 2-3 minutes of HB, high-amplitude
paroxysmal bioelectrical activity may appear in the form of flashes of
bilaterally synchronous waves of the alpha-theta-range, maximally
expressed in amplitude in the fronto-central leads (the phenomenon of
“respiratory waves” associated with functional immaturity mid-stem
structures and their hypersensitivity to hypoxia).

Important

If an epileptic seizure develops or the patient refuses to continue the proce-
dure, stop the study

Section 4. Final

In this section, the physician makes a judgment by interpreting the data
obtained using clinical terminology. The interpretation of the results of the
recording is carried out in the context of the diagnosis and the question of the
referring physician (clinical significance of the results, prognosis, etc.) using
general clinical terms; special EEG terminology should be avoided if possible.
10.3 Video EEG monitoring

Section 1 Guide containing.

* Information of the referring physician (brief description of the patient’s
condition)

* Patient identification number in the clinic registration system

* Age

* Diagnosis

* Neurological status

* Treatment

* Date of last seizure (in case of examination of a patient with epilepsy)

* Clinical question of the attending physician to be answered by the study

Section 2. Technical
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* Information from EEG technician

* Num. EEG

* Time and date of recording

* Level of consciousness, wakefulness, cooperation with the patient
* Time of arrival of the patient at the clinic
* Time of arrival of the patient in the ward
* Bed time

* Light off time

* Sleep time

* Total sleep time

* Number of awakenings

* Light on time

* Wake up time

* Study termination time

* Time of patient leaving the clinic

Section 3 Description

* The description of the EEG is carried out using the terminology of the EEG
glossary)

* The use of special electrodes during application is noted (basal, nasal, and other
additional, conditions for their attachment)

* Recording conditions are specified
o Awake
o Sandman
o NREM 1
o NREM sleep phase 2

* upon reaching
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o Stage 3 slow-wave sleep
o 4th phase of non-REM sleep
o 5 REM sleep
3.1. Waking with open eyes
* The presence of oculograms and muscle artifacts is noted

3.2. Waking with closed eyes
* Description of alpha activity: severity, localization, distribution to the central and
frontal leads, amplitude, frequency, frequency modality (monomodal, bimodal,

polymodal) severity of amplitude modulations, interhemispheric asymmetry is
or is not.

* Description of beta activity, severity, localization, distribution to the posterior
leads, amplitude, frequency, interhemispheric asymmetry, whether or not.

* Slow activity Theta and Delta waves

* Severity in leads, type, localization, formation of groups of waves and
pathological rhythms with indication of localization.

* Paroxysmal activity if present

*» Appearance non-epileptiform/epileptiform, bilaterally synchronous, focal, main
pathological pattern, its amplitude, frequency, presence/absence of amplitude
and frequency gradients.

* Special EEG patterns (if available)

3.3. Sandman

* Flattening of rhythms is noted. The appearance of lambda waves in the occipital
leads, oculographic artifact and myographic artifacts from shudders can be

recorded.

* The period of drowsiness can move into a state of passive relaxed wakefulness
with eyes closed and can move into phase 1 of non-REM sleep.

3.4. 1 slow-wave sleep (non-REM I)
* The flattening of rhythmic activity, characteristic of the state of drowsiness,
persists. Lambda waves are absent in the frontal leads, a spindle-shaped

sigma appears—a rhythm with a frequency of 16-22 Hz. Amplitude up to
30 microvolts.
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* Phase 1 slow-wave sleep can move into a state of passive relaxed wakefulness
with eyes closed and can move into phase 2 slow-wave sleep.

3.4. NREM 2 (non-REM II)

* The flattening of rhythmic activity is preserved. Lambda waves are absent in the
frontal leads, a spindle-shaped sigma appears—a rhythm with a frequency of 16-
22 Hz.

* In the central-parietal leads, paroxysmal activity is recorded in the form of
bilateral-synchronous polyphasic complexes with an amplitude of up to 100
microvolts (Vertex-potentials).

* There is an increase in the index of theta range waves up to 30% in the recording
epoch, the appearance of groups of theta waves.

* 2nd phase of non-REM sleep can go into a state of passive relaxed wakefulness
with eyes closed and can go into phase 3 of slow-wave sleep.

3.5. NREM 3 (non-REM III)

* There is an increase in the index of theta waves in the range of more than 30% in
the recording epoch, the appearance of groups of theta waves and unstable
rhythms. Bilaterally synchronous delta waves of high amplitude up to 40% are

recorded in the recording epoch.

* Sigma—the rhythm is not expressed, the vertex potentials are preserved, but the
index is less than in the second phase of non-REM sleep.

* NREM phase 3 can transition into NREM sleep 1 or 2.
* 3.6. 4 phase slow sleep (non-REM IV)

* There is an increase in the delta wave index of more than 60% in the epoch. Delta
activity is a bilaterally synchronous rhythm

* Sigma—the rhythm is not expressed, the vertex potentials are not expressed.

NREM 4 can progress to NREM 3 or 2.

3.7. REM sleep phase (REM V)

* Most often achieved in the second half of the night. It is characterized by flattening
of background activity to the level of beta with the appearance of multiple
oculographic artifacts of different directions. Vertex potentials and sigma rhythm are
present but less pronounced than in the second phase of non-REM sleep

Important!

* In each of the phases,
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* The type of brain activity characteristic of this phase.
* Artifacts
* Nonspecific and specific sleep phenomena

* Paroxysmal and epileptiform changes, if any (indicating localization,
amplitude and frequency)

10.4 Ambulatory monitoring

Section 1 Guide containing.

* Information of the referring physician (brief description of the patient’s
condition)

* Patient identification number in the clinic registration system

* Age

* Diagnosis

* Neurological status

* Treatment

* Date of last seizure (in case of examination of a patient with epilepsy)
* Clinical question of the attending physician to be answered by the study
Section 2. Technical

* Information from EEG technician

* Num. EEG

* Time and date of recording

* Level of consciousness, wakefulness, cooperation with the patient

* Time of arrival of the patient at the clinic

* Machine start time

* Total recording time (days)

* Time of removal of the research apparatus

* Time of patient leaving the clinic
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Section 3 Description

* The description of the EEG is carried out using the terminology of the EEG
glossary)

* The use of special electrodes during application is noted (basal, nasal, and other
additional, conditions for their attachment)

* Recording conditions are indicated in accordance with the diary entries of the
subject

* Assess the association of registered changes with disturbances in daily activities

* When fixing epileptic seizures, their impact on the quality of life of the subject is
assessed

Important!
With long-term outpatient monitoring, it is necessary to organize control over
the state of electrode connection!

11. Conclusion

The study of the functional activity of the brain remains the most important
problem in clinical neurophysiology. But for its solution, it requires the combined
efforts of specialists from different areas of neuroscience and is unthinkable without
the improvement of methods that make it possible to fix, localize, and understand the
processes occurring in the nervous tissue.

The EEG method developed at the beginning of the twentieth century still retains
its relevance in the clinic of neurological diseases. The main and most demanded
advantage of the EEG method is the possibility of direct study of the bioelectrical
activity of brain structures, which makes it possible to study processes with rapid
dynamics occurring in brain structures.

Nevertheless, methodological approaches to the analysis of electroencephalograms
need a thorough revision and the formation of a unified methodological approach to
the implementation of research, especially with the active introduction of
multichannel systems combined with computer signal processing into clinical prac-
tice, which in the future can change many ideas about the pathogenesis of various
neurological diseases and suggest the most rational approaches to their therapy and
rehabilitation.
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Chapter?2

Neuroimaging for Epilepsy
Diagnosis and Management

Lau Sau Ning Savah, Cheng King Fai Kevin and Grace Ho

Abstract

This chapter will cover the neuroimaging techniques and their application to
the diagnostic work up and management of adults and children with new onset
or chronic epilepsy. We will focus on the specific indications and requirements of
different imaging techniques for the diagnosis and pre-surgical work up of pharma-
coresistant focal epilepsies. We will discuss the sensitivity, specificity and prognostic
value of imaging features, benign variants and artefacts, and the possible diagnostic
significance of non-epileptogenic lesions. This chapter is intended to be relevant for
day-to-day practice in average clinical circumstances, with emphasis on MRI and
most commonly used functional neuroimaging techniques.

Keywords: MRI, epilepsy, temporal, extratemporal, SPECT, PET

1. Introduction

The advent of neuroimaging has provided powerful tools for the identification
of epileptogenic lesions preoperatively. This has increased the number of surgical
candidates and improved postsurgical outcomes [1-3]. The approach of presurgical
evaluation in patients with potential epileptogenic lesions has also radically changed,
absolving the need for invasive neurophysiologic techniques.

Magnetic resonance imaging is currently the best available tool for identification of
epileptogenic lesions, newer scanning techniques such as 3T magnets, functional MRI
(fMRI), and diffusion tensor imaging (DTI) are giving clinicians more insight into the
presumptive pathology. More importantly these techniques allow precise 3D anatomic
localization of the lesion and its relationship to adjacent structures and network
connectivity (brain connectome). Novel imaging results are giving us more informa-
tion about cortical function and/or dysfunction in patients with epilepsy in order to
predict postoperative deficits and odds of seizure freedom. This has given a lot of hope
to patients previously diagnosed with refractory epilepsy with no identifiable culprit.

2. MRI

3T MRI scanners are now widely available and replacing 1.5T scanners for epilepsy
protocol imaging. Increase in the magnetic field strength in 3T MRI improves the
signal-to-noise ratio and contrast-to-noise ratio, thereby improving the detection
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of elusive lesions such as malformations of cortical development (MCD) [4-7].
Challenges of ultra-high-field imaging include far greater radiofrequency signal
inhomogeneities, higher energy deposition in tissue, and more pronounced imaging
artifacts at soft tissue—air and soft tissue-bone interfaces. 3T MRI also has increased
device incompatibility [4, 8, 9] compared to older machines.

Most MRI studies for evaluation of epilepsy would first include a sagittal
T1-weighted spin-echo acquisition in order to position the slices of the subsequent
pulse sequences. Two kinds of protocols were commonly used in epilepsy imaging
in the past, the temporal lobe protocol and extratemporal protocol. However, these
protocols would often neglect substantial parts of the non-targeted area of the brain.
Some centres now advocate a more comprehensive protocol [10, 11]. Supplementary
imaging sequences include T2* gradient echo, DWI, sagittal 3D TSE T2/FLAIR,
contrast imaging and post-processing techniques such as voxel based morphometry.
FLAIR has a specific advantage over T2 for lesions in periventricular, hippocampal
and subpial cortex locations due to proximity to the brain-CSF interface. Other
lesions readily identified by FLAIR include subtle hyperintensities blurring the
gray-white junction of MCD, subcortical foci of gliotic hyperintensity in areas of
encephalomalacia, and the extent of infiltration of low-grade neoplasms. Limitations
of FLAIR include CSF pulsation induced motion artifacts causing blurring of the
medial temporal regions and contrast suppression obscuring visualization of small
foci of heterotopic gray matter. Also of note is that contrast on fast FLAIR seems to be
most limiting in patients with immature white matter i.e. young children (<2 years).
Conventional spin density images tend to be more helpful in this age group.

Signal characteristics of immature myelin in infants and young children can
pose significant challenges in interpretation of studies obtained in infancy. Lesions
such as MCDs and cortical tubers have varying signal characteristics depending on
the developmental stage of the myelin of the lesions and the surrounding brain. In
infants, the dysplastic cortex and adjacent subcortical regions may appear hypoin-
tense on T2-weighted images and hyperintense on T1 sequences, contrary to the
reverse pattern seen in older children and adults [12-14]. In some patients these
lesions tend to become less obvious or rarely “vanish” on follow-up imaging [15] thus
reviewing only the most recent images may fail to detect the lesions. Conversely, a
“new lesion” of MCD may be detected on follow-up imaging due to the poor back-
ground contrast of the bright immature myelin on the T2 images [16]. Follow-up
MRI during 2nd year of life or later may unmask areas of MCD with decreased or
absent subcortical myelin. Cortical tubers of tuberous sclerosis may be more evident
on follow-up imaging. Apart from changes in myelination, increased growth of
tubers and dystrophic calcification may contribute to their better visibility on follow-
up imaging. Serial MRIs are helpful in other epileptic disorders such as Rasmussen
encephalitis and Sturge-Weber syndrome to demonstrate progressive regional or
hemispheric cortical atrophy.

2.1 Susceptibility weight imaging (SWTI)

SWI techniques exploit differences in magnetic susceptibility of tissue compo-
nents such as deoxygenated blood, iron, and calcium to provide additional infor-
mation in epileptogenic lesions containing blood products. This can be useful for
cavernomas, certain posttraumatic epilepsies, and Sturge-Weber syndrome. SWI is
superior to T2* Gradient Echo (GRE) in detection of remote hemorrhages. Cortical
gyral abnormalities in Sturge-Weber syndrome can represent venous stasis-related
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hypoxia, and their SWI findings seem to correspond to the hypometabolic areas
detected on FDG-PET. Thus, SWI has the potential to show functional information in
addition to anatomical details in Sturge-Weber syndrome [17, 18].

2.2 Diffusion weighted imaging (DWT)

One of the more commonly encountered techniques in MRI is DWI. DWI was
initially introduced in clinical practice for the early detection of stroke as it is very
sensitive to areas affected by ischemia [19]. Animal studies on status epilepticus have
highlighted initial restricted diffusion due to cytotoxic edema and, after several days,
to normalization or facilitated diffusion [20-23]. Diffusion imaging may, therefore,
provide an opportunity to directly image the areas involved in seizure generation and
possibly spread. Overall, the correlation between the presumed epileptogenic zone
and the diffusion changes is quite variable. In focal epilepsies, peri-ictal isolated low
ADC values without overt hyperintensity on DWI have been reported. Peri-ictal cyto-
toxic edema with foci of hyperintensity on DWI with decreased ADC values have also
been reported [24-26]. Correlations seem closer in patients with longer seizures (or
status) and short duration between seizure end and scan [24, 27]. In contrast, inter-
ictal neuronal loss and increased extracellular space have been reflected in increased
ADC values. Other disorders related to epilepsy that may show DWI abnormalities
include cortical and subcortical abnormalities in status epilepticus, antiseizure
medications and transient lesions of splenium of corpus callosum related to seizures
[28-30]. A significant increase in ADC has been reported in epileptogenic tubers in
patients with tuberous sclerosis.

2.3 Diffusion tensor imaging (DTI) and tractography

Diffusion tensor imaging (DTI) allows measurement of water diffusion in order
to provide information on microstructural changes and connections between differ-
ent regions of the brain. Animal models have revealed myelin as the main barrier to
water diffusion [31-34]. This allows interrogation of white matter architecture and
morphological reconstruction of major tracts in vivo. This method is still quite crude,
however, and cannot resolve distinct fibers that cross within a voxel. White matter
tractography is generally done in two different ways, either with a method known as
“deterministic” tractography or with a “probabilistic” method. Using deterministic
methods, points are placed, and the tract grows in both directions along the dominant
diffusion direction. The probabilistic method probe fiber orientation distributions at
each voxel and is computationally more intensive but can more reliably reconstruct
crossing fibers.

The objective of epilepsy surgery in pharmacoresistant focal epilepsies is com-
plete resection or at least disconnection of the epileptogenic zone while preserving
eloquent cortex [2, 35]. Exploring white matter changes in epilepsy can help us
to understand epileptogenicity, they may also be a surrogate marker for cognitive
difficulties and can inform clinicians about risks of epilepsy surgery procedures.
Once successfully implemented into neuronavigation systems this information may
also be used intraoperatively to tailor resections [36]. Extratemporal surgeries will
also benefit from visualizing crucial connections and tracts such as the pyramidal
tract. Implementation of DTI-based tractography has already been shown to benefit
patients undergoing brain tumor surgeries and resections of vascular malformations
[36-40] and will certainly be increasingly used in epilepsy surgery.
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2.4fMRI

The simultaneous recording of electroencephalogram (EEG) and functional MRI
(fMRI) was first demonstrated in patients with epilepsy in the early 1990s and has
since become an important research tool in epilepsy and beyond [41]. EEG-fMRI has
been primarily used as a localization technique. In addition it can be combined with
other more advanced modeling methodologies to study the networks connectivity.
Together, both technologies may allow for novel insights in understanding the ictal-
onset zone, irritative zone, and functional deficit zone (the connectome).

2.5 Ultra-high-field 7T MRI

The first 7T MRI scanner was FDA approved for clinical diagnostic use in October
2017. 7T MRI is currently available for use in few centers. Improved image resolution
and contrast at 7T, especially with the MP2RAGE sequence [42] opens new possibili-
ties for visualization of internal details of hippocampal subfields [43]. Although
the clinical yield of 7T visual analysis on 3T-negative cases was still unclear in TLE,
studies utilizing quantitative approaches have suggested promising results [44, 45].
7T MRI can lead to better detection of FCD in ETLE, even in some cases with negative
3T MRI [46-52]. The availability of higher magnetic field strength does not preclude
the combined use of advanced image postprocessing to optimize diagnostic yields.

2.6 MRI postprocessing techniques

Several commercial packages enable the quantification of MRI structural features
and are currently used in routine clinical practice. FDA-approved software packages
include NeuroQuant (Cortechs Labs, San Diego, CA), BrainReader (BrainReader,
Denmark), and icobrain (icometrix, Leuven, Belgium). These softwares typically
generate a report that details the volume and percentile of each parcellated cortical
regions, with comparison to normative databases. In epilepsy, NeuroQuant has been
shown to lateralize hippocampal atrophy in TLE patients with accuracy rates that could
exceed those achieved with visual inspection of clinical MR imaging studies [53].

Incorporating postprocessing techniques into routine care requires the use of
high-quality MRI acquisition with 3D volumetric sequences for optimal results. It
also requires specialized expertise in computational anatomy and seamless com-
munication within the multidisciplinary epilepsy team. These techniques can provide
unapparelled power in the ability to detect significant epileptogenic brain lesions in
surgical candidates. Discovering a previously undetected lesion can drastically change
the presurgical planning and surgical outcome. In fact, the lack of a visible lesion has
consistently been shown to predict surgical failure [54, 55], and MRI-positive surgical
candidates are two times more likely to become seizure free after epilepsy surgery
than MRI-negative patients [56].

MCD is generally regarded as the most common epileptogenic substrate that can
evade detection. Sometimes the only MRI finding of MCD can just be subtle blurring
at the gray—white junction without hyperintensity on T2 or FLAIR. Novel quantita-
tive image analyses can increase the yield of detecting relevant structural lesions in a
sensitive, replicable, and reader-independent fashion, significantly complementing
conventional visual analysis. Image reconstruction by manual means in a curvilinear
plane—a plane parallel to the cortical surface and perpendicular in relation to the
gyri—can show progressively deeper surfaces of the brain. This will result in a more
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uniform distribution of gray matter on both hemispheres assisting in comparison of
homologous regions of the cortex [57-59]. In addition to improving the detection of
subtle MCDs, such surface reconstructions can also more precisely assess the location
of subdural grids and depth electrodes and aid in presurgical planning.

2.7 Voxel-based morphometry (VBM)

VBM is one of the most popular and most useful postprocessing algorithms to
date. Large-population control averages are used as common reference [60], how-
ever, references for adults should not be used to study paediatric cohorts. This fully
automated technique extracts gray matter and white matter maps from individuals to
make statistical comparisons with respect to a normal database [61]. VBM is able to
accentuate abnormalities in the gray-white junction [62], minimizing “false-positive”
studies. When there is an a priori hypothesis based on clinical and EEG data to
confine the analysis to a certain brain region, VBM can be used to aim for maximal
specificity. Whereas when EEG or other functional imaging data do not point to a
region of interest, it is essential to opt for maximal sensitivity.

VBM consistently reported gray matter abnormalities extending beyond the visible
culprit, sometimes distant from the epileptogenic area [63-66]. These changes could
be due to occult dysplastic regions undetectable by visual analysis or represent an
abnormal gyration [63]. These clusters may indicate dysplastic abnormalities much
more widespread across the hemispheres than the changes visible on the MRI and may
explain, at least in part, why in some cases complete resection of MRI lesion does not
always lead to seizure freedom. It is also conceivable that these changes may potentially
become active at a later stage and cause seizure recurrence after surgery [67].

2.8 MRI volumetry

In temporal lobe epilepsy (TLE), the epileptogenic network causes variable
degrees of neuronal loss and astrogliosis across hippocampal subfields, the amygdala,
and the entorhinal cortex, namely mesial temporal sclerosis (MTS) [68]. In many
patients, MTS can be visualized on MRI as noticeable hippocampal atrophy, increased
T2-weighted signal, and loss of internal architecture. However, the visual identifica-
tion of morphologic and signal characteristics of the hippocampus is highly subjective
and depends heavily on the experience of the reader. Manual MRI volumetry is a
commonly used quantitative technique to assess mesial temporal lobe atrophy, as it
has been demonstrated to be more sensitive than visual evaluation [69]. Volumetry
of the entorhinal cortex, amygdala, and temporopolar region as well as the thalamus
may also assist in lateralization of the seizure focus [70]. Specifically, in patients with
a normal-appearing hippocampal structure by visual inspection, volumetry of the
entorhinal cortex atrophy can provide accurate lateralization of the seizure focus in
25% of cases [71]. Quantification of mesial temporal structures is strongly recom-
mended in order to detect subtle atrophy or abnormal signal increases ipsilateral to
the seizure focus and to assess objectively the integrity of the contralateral structures
in preparation for epilepsy surgery. Indeed, bilateral mesial temporal lobe atrophy
raises concern of markedly reduced chance of seizure freedom after surgery, and an
increased risk of memory impairment.

Volumetry studies have consistently revealed gray matter reduction extending
beyond the atrophic hippocampus to the adjacent parahippocampal, frontal and
anterior temporal regions, suggesting a disruption of frontolimbic pathways. These
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widespread abnormalities have been associated with seizure frequency [72], epilepsy
duration [73, 74], and cognitive dysfunction [75-78]. Patients with persistent seizures
after removal of the hippocampus may also have a more widespread neocortical grey
matter volume loss [79, 80].

2.9 Sulcal morphometry

Sulcal and gyral abnormalities in ETLE patients are characterized by a spectrum
of changes [81-83]. In some instances these sulcal morphologic signs may be the only
marker for cortical dysgenesis. It was reported that 85% of small FCD lesions that
elude visual inspection are found at the bottom of an abnormally deep sulcus [84].
Such preferential location can be explained by local weakness within the developing
cortical mantle, co-occurrence of incomplete maturation, decreased neuronal den-
sity, and disrupted connectivity in areas surrounding the FCD [69, 85]. Automated
extraction, identification, and statistical analysis of cortical sulci was tested in a small
series and small FCDs not detected on routine MRI was found on histopathology,
particularly in the depth of the posterosuperior and intermediate frontal sulci [86].

2.9.1 Shape analysis

Visualization of hippocampal shape may extend evaluation to details not evident
by measurements of hippocampal volume. This technique showed significant inward
deviation in the Sommer sector of the sclerotic hippocampi. The analysis of curvature
in the hippocampus also revealed medial bending of the posterior hippocampus in
patients with TLE, compared with a superomedial shift of the hippocampal body
observed in patients with MCD [87].

An extension of shape analysis to adjacent convexities often shows a pathologic
relationship. For example, hippocampal malrotation in TLE is associated with
increased complexity of the temporolimbic cortices, encompassing parahippocampal,
temporopolar, insular, and fronto-opercular regions. This implies that neurodevelop-
mental factors may play a role in the epileptogenic process [88].

2.9.2 Cortical thickness

Progressive neocortical thinning in the frontal lobes had been found in patients
with ongoing seizures than in patients with controlled seizures [89]. This was subse-
quently echoed in a meta-analysis that showed more marked atrophy in the ipsilateral
hippocampus, with moderate effect sizes, in patients with longer epilepsy duration
and more frequent seizures [90].

2.9.3 Automatic segmentation

Increasingly sophisticated automatic segmentation algorithms are developed for
the assessment of mesial temporal lobe structures. While the majority of them gener-
ally demonstrate an excellent performance in healthy subjects, accuracy in patients
drops significantly due to the atypical shape, positioning, and size of the hippocam-
pus secondary to incomplete unfolding (or malrotation which occurs in about 40% of
TLE patients) [88, 91, 92]. Automated hippocampal segmentation algorithm which
integrates deformable parametric surfaces and multiple templates in a unified frame-
work have been developed [93]. This provides flexibility to model disease-related
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shape deformations and atrophy and is important in maintaining a high-level perfor-
mance regardless of the presence of abnormal morphology [94, 95].

2.9.4 T2 velaxation times

The sensitivity of VBM can be increased by directly mapping T2 relaxation times.
In the vast majority of TLE patients with hippocampal atrophy, T2 relaxation times
within the hippocampal gray matter ipsilateral to the focus increased by at least 10ms
when compared to controls [96-98]. This may allow mapping of lateralizing informa-
tion in patients with no evidence of atrophy on MRI [99].

2.9.5 Multicontrast frameworks

The sensitivity to detect lesions undetectable by conventional MRI has been shown
to increase proportionally to the number of techniques employed, suggesting that each
contrast interrogates specific aspects of tissue structure. The combined sensitivity of vari-
ous contrasts can be assessed by multivariate framework [69]. This can be used in sub-
typing of FCD. This method showed that FCD type IIB was characterized by abnormal
morphology, intensity, diffusivity, and function across all surfaces, while type IIA lesions
presented only with increased FLAIR signal and reduced diffusion anisotropy close to
the gray-white interface. This multimodal MRI profiling method shows that normal-
appearing cortex surrounding the lesion presents with alterations resembling those found
at the lesion center [100]. This may help inform proper estimation of lesion extent.

2.9.6 Multimodal framework

The advent of MRI has tremendously advanced the field of epilepsy surgery. Various
MRI techniques providing information on function and connections of different areas of
the brain have helped with surgical planning immensely. However, the clinical utility of
these techniques in large patient population has not been studied. To this date, a signifi-
cant number of patients with refractory partial epilepsy still do not have an identifiable
lesion on MRI. In such cases results of structural MRI postprocessing need to be con-
firmed with modalities that can characterize the pathophysiologic features of suspicious
imaging findings. Invasive intracranial monitoring is often required, despite which
the outcome remains poor. In the context of presurgical evaluation, localization data
acquired from seizure semiology, magnetic source imaging (MSI), EEG, MEG, PET and
SPECT may help pinpoint the area of interest. Studies have shown combined features
from MRI and PET outperformed MRI postprocessing by itself, PET postprocessing by
itself, and multimodal visual analysis [101, 102]. Development of newer MR techniques
in the future may also have the potential to improve the understanding of the cytoarchi-
tectural and molecular abnormalities of the brain with a greater impact in the field of
epilepsy. Understanding postprocessing-positive structural changes outside the assumed
epileptogenic zone will require further correlative studies with electrophysiology,
pathology, and long-term surgical follow-up.

3. Nuclear imaging (PET, SPECT)

Positron emission tomography (PET) and single photon emission computed
tomography (SPECT) utilizes radiotracers, and are performed primarily to identify or
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confirm the ictal focus in preparation for surgery. PET and SPECT help to investigate
the pathophysiology of partial and generalized seizure disorders. Occasionally, PET is
performed to identify eloquent cortical regions to be spared during epilepsy surgery.

Radiotracer studies using PET or SPECT allow for in vivo assessment of physi-
ologic function of the brain. Such studies include glucose consumption ([18F]fluoro-
2-deoxyglucose; [18F]FDG), cerebral blood flow ([150]water), neurotransmitter
synthesis (dopamine and serotonin), receptor ligand binding (agonists or antagonists
to benzodiazepine, opiate, serotonin, and N-methyl-d-aspartate [NMDA] receptors),
transporter proteins, and microglia. PET has a practical resolution of 2-3 mm, which
is superior to that of SPECT, and can be quantitated. Compound half-lives help decide
the use and application of PET ligands: 18F-tagged compounds have a 110-minute
half-life, 11C a 20-minute half-life, and 150 a 2-minute half-life. The long half-life of
[18F]FDG makes it not a good candidate for assessing short-lived physiologic phe-
nomena such as ictal states, whereas the very short half-life of [150]water allows it to
capture the brief activity of cognitive processes. Given the relatively short half-life of
PET ligands, data acquisition must occur shortly or immediately after injection.

3.1PET

The most clinical experience for evaluating patients with partial epilepsy is with
[18F]FDG-PET. Studies have demonstrated interictal regional decreases in glucose
consumption ipsilateral to the seizure focus that is most pronounced in the temporal
lobe [103-105]. This figure is close to 90% on recent generation scanners [106-109].
The area of decreased glucose utilization is often more extensive than the epileptogenic
zone, may extend into adjacent inferior frontal or parietal lobe neocortex [105, 110]
and occasionally into ipsilateral thalamus [111] and contralateral cerebellum [105].

The reason for regional hypometabolism is incompletely understood. Cell loss
resulting in synaptic loss and altered remote projections, or hippocampal atrophy in
mesial temporal sclerosis, may account for a portion of regional hypometabolism in
TLE [112-114]. Hypometabolism does not correlate with lifetime generalized tonic-
clonic (GTC) seizures or complex partial seizure (CPS) frequency [115]. Dysplastic
tissue with aberrant synaptic connectivity can have either decreased or normal glu-
cose consumption [116]. In focal cortical dysplasia, mitochondrial complex IV func-
tion may be decreased in areas of hypometabolism [117]. The abnormalities in some
circumstances appear to be functional, as some patients have profound decreases
in glucose uptake and no discernible pathology. In patients with mesial temporal
sclerosis, the predominant regions that may manifest decreased glucose consumption
are the lateral neocortex and, to a lesser extent, the frontal cortex. This may reflect
the distant projection of functional loss in mesial structures. Frontal hypometabolism
and contralateral hypometabolism appears to be reversible with successful temporal
lobectomy [118]. Patterns of hypometabolism may reflect seizure characteristics
and seizure propagation. Nevertheless, there is sufficient variability that individual
predictions of seizure focus within the temporal lobe cannot be made based on [18F]
FDG-PET alone [119], whereas a combination of MRI and PET findings predicted
outcome—those with persistent abnormalities fared less well [120].

Metabolic abnormalities are less common in patients with recent-onset, nonre-
fractory, or well-controlled partial epilepsy [121]. Regional hypometabolism was
also found to be changed in relation to seizure frequency in children with worsen-
ing seizures [122]. Similar to adults, 70% of children with chronic partial epilepsy
(duration 10 years) have focal metabolic abnormalities. There is evidence that adult
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patients with a greater duration of epilepsy are more likely to have focal [18F]FDG-
PET abnormalities [105, 123, 124]. Partial seizures of greater duration are also associ-
ated with a greater dissociation between metabolism and blood flow. These [18F]FDG
and cerebral blood flow studies, along with cross-sectional studies using volumetric
MRI, may be taken as evidence that TLE in some patients is associated with chronic
and continued neuronal injury [106, 125].

Although glucose consumption in temporal cortex is decreased, perfusion is often
maintained, especially in lateral neocortex [106, 123]. Interictal studies of cerebral
blood flow using [150]water find a decrease in perfusion in only 50% of patients
[106]. These data suggest that vascular tone may be impaired in TLE and that there
is dissociation between metabolism and perfusion, rendering interictal blood flow
studies unreliable markers of the epileptogenic zone and surgical outcome [126].

Focal interictal regional hypometabolism can predict good surgical outcome
[107, 127-129]. Additionally, extent of resection of PET abnormalities is found to cor-
relate with post operative outcome [130]. Bilateral temporal hypometabolism is associ-
ated with a less optimistic surgical outcome and in 50% of patients reflects bilateral foci
[131]. Patients with focal temporal abnormalities have more than 90% likelihood of good
surgical outcome, and in those without, this figure is reduced to about 63% [128, 129].
The ability to confirm the focus and predict surgical outcome is better when quantita-
tive means are used, typically when asymmetry indexes [A]; e.g., Al = 2(left — right)/
(left + right)] are greater than two standard deviations from normative data. Cortical
segmentation may also improve yield for FDG-PET but not SPECT [132]. Focal abnor-
malities on [18F]FDG-PET may reduce the need for or extent of, invasive monitoring
[104, 128, 129]. Nonetheless, questions of frontal versus temporal focus may not always
reliably be resolved by interictal [18F]FDG-PET studies, and invasive studies or other
PET ligand studies may be needed. Conflicting localizing or lateralization data nearly
always merit invasive monitoring. False lateralization by PET has been demonstrated
after surgery [103], specifically when interpretation relied upon non-quantitative
analysis, or occurred during subclinical seizures [103, 133, 134].

[18F]FDG-PET is less efficacious in identifying the epileptogenic zone in extra-
temporal lobe epilepsy [135]. Most extratemporal lobe epilepsy series include patients
with structural lesions that show concordant hypometabolism. When patients with
abnormal MRI findings are excluded, 11-50% of the relatively small patient popula-
tions remaining show regional decreases in glucose consumption [109, 126]. FDG-
PET abnormalities remote from the lesion lessen prospects of good surgical outcome.
Abnormal focal PET (or SPECT) findings should be followed by review of “normal”
MR, as focal MRI findings often ensue and will positively affect yield of epilepsy
surgery [136-138].

In absence seizures, glucose consumption and perfusion are globally increased
[139]. [150] Water studies performed during electroencephalographic (EEG) bursts
of spike and wave demonstrate not only an increase in global perfusion but also a
preferential increase in the thalamic regions, supporting the notion of the thalamus
as the facilitator of absence events [140]. Interestingly, there is some evidence that
valproate decreases cerebral blood flow in the thalamus, which may explain the effect
of valproate in controlling generalized epilepsies. In Juvenile myoclonic epilepsy,
[(11) C]PE2I, a marker of dopamine transporter (DAT) activity is reduced in midbrain
and the high-affinity dopamine (D2/D3) receptor ligand [18F]Fallypride ([(18) F]FP)
is reduced in putamen [141].

Some children with a generalized EEG and normal MRI can exhibit regional meta-
bolic abnormalities [142]. “Interictal” FDG-PET will show hypermetabolic areas in
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2-6% of pediatric studies. Regional uptake is associated with frequent spike activity
and originates from focal cortical dysplasia. Intracranial EEG finds these regions are
effectively in status and, when resected, are associated with good outcome [143, 144].
In some children, however, the metabolic abnormalities seen at onset of infantile
spasms may resolve or shift with time and thus may represent a functional state that
is potentially reversible with successful medical therapy [145, 146]. In children with
Rasmussen’s encephalitis and hemimegalencephaly, widespread hemispheric hypo-
metabolism is typically seen. PET has been advocated in some circumstances to assess
the integrity of the good hemisphere before extensive cortical resection [116, 147].
Isolated hemispheric abnormalities are associated with excellent outcomes for hemi-
spherectomy (90%) but contralateral abnormalities may also be associated with good
outcomes (75%) [148]. In tuberous sclerosis, tubers are often hypometabolic, whereas
there is some evidence that the more epileptogenic tubers have increased serotonin

or kynurenic acid synthesis, reflected by increased [11C]AMT uptake [149, 150].
[11C]AMT uptake is also increased in focal cortical dysplasia when MRI (especially

in children <2 years) and [18F]FDG-PET may be normal [149-151]. In hypothalamic
hamartoma, remote frontal and parietal cortical hypometabolism appears to be
associated with cognitive impairment [152].

3.2SPECT

SPECT ligands used in epilepsy are primarily markers of perfusion, though
some receptor ligands are also available, such as [123[]iomazenil ([123I]IMZ) for
benzodiazepine receptor studies. The compounds that mark blood flow, HMPAO
and ECD, have a distribution in the brain that is proportional to cerebral blood
flow. Both ligands are lipophilic; they readily cross the blood-brain barrier on
their first pass through brain tissue, become trapped, and exhibit little subsequent
redistribution. A potential limitation is that neither ligand has linear uptake at high
cerebral blood flow rates, and thus, cerebral blood flow is underestimated under
certain circumstances [153]. The efficacy of HMPAO and ECD in epilepsy studies is
comparable.

For an ictal SPECT study to be useful, injection of the ligand must occur no later
than 30 seconds after cessation of the seizure. The earlier the injection (<20 seconds
from seizure onset), the more reliable are the study results [154, 155]; injections after
20 seconds will result in image propagation from the seizure onset zone and lessen
localization value [156, 157]. SPECT ligands have a longer half-life compared to PET.
99mTc-Hexamethyl-propyleneamine oxime (99mTc-HMPAO) or 99mTc-ethyl cyste-
inate dimer (99mTc-ECD) for cerebral perfusion has replaced 123I-based ligands such
as [123I]iodoamphetamine and [123I]trimethyl-hydroxymethyl-iodobenzylpropane
diamine, because these ligands have a rapid first-pass uptake and long half-life. The
long half-life permits bedside injection at ictus and offers a longer window of inject-
ability (from 30 minutes to 4 hours after composition) as well as time to arrange for
data acquisition scanning within 4-6 hours after injection. During ictus, there is focal
increase in cerebral blood flow to involved cortex, often with decreased perfusion in
adjacent areas. After the seizure, there is postictal hypoperfusion, which may return
to an interictal state rapidly [158]. Postictal hypoperfusion abnormalities are more
reliable than interictal hypoperfusion (60-70% vs. 40-50%, respectively). After
ligand injection, lorazepam is sometimes administered to diminish the likelihood
of subsequent seizures. It is important to recall that if a patient has multiple seizure
types, each type must be captured. Automated systems may be helpful to improve
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timing (approximately 8 seconds) and reliability of ligand delivery; video-EEG
monitoring is critical for interpretation of SPECT studies [159, 160].

The usefulness of SPECT ictal studies approaches that of [18F]FDG-PET in
patients with TLE, and ictal studies are probably superior for extratemporal focus
localization [161-163]. Partial seizures often show more reliable results than second-
arily generalized seizures [164]. False localization is reported in 3-4% of studies,
presumably because of seizure propagation, and is more likely to occur with later
injection times [107]. Subtraction techniques with MRI co-registration provide
enhanced comparison and semiquantitation of perfusion changes between the inter-
ictal and ictal states compared with visual comparison alone. Focal ictal SPECT can
also predict whether surgical outcome will be good. SPECT is considered most useful
in evaluating patients with nonlesional partial epilepsy, especially extra-temporal
partial epilepsy. Ictal subtraction SPECT may also be useful in evaluating patients
who have failed initial surgery.

Interictal SPECT studies demonstrate regional hypoperfusion in 40-50% of
patients with partial epilepsy of temporal lobe origin. However, approximately 5-10%
of studies are falsely lateralizing [106, 107, 109, 165, 166].

4. Neuroimaging and brain connectome

To date, structural connectivity analyses have been able to demonstrate abnormal
networks in patients with epilepsy. There is decreased fiber density of connections
in the limbic system among patients with medial TLE [130], which is paradoxically
associated with increased nodal clustering and efficiency in the thalamus, insula, and
superior temporal regions [131]. Other studies have further revealed atypically strong
thalamic-limbic connections with aberrant linkages beyond the medial temporal
lobes [167]. These atypical patterns of simultaneous brain activity appear to translate
to a reorganization of the functional connectome [168-176]. Reorganization of the
functional connectome in epilepsy also appears to be confounded by age [177], age
of seizure onset [173, 178], and disease duration [179], reflecting the importance of
understanding how disease burden can affect atypical functional patterns.

Identifying these deviant connectome patterns is important because it helps us
understand the abnormal plasticity associated with epilepsy and what architectural
changes to the brain network provide the substrate for hyperexcitable states. In
addition, there is a potential role for identification of specific aberrant connections
that may help phenotype different subgroups according to brain imaging parameters
and clinical features. For instance, language difficulties in epilepsy have been associ-
ated with altered patterns in functional connectivity involving language areas [180],
especially when hippocampal sclerosis occurs in the dominant hemisphere [119].

Connectome-based lesion-symptom mapping (CLSM) is a novel approach to
lesion mapping that establishes relationships between behavioral measures and
specific white matter tracts in the connectome using statistical methods [151]. At
the individual level this has the potential to predict clinical outcomes and guide
tailored treatments on a case-by-case basis [106, 149]. With approximately one-third
of patients with seizures refractory to multiple antiseizure medications [181], and
with epilepsy surgery now considered an effective treatment for drug-resistant focal
epilepsy [182], it is paramount to identify the factors that may affect postoperative
seizure control. Clinical variables alone, however, have been insufficient to predict
postoperative outcome. This points to the direction that epilepsy is more of a network
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disorder than a purely lesional one. It is in this context that network imaging may help
to more accurately predict which patients are likely to benefit from epilepsy surgery.

Nowadays computational algorithm based on machine learning is capable of
classifying patients who become seizure free postsurgically by analyzing fiber
density values with an accuracy of 70% [144]. White matter tracts including the
fimbria-fornix, the uncinate fasciculus, and the parahippocampal white matter
bundle, have been suggested to contribute to seizure propagation. Reorganization
of structural networks after surgery can affect seizure control outcomes [138]. Each
patient exhibits different network patterns at the individual level. Features located
in the contralateral hemisphere can contribute to prediction accuracy. Deep learn-
ing has been shown to be able to sieve through connectivity information derived
from presurgical MRI of patients to identify biomarkers which can predict surgical
outcome [183]. For example, in TLE patients with persistent postoperative seizures,
circumscribed alterations in two regions were found in those with poor postopera-
tive seizure control: the dorsal segment of the ipsilateral fornix and the contralateral
parahippocampal white matter bundle [141].

In addition to predicting outcome, network imaging may prove useful in planning
surgical targets. Utilization of diffusion measures to study white matter tracts can
yield information on laterality of the lesion [184]. While promising, it is important to
note that the aforesaid findings were all yielded from retrospective analyses and must
therefore be validated in prospective studies.

5. Outlook for clinical translation: what lies ahead in the field of
connectomics and epilepsy?

The vast amount of data generated by neuroimaging makes it a good candidate for
computational methodological analysis. This has shed light on epilepsy as a disease
of brain networks. While connectome-derived data have been instrumental thus far
in improving and expanding our understanding of the pathophysiology of seizure
propagation in difficult-to-treat epilepsy. The generation of personalized connectome
is clearly the next step forward in presurgical epilepsy workup in the era of personal-
ized medicine. In doing so our understanding of the brain network will be further
expanded benefiting not only epilepsy patients but other neurological and neurosur-
gical patients alike.

6. Conclusions

Improving noninvasive localization is paramount in the surgical treatment of
refractory epilepsies. MRI postprocessing techniques allow for more accurate iden-
tification of epileptogenic abnormalities, and in doing so they have the potential
to increase the diagnostic yield, reduce the need for invasive electrophysiological
investigations, and improve epilepsy surgical outcome in years to come. Patient
centered connectome-based lesion-symptom mapping will be the future for epi-
lepsy management where therapeutic options can be tailored in order to enable best
informed management for both clinicians and patients in their lifelong journey with
this disease.
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Chapter 3

Perspective Chapter: Functional
Human Brain Connectome in
Deep Brain Stimulation (DBS) for
Parkinson’s Disease (PD)

Germaine Hiu-Fai Chan

Abstract

Historically, the success of DBS depends on the accuracy of electrode localization
in neuroanatomical structures. With time, diffusion-weighted magnetic resonance
imaging (MRI) and functional MRI have been introduced to study the structural con-
nectivity and functional connectivity in patients with neurodegenerative disorders
such as PD. Unlike the traditional lesion-based stimulation theory, this new network
stimulation theory suggested that stimulation of specific brain circuits can modu-
late the pathological network and restore it to its physiological state, hence causing
normalization of human brain connectome in PD patients. In this review, we discuss
the feasibility of network-based stimulation and the use of connectomic DBS in PD.

Keywords: connectome, deep brain stimulation, Parkinson’s disease, human
connectome project (HCP), human connectome mapping

1. Introduction

Parkinson’s disease (PD) is the second commonest neurodegenerative disease
affecting both motor and non-motor domains [1]. It affects 1 to 2% of persons over
the age of 60 years [2]. At present, no treatment is available to stop or slow down
disease progression. However, currently available therapies can offer symptomatic
relief to the patients [1]. In general, with the use of oral dopaminergic treatment,
their symptoms can be controlled for a few years after symptom onset before develop-
ing motor and non-motor complications [1, 3]. Device-aided therapies, especially
deep brain stimulation (DBS), have been used in the management of advanced PD
when oral pharmacological treatment is no longer sufficient to control the symptoms
or when the patients cannot tolerate the drugs [4-9].

The success of DBS surgery depends on appropriate candidate selection, accuracy
of localization of electrodes and optimal DBS programming and medication titration
[10, 11]. Okun et al. reported that 46% of patients with referred DBS failure were
found to have suboptimal lead placement. Among these patients with lead misplace-
ment, 52% improved with lead replacement [10]. This highlights the importance of
precise electrode localization in DBS surgery.
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Historically, subthalamic nucleus (STN) and globus pallidus internus (GPi) are
common surgical targets in PD patients undergoing DBS surgery [12-18]. Although
neurostimulation at these surgical targets can improve motor function and may
lead to a reduction in dopaminergic medication dosage, a few issues have been
reported with the implantation of neurostimulators at STN and GPi. First, these
surgical targets such as STN, though small, were found to be divided into functional
subzones [19-21]. Therefore, even with precise electrode localization, patients
undergoing DBS surgeries can develop neuropsychiatric complications. Lambert
et al. showed that the STN was divided into 3 functional subzones (anterior: “lim-
bic” subzone; middle: “associative” subzone; posterior: “motor” subzone) with the
use of diffusion weighted imaging (DWI) [19]. Ewert et al. revealed that the GPi
can divided into 7 subzones (motor, premotor, sensory, prefrontal, posterior pari-
etal, temporal and occipital), of which motor, premotor and sensory subzones are
grouped together as the sensorimotor functional zone and lie in the posterior third
of the GPi [21]. Second, these surgical targets are small and close to other salient
anatomical structures in the brain. Let us take the STN as an example. The STN is
small (12 x 5 x 3 mm?®) and lies next to structures such as internal capsule, medial
lemniscus, corticospinal tract, and red nucleus. With suboptimal electrode place-
ment or overstimulation, electrical current can be spread to these adjacent structures,
resulting in side effects (Table 1) [22]. Third, even though STN and GPi are known
to be effective targets in relieving PD symptoms, different symptom may have small
difference in the site for effective neurostimulation [23]. On the contrary, lesions
from different brain locations can result in similar symptoms [24]. Therefore, PD DBS
surgeries at these conventional surgical targets, even if the localization is accurate,
can vary in treatment response. Furthermore, a PD patient may have more than one
symptom, either motor or non-motor symptom, and so neurostimulation at one
surgical target may not be sufficient to alleviate his symptoms.

Electrode location / Direction of current spread Anatomical structures affected Clinical effects
STN DBS

Optimal location STN Dyskinesia

Too inferior / medial Oculomotor fibers Diplopia

Too posterior / medial Medial lemniscus Paraesthesia

Too anterior / lateral

Internal capsule
Corticospinal fibers

Tonic muscle
contraction

Too anterior / lateral Internal capsule Dysarthria
Corticobulbar fibers

Too inferior Cerebellothalamic tract Ataxia

Too inferior Substantia nigra Mood changes

GPi DBS

Too posterior / medial

Internal capsule

Tonic muscle
contraction

Too posterior / medial Internal capsule Dysarthria
Corticobulbar fibers
Too inferior Optic tract Visual phenomena

Table 1.

Side effects of STN / GPi DBS with vespect to the anatomy of the surgical targets [22].
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To better control symptoms with DBS surgery, researchers have explored the
possibility of better localizing the sites responsible for patients’ symptoms and linking
these sites together to form a circuit or network. It has been postulated that if a circuit
connecting these sites can be mapped out for each patient individually, stimulating
the circuit, instead of the traditional way of stimulating the anatomical structure,
may be a better therapeutic option.

In this review, we will discuss

* The concept of human connectome
* The concept of normative connectome
* The application of normative connectome in neuromodulation

¢ Connectomic DBS in PD

2. The concept of human connectome

According to the classical teaching, localization of lesions in the nervous system
accounts for most of the neurological features. In reality, we found that this approach
has some limitations. First, lesion-based localization approach is occasionally unclear.
Lesions causing the same symptom can occur in various parts in the brain, whereas one
cerebral lesion can result in different neurological symptoms. As a result, the relationship
between neurological symptoms and lesion location is not often straightforward [25-27].
Second, it is not uncommon to have patients with complex neurological and psychiatric
symptoms unable to find obvious cerebral lesions from neuroimaging [27]. Therefore, it
has been speculated that these neurological symptoms, instead of resulting from overt
lesions in the nervous system, may be caused by disruption of anatomical and functional
networks created by interacting neural elements, which are at a more microscopic level.

To study the human brain network, we have to understand the concept of human
connectome. The human connectome is defined as “a comprehensive structural
description of the network and connections forming the human brain” 25, 26]. In
general, the term “connectome” has three major components.

First, the connectome is a description of structures and studies the set of physical
links between neural elements. To examine the connections between neural elements,
we need to look at both structural and functional connectivity.

Structural conmectivity offers a consistent anatomical description of structural connec-
tions within the nervous system. At the micro- and meso-scales, structural connectivity
reveals synaptic coupling between cells or long-distance axonal projections between
neuronal populations [28, 29]. On the other hand, at the macroscale, structural con-
nectivity points to large, myelinated white matter fiber bundles, which can be visualized
with diffusion-weighted MRI data using the tractography software packages [30, 31].

As for functional connectivity, it means correlations in activation among spatially
distinct brain regions, either in a resting state or with external stimuli, and can be
measured as the bivariate correlation of their activities when using functional MRI
data [26, 32-34].

Second, the connectome is merely a description of brain connectivity across mul-
tiple spatial scales. However, it does not offer all the information of cells and synapses
at the microscale level [26].
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Thirdly and most importantly, the concept of the connectome is that it is a descrip-
tion of a neural network [26]. With the use of mathematical and statistical approaches,
the connectome is an object that fits within a larger theoretical framework, thereby
linking neuroscience to network science and complex systems [26].

3. Approach to mapping the human connectome

As discussed in last section, the human connectome is a structural description of
the neural network and connections across multiple spatial scales. In general, there
are three scales of organization within the human brain [26]:

* The microscale of single neurons and synapses [35, 36]
* The mesoscale of neuronal populations and their interconnecting circuitry [37-39]
* The macroscale of anatomically distinct brain regions and pathways

Mapping of the connectome at the first two levels usually occurs in animal models
and is conducted in experimental trials. In this review, we will focus on the mapping
of the human connectome at the macroscale.

At present, MRI has been used as a non-invasive tool for mapping of large-scale
structural connections in the human brain [26, 27]. Both structural and functional
connectivity need to be studied in detail.

Structural connectivity is usually assessed by diffusion-weighted MRI sequences,
followed by probabilistic tractography, because water moves more freely along white
matter fiber bundles than across them and so white matter pathways can be recon-
structed, thereby identifying fibers that pass between various brain regions [27].

In contrast, resting state functional MRI (rfMRI) is frequently used to study

functional connectivity. It examines the blood oxygen level dependent (BOLD) signal,
which serves as an indirect marker of neuronal activity [27, 34]. When brain activity
increases, blood flow and glucose consumption increase much more than oxygen
consumption. Therefore, the amount of deoxygenated hemoglobin decreases in the
region of increased activity and the BOLD signal is enhanced [40]. Functional con-
nectivity is defined as the statistical association between time-series of anatomically
distinct brain regions, which in functional MRI is typically calculated as zero-lag cor-
relation. In other words, if two brain regions have BOLD signals that are correlated,
they are functionally connected [34].

With the use of diffusion-weighted MRI and functional MRI, the functional
human connectome can be mapped out at the macroscale [25, 27]. The approach to
mapping the human connectome is outlined as follows (Figure 1) [25].

Step 1:

First, diffusion-weighted MRI, followed by probabilistic tractography of thala-
mocortical tracts and corticocortical interareal pathways, should be performed to aid
in the parcellation of the human brain, thereby creating a voxel-wise probabilistic
all-to-all structural connectivity matrix.

Step 2:

Second, a correlation analysis of spatially registered resting state and/or task-
based functional MRI recorded in the same person is then accomplished to construct
a voxel-wise all-to-all functional connectivity matrix for the human brain.
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Figure 1.
Using the human brain connectome to localize symptoms [27].

Step 3:

Subsequently, a cluster analysis of correspondences between the structural and
functional connectivity matrix obtained from the last two steps is carried out. With that,
the human brain regions of consistent structure-function relationships can be found.

In this way, it is possible for us to map out the human connectome. To further
improve the quality of the connectome, we may need to compare the mapped network
with animal models to look for correspondences and deviations. Also, the predictions
generated from the structural-functional connectivity matrix can be validated with
specific stimulation techniques.

4. Normative connectome and the human connectome project (HCP)

Even though human connectome is a big step in enhancing localization in the
nervous system, it is time-consuming, expensive and may be exhausting to the
patients because they have to go through a lengthy process of image acquisitions with
functional MRI and diffusion-weighted MRI. In fact, in a clinical imaging context,
the human connectomes can be studied with either individual MRI data or the MRI
data from a group of individuals. The latter approach gives rise to an idea known as a
normative connectome, which is described as an average or generalized wiring diagram
of the human brain [27].

Normative connectome can be useful in those who fail to obtain their own con-
nectomes [27]. For instance, in PD patients with severe tremor or dyskinesia, they
may not be able to obtain good-quality MRI images without motion artifacts. Besides,
in those patients with cerebral lesions such as cerebrovascular accident, they may not
be able to obtain their own connectome even if they can tolerate the long procedure of
image acquisition. It is because with previous cerebral insults, that specific region(s)
in the brain may have been damaged, thereby disrupting the cerebral circuitry
focally and making it impossible to map out the functional connectivity accurately.
Nevertheless, normative connectome, which is obtained from group MRI data, cannot
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provide each individual information of connectivity of his own brain, and may not
reflect his actual situation. It can vary with age, gender, body mass index and neuro-
logical diseases [41-46].

As such, research studying normative connectome of the human brain has grown
in number over the last five to ten years and the Human Connectome Project (HCP) is
a good example. It is a large-scale project conducted in the U.S. to examine the human
brain circuits and their relationship to behavior in a large population of healthy adults
at a macroscopic level [27, 47, 48]. Clinical and neuroimaging information obtained in
this project were listed out as follows [47-49].

* Multimodal neuroimaging with 3 T/7 T MRI scanners: structural, functional,
and diffusion-weighted MRI

* Magnetoencephalography
* Genetic analyses

¢ Behavioral assessment

5. Applications of normative connectome (including DBS)

As a powerful tool to study the intriguing network in the brain, normative
connectome can be used in different areas.

First, normative connectome can unveil the underlying complicated pathways of
various neurological and psychiatric diseases and so may bring insights to the identi-
fication of new treatment targets. Let us take Figure 1 as an example. By mapping the
connectomes of a group of patients with visual hallucination, lesions that cause the
symptom were found to be connected to the occipital cortex. This aid in the discovery
of novel treatment targets, as in this example, transcranial magnetic stimulation at
the occipital cortex can suppress visual hallucination [50].

Second, normative connectome can enhance surgical precision and hence improve
treatment outcome of different neurosurgical procedures. For instance, for glioma
patients who plan for resection surgery, the application of normative connectome
can help in the identification of eloquent areas and motor tracts before operation,
hence reducing the number of intra-operative stimulations required to safely confirm
a tract, decreasing the likelihood of disruptive seizures, lowering the risks of post-
operative neurological deficits, facilitating the resection, and making patients more
comfortable during the operation [51, 52]. Epilepsy surgery is another example. It
has been reported that with the use of connectome, the surgical outcome of epilepsy
surgery can be improved and the risks of post-operative neurocognitive sequelae,
including memory and language impairment, can be reduced [53-56].

Last but not the least, normative connectome has been used widely in the field of
neuromodulation, especially DBS. Theoretically, DBS works by depolarization block-
ade, synaptic inhibition and depression, as well as, stimulation-induced modulation
of pathological network activity, of which is regarded the most important mechanism
of action [57, 58]. Thus, when normative connectome allows us to map out the patho-
logical pathways in the brain, stimulation at certain points along the circuits may
restore the disrupted information flow and so alleviate patients’ symptoms. Besides,
DBS electrodes, which function as probes, can become seeds or regions-of-interest

60



Perspective Chapter: Functional Human Brain Connectome in Deep Brain Stimulation (DBS)...
DOI: http://dx.doi.org/10.5772/intechopen.109855

(ROIs) when they are used to compute their connectivity profiles with normative
connectome to perform network-based analyses. In this way, we can identify the
optimal site for stimulation and avoid undesirable side effects, thereby facilitating
DBS programming and improving surgical outcome [59].

6. How to perform connectomic analyses in patients with DBS implanted

Assuming that there is no significant difference between the patient’s brain and
an average brain, normative connectomic analysis can be conducted to study the
patient’s connectivity profile that his neurostimulator may modulate. Unlike indi-
vidual connectomic analysis, either structural or functional MRI data is enough for
normative connectomic analysis. In other words, either diffusion-weighted MRI with
tractography or functional MRI is required for normative connectomic analysis. With
this network analysis, the precision of pre-operative targeting and post-operative
programming can be enhanced [23, 60, 61].

The approach to conduct connectomic analysis in a patient with DBS implanted is
described as follows (Figure 2) [23, 60, 61].

Step 1: co-registration.

Before DBS surgery, structural MRI brain, as well as diffusion-weighted or func-
tional MRI brain is performed. After surgery, a computed tomography (CT) of the
brain is done. The post-operative CT brain is then co-registered to the pre-operative
MRI brain, preferably with brain shift correction and spatial normalization.

Step 2: electrode localization.

After co-registration of pre-operative and post-operative neuroimages, the elec-
trodes can be localized while the adjacent neuroanatomical structures are identified.

Step 3: estimation of volume of tissue activated (VTA).

The VTA is an estimate of the volume and shape of the distribution of electrical
signal stimulating brain tissues when the contact on a DBS electrode is activated. It
depends on the composition of settings of the electrode contacts and implanted pulse

Step 1: Image acquisition Step 2: Co-registration and electrode
1. Pre-op MRI brain localization

- Structural MRI Jtl',:v i1}
- Diffusion-weighted / Functional MRI I &
2. Post-op CT brain

L STN DES electrode and
§ s proximity

Step 5: Analysis of
connectivity profile with
clinical outcome

- Symptom improvement

- Side effects

Step 4: Computation of connectivity <:: [Siep 3: Estimation of VTA ]

Structural connectivity with  Corticospinal tract
DBS contact as the seed

Figure 2.
The approach to perform connectomic analysis in a patient with DBS implanted.
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generator, e.g., the number and locations of activated contacts, impedance, voltage,
pulse width, or frequency [62, 63].

After the localization of DBS electrode, the VTA is estimated with the activated
contact(s) on the DBS electrode identified. The physician can choose the electrode
contact(s) stimulated with monopolar stimulation and decide the stimulation pro-
gramming setting. The VAT will be estimated according to the DBS programming
parameters.

Step 4: calculation of connectivity profile from seed region.

When a region-of-interest (ROI) has been identified, it can be used as a seed
within specific functional or structural normative connectomes to work out its
functional or structural connectivity, respectively. Usually, the VTA of a specific DBS
electrode is selected as the seed.

Step 5: analysis of the relationship of DBS site connectivity with clinical
outcome.

Finally, a statistical analysis is conducted to investigate if there is a relationship
between DBS site connectivity and clinical outcome, which can be symptom improve-
ment or side effects.

7. Connectomic DBS in PD

Indeed, the use of human connectome has been studied extensively in the field
of DBS surgery, especially for major movement disorder indications such as PD. In
general, electrode localization is important in the success of surgery. Historically,
lesion-based localization at surgical targets, namely STN or GP4i, is found to improve
motor symptoms in PD patients. However, as increasing evidence points out that DBS
works by restoring the connectivity of abnormal networks to a physiological state,
[57, 58] more studies have investigated the relationship between connectivity-based
localization and treatment outcome of DBS surgery. Horn et al. reported that with
the use of normative connectome, structural connectivity to supplementary motor
area (SMA), superior frontal gyrus and cerebellum were associated with good clinical
response. Also, structural and functional connectivity were independent predictors
of clinical improvement of STN DBS [45].

Next, it has been postulated that if different surgical targets would modulate the
same circuit in PD patients and affect treatment response. Sobesky et al. showed
that based on normative connectome atlas, connectivity profiles seeding from either
STN or GPi DBS electrodes were highly similar, suggesting that irrespective of the
surgical target, the network modulated by DBS largely overlaps [64]. Moreover, in
both groups, functional connectivity to the frontal lobe, especially SMA and adjacent
cingulate, middle and inferior temporal gyri, inferior parietal gyri and motor cer-
ebellum were associated with good clinical outcome [64]. Nonetheless, despite the
marked similarity in the circuitry modulated by both DBS, the treatment response in
the two groups varied. For bradykinesia-rigidity symptoms, connectivity profile was
associated with significant improvement and shared considerable similarity in both
groups. In contrast, the results for tremor were different, suggesting that the net-
works modulated by effective neurostimulation at different targets, though similar,
may have a small discrepancy [64].

Electrophysiological data has long been used as markers for lesion-based neuro-
modulation surgeries in PD. For example, local field potential (LFP) can serve as a
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tool for brain sensing in PD patients with DBS implanted at STN, thereby facilitating
DBS programming and medication titration. Increased beta activities were observed
in the hypodopaminergic state when the patients suffer from bradykinesia and
rigidity and could be suppressed by DBS and dopaminergic medications. On the other
hand, increased gamma activities were seen in times of dyskinesia [65-69]. However,
in patients with connectivity-based stimulation, will the electrophysiological data
correlate with the connectivity profile? Accolla et al. described that beta oscilla-
tions were detected in the cerebral circuit projecting from the STN to the motor and
premotor cortical areas in PD patients [70]. Besides, Hirschmann et al. reported that
with the use of magnetoencephalography (MEG), local field potential (LFP) and
electromyogram (EMG), elevated beta coherence was found between M1 and STN in
PD patients, which could be suppressed with administration of levodopa [71]. These
findings suggested a link between electrophysiology data and connectivity-based
stimulation.

As such, connectomic DBS seems to be a reasonable and effective therapeutic
option for advanced PD patients. Growing evidence has showed that depending on
the symptoms, connectomic DBS can act on different circuits in the brain. In this

way, the neuromodulation surgery can affect both motor and non-motor functions
(Table 2) [23, 45, 61, 72-79].

Study DBS Number Type of connectome Major findings
target of subjects

Motor effects

Horn etal. [23] STN 51 Structural connectivity VTASs connecting to SMA
correlated to clinical motor
improvement

Treuetal. [61] STN 51 Structural connectivity VTAs connecting to M1/ S1
negatively correlated with
motor outcome.

Horn et al. [45] STN 95 e Structural connectivity ¢ VTA structural connectiv-

ity with SMA associated

* Functional connectivity ‘b clinical
with clinical motor

improvement

Functional connectiv-
ity with M1 associated
with clinical motor
improvement.

Stimulation induced
dyskinesia (SID) VTAs
significantly associated
with higher structural con-

Tsuboi et al. [72] GPi 16 « Structural connectivity

* Functional connectivity

nectivity to the associative
cortex and SMA / premotor
cortex.

Non-SID VTAs associated
with greater connectivity
to the primary sensory
cortex, cerebellum,
subthalamic nucleus, and
motor thalamus.
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Study

DBS
target

Number
of subjects

Type of connectome

Major findings

Lofredi etal. [73]

STN

17

Structural connectivity

VTAs connecting to the
pre-SMA and inferior frontal
gyrus of the right hemisphere
correlated with stimulation-
induced movement
inhibition.

de Almeida Marcelino
etal. [74]

STN

20

Functional connectivity

VTAs connecting to M1
and cerebellar hemispheres
correlated with motor
learning improvement.

Avecillas-Chasin et al.
[75]

STN

43

Structural connectivity

* Stimulation zones related
to rigidity and tremor
improvement involved
pallidofugal pathway.

e Stimulation zones related
to bradykinesia improve-
ment involved nigrofugal
pathway.

Lizarraga et al. [76]

STN

Structural connectivity

VTAs associated with a
greater degree of lateral
deviation (Pisa syndrome)
associated with increased
white matter streamlines.

Non-motor effects

Irmen etal. [77]

STN

116

Structural connectivity

VTAs connecting to left
prefrontal cortex associated
with worsening of depressive
symptoms.

Cury etal. [78]

STN

32

Structural connectivity

VTAs connecting to a
distributed network of
sensory brain regions
(prefrontal, insular and
cingulate cortex, and
postcentral gyrus) inversely
correlated with pain intensity
improvement.

Mosley et al. [79]

STN

55

Structural connectivity

VTAs connecting to the
prefrontal cortex (especially
the orbitofrontal cortex)
related to impulsivity

Table 2.

Clinical effects of connectomic DBS in PD.

8. Conclusion

In conclusion, connectomic DBS, which makes use of circuitry-based stimulation
technique rather than lesion-based stimulation technique, has revolutionized the field
of neuromodulation surgery. By stimulating patient-specific circuits, this surgery
enables us to offer a more precise management approach while avoiding undesir-
able side effects. In addition, with the advent of normative connectome obtained
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by grouped data, it simplifies the complicated procedure of connectome mapping,
trajectory planning and DBS programming, making it more user-friendly to the
neurosurgeons and neurologists. Furthermore, connectomic mapping allows us to
map out symptom-specific circuits for each patient individually and check for the
overlap of these circuits. In this way, connectomic DBS surgery can be tailormade for
each patient and become “bespoke surgery” that can address their own needs.
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Chapter 4

Stereotactic
Electroencephalography (SEEG)

See Ka Wing Michael

Abstract

Drug resistant epilepsy (DRE) is not an uncommon clinical condition. DRE could
cause disabling seizures and even sudden unexpected death in epilepsy (SUDEP).
Pre-surgical evaluation is necessary to for surgical treatment to cure or palliative
epilepsy. If feasible, surgical excision of an epileptic focus provides the best chance
of cure. However, the standard non-invasive workup could not always identify the
epileptic focus. Stereotactic EEG (SEEG) is an invasive EEG that could provide the
spatial and temporal progression of epileptic discharge so that we could localize or
lateralise the epileptic focus more easily. This chapter aims to illustrate the principle
of SEEG, the methods of SEEG electrode insertion, the usual white matter tract
pathway that epileptic discharge progresses. It also discusses the therapeutic use of
SEEG in lesioning with radiofrequency ablation (RFA), as well as the future potential
as part of the brain-computer interface (BCI).

Keywords: stereotactic electroencephalography, drug-resistant epilepsy,
radiofrequency ablation, neuroprosthesis, brain-computer interface

1. Introduction

Stereotactic electroencephalography (SEEG) is the study of the electrical activities
of the brain by means of implantation of electrodes into brain parenchyma with the
aid of stereotactic navigation [1].

It was first developed by Jean Talairach and Jean Bancaud in France in the late
1950s. Talairach was a renowned stereotactic neurosurgeon who developed the
frame-based coordinate system of the human brain based on the anatomical AC-PC
(anterior commissure — posterior commissure) line, while Bancaud put forth the
presurgical evaluation of drug-resistant epilepsy (DRE) with the use of the Talariach
method. Bancaud described the organization of temporal lobe seizure with respect to
the mesial temporal structures and the temporal neocortex [2]. This laid the founda-
tion of SEEG as the presurgical workup for refractory epilepsy. It was then used in
France, Italy and Canada for some time.

Only till 2010s, it was adopted in the United States and gained popularity because
of its attractive safety profile and the capacity to perform spatiotemporal analysis

73 IntechOpen



Advances in Electroencephalography and Brain Connectome

of the progression of the epileptiform discharge and bilateral cerebral hemisphere
simultaneously, in comparison with subdural grid and depth electrodes which study
cases that were already lateralized and/or partially localized [3].

Moreover, as the technology improves, SEEG could combine with lesioning
technique to eradicate the epileptogenic zone, for example, radiofrequency ablation
(RFA) [4]. This therapeutic use became more popular since the 2000s. Besides, as the
electrodes were getting smaller and smaller, it had its potential in the application in
brain-computer interface and the development of neuroprosthesis, in contrast to the
traditional use of electrocorticography (ECoG).

Thus, this chapter aims to review the roles of SEEG as:

1. Diagnostic purpose in presurgical workup for drug-resistant epilepsy
2. Therapeutic use to lesion the epileptogenic zone

3. Potential use in brain-computer interface, to create neuroprosthesis

2. Diagnostic use
2.1 Definition and epileptogenesis

To start with, it is important to clarify the concepts of drug-resistant epilepsy
(DRE), zonification of epileptogenesis, and a proper presurgical workup.

Drug-resistant epilepsy, aka medical refractory epilepsy, is defined as the failure
of adequate trials of two well-tolerated, appropriately chosen and used antiepileptic
drug schedules, be it monotherapy or polytherapy, according to the International
League Against Epilepsy (ILAE) consensus in 2009 [5]. Patients with DRE is eligible
for presurgical evaluation.

In case of focal epilepsy, an epileptogenic zone (EZ) may be identified where cure
of epilepsy could be achieved if it is resected. For the terminology in epileptogen-
esis, epileptogenic lesion is the anatomical abnormality which could be identified in
structural imaging such as MRI [6]. Ictal onset zone is the origin of the seizure which
could be the brain parenchyma without the lesion. Epileptogenic lesion and the
ictal onset zone, together, form the EZ. However, sometimes when the epileptiform
discharges propagate to the other parts of the brain causing symptoms. Those part
would be named symptomatogenic zone. Most of the time, the symptoms could be the
more obvious part of the seizure semiology which could make the localization of the
EZ confusing. For example, a temporal EZ could transmit the epileptiform discharge
to the frontal lobe via white matter tracts such as uncinate fasciculus and arcuate
fasciculus, leading to the clinical impression of frontal epilepsy. On the other hand,
irritative zone refers to the area which produces interictal epileptiform discharge.
Functional deficit zone refers to the area of hypometabolism in functional imaging i.e.
interictal PET scan. Irritative and functional deficit zones could overlap with the EZ
but the areas represented are often exaggerated. This zonification concept forms the
foundation of localization of the culprit of the epilepsy (Table 1) (Figure1). On the
other hand, lateralization of the epilepsy to either left or right side is also crucial but
could be difficult at times, especially in frontal epilepsy in which synchronization
of the bilateral cerebral hemisphere could be quick via commissural fibers such as
corpus callosum.
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Epileptogenic lesion Anatomical abnormality in neuroimaging

Ictal onset zone Onset of seizure

Epileptogenic zone Epileptogenic lesion + Ictal onset zone

Symptomatogenic zone Area which produces symptoms

Irritative zone Area which produces interictal epileptiform discharge

Functional deficit zone Area of hypometabolism in interictal functional imaging
Table 1.

Zonification of epileptogenesis.

Functional deficit zone

Irritative zone

Symptomatogenic zone

Ictal onset zane

' | Epileptogenic
Epileptogenic Zone (E2Z)

lesion

Figure 1.
Zonification of epileptogenesis.

2.2 Presurgical workup

A presurgical workup aims to generate an anatomical-clinical-electrophysiological
(ACE) hypothesis. MRI, video EEG and neuropsychiatric assessment form the core of
it. An MRI with good resolution would offer the localization of the epileptogenic lesion,
which lays the foundation of good surgical outcome to start with, as lesional epilepsy has
a better outcome (by two to three times) than non-lesional epilepsy after neurosurgical
intervention [7]. 3-T MRI, which has a higher signal-to-noise ratio, could be more accu-
rate in delineating the lesion as compare with 1.5-T MRI as illustrated in some qualitative
studies [8]. An ictal video EEG would be more valuable than an interictal EEG because
it offers the appreciation of the clinical semiology with the ictal discharges simultane-
ously, while interictal EEG could only illustrate the irritative zone. Neuropsychiatric
assessment could offer evidence of brain dysfunction secondary to epileptic encepha-
lopathy. For example, frontal lobe epilepsy might cause frontal lobe syndrome such as
disinhibition, perseverance, etc. For temporal lobe epilepsy in dominant hemisphere, it
causes more verbal memory deficit as compared with the visual memory deficit in the
non-dominant hemisphere. It is often how lateralization is done in cases such as mesial
temporal sclerosis. Bilateral mesial temporal sclerosis is not uncommon.

If these three investigations provide concordant findings, in which an EZ could be
concluded, then surgical excision might be proceeded. The most often encountered
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example would be temporal lobe epilepsy secondary to mesial temporal sclerosis.
Indeed, mesial temporal resection (i.e. amygdalohippocampectomy), via either
transtemporal (anterior temporal lobectomy) or transsylvian approach, offer some of
the best outcome in terms of seizure control.

Functional images such as interictal PET-CT could provide supportive informa-
tion but often it is not conclusive due to its lack of spatial resolution. Nowadays, a
PET-MRI could be done in the same setting to provide the simultaneous appreciation
of anatomical and functional data, which might be more superior than fusing, by
software, the interictal PET-CT with the MRI which were done in two settings. Ictal
SPECT is also valuable to evaluate the part of brain with the greatest perfusion which
is often the EZ. It is the most useful when there is more than one lesion, and the clini-
cian could not conclude which one is the culprit. However, it is technically demanding
as the radioactive isotope should be injected once the ictal event starts, in terms of
seconds. Also, if the electrophysiological onset precedes the clinical one, the ictal
event has started for some time before clinical semiology happens. For lateralization
of dominant hemisphere, functional MRI by means of blood oxygen level dependent
(BOLD) might be helpful to lateralize the language area. Yet, there could be bilateral
activation at times especially in those who were agitated or intellectually disabled.

Of note, even functional MRI could lateralize the language area, it has relatively poor
spatial resolution as it is all about the adjustment of the threshold in the software. It
could not replace the language assessment in awake craniotomy in case of proximity
of the EZ to the language areas. Magnetoencephalography (MEG) is to detect dipoles
which occur in the EZ. It is similar to SPECT but it is not as time-dependent.

If the above measures (some refer them as level 1) provide discordant findings
(Table 2), and lateralization and localization could not be achieved, invasive workup
(i.e. level 2) might have to be considered [9]. Wada test involves the endovascular
injection of barbiturate to internal carotid artery (ICA) to temporarily suppress the
activity of one cerebral hemisphere to see if it causes verbal or visual memory deficits,
as mentioned, which then points to left or right-side temporal lobe epilepsy respec-
tively. If ICA Wada test fails to lateralize the dominant hemisphere, then selective
posterior cerebral artery (PCA) Wada test could be considered to selectively suppress
the activity of the hippocampus [10].

2.3 Invasive EEG

Here comes to the invasive EEG. If an epilepsy is lateralized and partially localized
in the level 1 presurgical workup, craniotomy for putting in subdural grid or depth
electrodes (SDE) was the commonest method for invasive EEG. Subdural grid offers

MRI to localize the epileptogenic lesion

Ictal Video EEG to localize the ictal onset zone and characterize the semiology which
helps to localize the symptomatogenic zone

Interictal EEG to localize the irritative zone

Neuropsychiatric assessment to lateralize the epilepsy

Interictal PET to localize the functional deficit zone

Ictal SPECT and MEG to localize the epileptogenic zone
Table 2.

Level 1 presurgical workup.
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examination of epileptiform discharges across the cerebral convexity while depth
electrodes provide the assessment of epileptiform discharges from deep to superficial.
Yet, it involves the risks of bleeding and infection, especially in those with prior
craniotomy. It might also cause unhabitual seizure events during the recording which
might confuse the clinical picture.

Stereotactic EEG (SEEG) involves the minimally invasive approach to implant
multiple electrodes with twist drill to cover different areas of a cerebral hemisphere.
Bilateral implantation is also feasible. Simultaneous deep and superficial assess-
ment of multiple sites is one of its greatest advantages [11]. The spatial and temporal
relationship of the epileptiform discharges as in a 3D coordinate system could be
delineated. The epileptic network could be determined. It causes less unhabitual sei-
zure event. In the series by McGonigal A, et al., SEEG localizes the EZ in non-lesional
epilepsy cases as effective as in lesional ones [12]. In the meta-analysis published by
Mullin, et al., the bleeding and infection rate was found to be 1% and 0.8% respec-
tively [13]. In the meta-analysis by Arya R. et al., the rate was 4% and 2.3% respec-
tively [14]. In some lesional cases with anatomical discordance (e.g., right temporal
lobe epilepsy with a deeper pathology hypothalamic hamartoma), or when there are
multiple pathologies (e.g., polymicrogyria, periventricular nodular heterotopia),
SEEG could be helpful to identify or confirm the true pathology that is responsible for
the epileptogenesis [15]. At the moment, there is no head-to-head series to compare
the seizure control rate between SEEG and SDE. According to the review by Katz JS
et al., there is no definite superiority of SEEG vs. SDE (Engel class I rate 56-68% vs.
30-70%) with reference to different case series [16].

There are three ways to implant SEEG, namely frameless, frame-based and
robotic-assisted stereotactic navigation. Frameless navigation system makes use of
guidance by neuroimaging with surface matching registration. Frame-based approach
involves the application of stereotactic frame to patient’s head. Fusion of post-frame
CT scan with the initial planning MRI will provide the coordinates with reference to
the stereotactic frame to navigate the intended trajectory. Robotic-assisted stereotac-
tic navigation also involves registration but it differs by having robot to bring neuro-
surgeons to the intended trajectory, which could speed up the procedure when there
are multiple electrodes to be inserted, as in the case of SEEG. In the meta-analysis
performed by Vejay N. Vakharia et al. in 2017, the mean error of the entry point and
target point was 2.45 and 2.89 mm for frameless approach, 1.43 and 1.93 mm for
frame-based approach, and 1.17 and 1.71 mm for robotic-assisted approach [17].
Despite the apparently smaller mean error in frame-based and robotic-assisted
approaches, there was high heterogeneity among studies and the parameters used
were different (Euclidean distance vs. lateral deviation). This precluded meaningful
comparison of the different approaches.

2.4 SEEG planning

The flow of the SEEG planning and implantation procedures is as follows. At the
combined epilepsy meeting, the findings of the presurgical workup are presented
and the plan for SEEG is confirmed in selected cases with discordant findings.
Multidisciplinary discussion to generate the anatomical-clinical-electrophysiological
hypothesis would be essential. Implantation of electrodes would depend on the best
hypothesis generated and important alternative hypothesis to be rejected. A 2D grid
coordinate system (aka Talairach Stereotactic System) might be helpful for com-
munication among the team (Figure 2). Fine-cut MRI brain with contrast would be
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Figure 2.

Talairach stereotactic system.

used for stereotactic navigation and trajectory planning. A CT cerebral angiogram
would be useful to appreciate the bony architecture as well as the cortical and Sylvian
vessels. MRI with cerebral angiogram (MRA) fusing with a plain CT brain is also an
alternative to reduce contrast use.

In the planning software, we could put the trajectories in an orthogonal manner
i.e., perpendicular to mid-sagittal plane of the brain. It is similar to the Talairach
approach, yet the latter made use of 2D angiography (digital subtraction angiogra-
phy). The patient would be positioned laterally during the implantation procedure.
Orthogonal approach has the advantage of easier interpretation of the spread of the
epileptiform discharges as the 3D system could be more regular in shape if all the
electrodes are parallel to each other. However, the more peripheral the SEEG elec-
trodes are, there could be greater deviation as the electrode direction is not perpen-
dicular to the skull and the brain surface which could lead to deviation towards the
periphery. Therefore, the region of interest of the procedure must be determined and
marked during the planning and the setup of the navigation system. Of course, the
region of interest is often the proposed EZ. On the other hand, orthogonal insertion
to insula could be difficult. Insula is often the important alternative to exclude in both
frontal and temporal epilepsy. Anatomically it is covered by frontal, temporal, and
parietal operculum with Sylvian fissure and middle cerebral artery (MCA) branches
on the surface. Therefore, the orthogonal insertion to insula region needs great care
not to pass through important vasculature. However, it allows the simultaneous
assessment of both operculum and the insula on the same electrode. The other way to
implant the SEEG would be a 3D approach, adjusting to the skull shape at the entry
site (Figures 3 and 4) and to avoid MCA branches in Sylvian fissure in case the insula
is one of the targets (Figure 5). Yet, as the electrodes are not parallel to each other,
interpretation could be more difficult.
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Figure 4.
3D reconstruction from real case MRI to illustrate the orthogonal approach of SEEG placement. (Left: anterior-

posterior, right: lateval-oblique) This is a case of right temporal non-lesional epilepsy with bilateral temporal
EEG onset and MEG dipoles with semiology of cephalic aura, bilateral hearing loss followed by left side twitching.
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Figure 5.

This is an anterior-posterior view of the 3D-reconstructed brain parenchyma. Blue line vepresents the 3D
approach which avoids the Sylvian fissure while the red line represents the orthogonal approach which punctures
through the Sylvian fissure.

The planning strategy in different epilepsy would be discussed in later part.
During the planning, entry sites and target sites must be determined. Then the
length from dura to target should be measured. Many of the planning software could
customize the lead contact size and intervals. With reference to the insert of the
electrodes, one could decide the length of different electrodes to be used. After plan-
ning the trajectories in the planning software, either frameless stereotactic navigation
system or robotic-assisted system could be used directly. Frame-based approach
would require a post-frame CT.

2.5 SEEG implantation

Patient is then put under general anesthesia and intubation. Head is secured by
clamp and navigation system is set. Skin is prepared and draped. Adjustment of the
guiding system is performed (Figure 6). The length inserted would be calculated
with reference to the different parts of the system (Figure 7). Skin-dura distance is
measured in navigation system (Figure 8). Stopper-skin distance is measured intra-
operatively. Adding the two up we would have the length of drill needed to puncture
the skull. Stab wound is made on the scalp. Drill with length marked by stopper is
brought in. Skull is drilled (Figure 9). Sometimes 1-2 mm more might be needed to
puncture the inner table. A sense of give-way under careful control is often the sign
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Figure 6.
Guiding system is adjusted by frameless steveotactic navigation.

Guiding
system

-

Stopper

skin

Figure7.

Blue arrows = skin-dura distance. Red arvows = stopper to skin distance. Blue + red = length of drill to puncture
the skull. Purple arvows = dura-target distance. Green arrows = bolt-dura distance. Purple + green = length of
electrode.

of complete puncture. Dura and pia are cauterized and punctured by monopolar
(Figure 10). The bolt is anchored to the skull. Length of electrode is needed is the
sum of dura-target distance and the bolt-dura distance (i.e., from bolt to target).
The electrode with length marked by the cap is inserted with the cap screwed to the
bolt (Figure 11). Opposition of the scalp wounds might be needed to prevent CSF
leak. The whole procedure is repeated in different electrodes. In case of bilateral
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Figure 8.
Electrodes are planned in orthogonal manner. Skin-dura distance could be measured.

Figure 9.
Stopper-dura distance is set. Bone drilling.

implantation, the patient would be repositioned in the contralateral side, in lateral
position, with navigation system set again. It should be reminded that the EEG signals
recorded intraoperatively might be affected by the general anesthesia. Patient would
be transferred back to the ward for monitoring of the SEEG signals (Figure 12). In
author’ center, we put patients on empirical antibiotics when the patient is under the
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Figure 10.
Dura cauterization and puncture.

Figure 11.
Bolt anchoring and electrode insertion.

SEEG monitoring. Antiepileptics would be withheld according to the patient’s semiol-
ogy and seizure frequency. CSF leak is what one should carefully watch out for.

2.6 SEEG signal recording and stimulation

Post-operative CT scan would be fused to the preoperative MRI. First, we assess
the accuracy of electrodes placement. Second, the electrodes are segmented, and the
anatomical position of different contacts are marked. SEEG signals would be recorded
by 4-5 days. By then stimulation might be performed. On one hand seizure events
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Figure 12.
Electrodes are ready for connection to EEG montage. Betadine-soaked dressing is applied.

could be triggered to give clinicians a hint on the location of the ictal onset zone.

Yet, the events might be unhabitual. On the other hand, some eloquent areas might
be located by the stimulation. Concerning the stimulation technique, low frequency
stimulation (1 Hz frequency, 0.5-4 mA pulse intensity, 0.5-3 ms pulse width, 20-60s
duration) is suitable for areas of low after-discharge threshold such as primary
auditory cortex, primary motor cortex, hippocampus, and areas with focal cortical
dysplasia. High frequency stimulation (50 Hz, 0.5-5 mA, 0.5-1 ms, 3-8 s) would be
suitable to areas elsewhere [18]. Stimulation might be helpful for clinicians to under-
stand the epileptic network better (Figure 13).

2.7 Removal of leads and resection epilepsy surgery

Once the anatomical-clinical-electrophysiological hypothesis is made after the
discussion in the multidisciplinary team, one could proceed to removal of the SEEG
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Figure 13.

Thgis diagram illustrates a case with epileptogenic zone confirmed with direct electrical stimulation. The
epileptogenic lesion was the gliosis with T2 hyperintensity in MRI in the temporoparietal junction. Yet, the
patient’s semiology was often a frontal one. SEEG electrodes were implanted around the gliosis and the dipoles
found in MEG. They weve also implanted across the superior longitudinal fasciculus. Stimulation triggers
rhythmic discharge in the superficial contacts around the gliosis and thus identifies the ictal onset zone. Visual
pathway was also identified in the deeper contacts of one adjacent electrode.

leads and excision of the EZ. Usually, the leads inserted to the proposed EZ would
be removed first to provide the surgical exposure. The remaining leads could be left
to detect any interictal signals. If they are present, they could serve as a guide to
successful disconnection of the EZ once they disappeared. However, one should not
compromise the surgical exposure which is critical to adequate excision of the EZ
and careful hemostasis. Awake craniotomy might be needed for assessment of the
eloquent areas with direct electrical stimulation to avoid neurological deficits after
the operation. Awake craniotomy might even need a larger exposure for adequate
assessment. Details of awake craniotomy would be out of the scope of this chapter.
As the leads have been implanted for 1-2 weeks before the concluding procedure, risk
of infection could be higher than usual craniotomy cases. Therefore, intra-operative
wound irrigation and post-operative antibiotics might also be helpful.

2.8 Implantation strategy

SEEG electrodes should be implanted according to the anatomical-clinical-electro-
physiological hypothesis [19]. It is also important to place electrodes, apart from the
proposed EZ, the symptomatogenic and functional deficit zones.

Temporal lobe epilepsy (TLE), as mentioned, with mesial temporal sclerosis and
concordant presurgical workup, could have resection surgery proceeded right away.
However, the following four situations might warrant SEEG implantation.
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1. Presurgical workup is discordant (e.g. a left TLE semiology with right mesial
temporal sclerosis)

2.TLE is bilateral.
3. TLE with extratemporal epileptic generator e.g.
a. Orbitofrontal structures (spread via uncinate fasciculus)

b.Posterior cortices i.e. parietal and occipital (spread via inferior frontal-occipital
fasciculus or inferior longitudinal fasciculus)

4. TLE-plus with early involving of neighboring structures
a. Orbitofrontal structures
b.Insular cortex, frontal operculum
c. Temporo-parieto-occipital junction

From these one could appreciate in TLE, orbitofrontal structures and insula are
two very important structures to have the electrodes stationed. Understanding the
connectome with the white matter tracts is also essential as it is often how epilepti-
form discharges spread (Figure 14).

For frontal lobe epilepsy, the epileptiform discharges often spread quickly within
the frontal lobe, and it has high connectivity with the extra-frontal structures and the
contralateral frontal lobe. SEEG is mainly to compartmentalize the seizure pattern.
The frontal operculum could be divided into the pars orbitalis, pars triangularis and
opercularis. Orthogonal insertion of the SEEG electrode into the pars orbitalis could
provide assessment of the orbitofrontal structures. On the other hand, mesial frontal
structures are often underrepresented in scalp EEG. Orthogonal insertion of the
SEEG electrodes via middle frontal gyrus often provide assessment of that with the
deeper contacts. Therefore, if frontal lobe is of concern and mesial frontal structures
must be assessed, a longer electrode might have to be used.

Posterior quadrant epilepsy is a less frequently encountered type. It involves pari-
etal and occipital lobes. Clinical polymorphism is present due to high density of brain
connections to the insula and temporal as well as contralateral posterior quadrant. It is
often some challenging cases and multi-lobar and bilateral electrodes might have to be
used to assess the propagation pathways and assessment of the functional areas such
as Wernicke’s area, reading, calculation, vision, and face recognition. Tractography
study such as diffusion tensor imaging (DTI) might be helpful to look for the ventral
and dorsal white matter tracts through the occipital lobe. SEEG electrodes could be
implanted according to the white matter tracts and see if the epileptiform discharge
propagates from one to another electrode via the pathway.

Insular epilepsy has the semiology mimicking frontal and temporal lobe epilepsy.
As mentioned, it is often an important alterative to exclude. Again, it is underrep-
resented in scalp electrodes. Difficulty to plan trajectories of the SEEG electrodes
is often encountered due to the vascular constraints, especially with the orthogo-
nal approach. The comparison of orthogonal and 3D approaches is discussed in
previous part.
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Figure 14.

Ang illustration of a case of temporal lobe epilepsy semiology with hand and oval automatism followed by post-
ictal drowsiness yet EZ concluded to be in the orbitofrontal structures with spread to temporal lobe via pathways
such as uncinate fasciculus or arcuate fasciculus. SEEG concluded the ictal onset zone (yellow) while the PET-
MRI confirmed the functional deficit zone (green). Electrodes were also inserted in an orthogonal approach to the
insula as it is an important alternative hypothesis to exclude.

3. Therapeutic use
3.1 Radiofrequency ablation (RFA)

Stereotactic lesioning has long been a surgical treatment to focal epilepsy.
Examples include laser interstitial thermal therapy (LITT) and SEEG-coupled RFA.
Lesioning technique is more suitable for lesional epilepsy as the lesion could be identi-
fied and approached by the SEEG electrode, whereas in non-lesional epilepsy, the
electrodes are often placed according to the epileptogenic network. It could be helpful
in cases when open surgery is relatively contraindicated. For example, in temporal
lobe epilepsy in dominant hemisphere, stereotactic lesioning might be able to treat the
mesial temporal structure where a dominant hippocampectomy is contraindicated.
On the other hand, deeply located pathology such as hypothalamic hamartoma and
periventricular nodular heterotopia could be treated by stereotaxic lesioning instead
of making large corticotomy or passing through important structures such as basal
ganglia. More importantly, stereotactic lesioning is #ot a contraindication to subse-
quent surgery i.e., resection or neuromodulation. SEEG-guided RFA is done by apply-
ing radiofrequency thermocoagulation between two contiguous electrode contacts to
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make a precise lesion. SEEG signals would be recorded and the likely ictal onset zone
together with the MRI-found epileptogenic lesion would be concluded to be the EZ.
Direct electric stimulation as previously discussed could also give us the guidance of
where the EZ is and if any eloquent areas are nearby. When the target of lesioning is
decided, power would be applied with patient being awake until impedance increases
i.e., when the coagulum is formed. The duration would usually be less than 1 minute.
Sometimes, patient could even hear the crackling sound when the coagulum is made.
In an in vitro study by Staudt MD, et al. in Operative Neurosurgery found that smaller
power, longer duration, closer distance, bipolar thermocoagulation form a larger
lesion [20].

3.2 Outcomes

In the systematic review of Pierre B, et al. in Epilepsia in 2018, six retrospective
studies and 296 patients were included. Permanent neurological deficit was charted
in 2.5% patients. Seizure-free outcome was achieved in average 23% while seizure
response rate was up to 58% [21]. Greatest efficacy was observed in periventricular
nodular heterotopia while lowest in non-lesional cases. Studies showed high hetero-
geneity concerning case selection and, therefore factors for good outcome are still
unknown.

In the cohort study done by Alexis Moles, et al. in 2018, patients with temporal
epilepsy with SEEG done was selected to the group of anterior temporal lobectomy
and RFA as what procedure the patient had undergone. Three-quarters of patients in
lobectomy group achieve seizure freedom in contrast to 0% in the RFA group [22].
Yet around half of the patients in the RFA were responder with no memory impair-
ment recorded. In the cohort, SEEG-RFA is the first choice of treatment after SEEG
implantation in the patients who were enrolled later after this treatment policy is
employed. They would perform anterior temporal lobectomy if there is failure of
the RFA and this would regard as treatment failure. So, the difference in the treat-
ment outcome is not due to the different characteristics, but the treatment per se.
Therefore, SEEG-RFA for temporal epilepsy could never achieve the same outcome
as the well-established anterior temporal lobectomy and amygdalohippocampec-
tomy but could offer some improvement in seizure control in the patients where
lobectomy is contraindicated e.g., temporal lobe epilepsy in dominant hemisphere,
apart from directly subjecting patients to neuromodulation. The target of this
treatment is the ictal onset zone identified in the SEEG recordings instead of dealing
with the entire EZ.

4. Brain-computer interface

Brain-computer interface (BCI) is a rapidly developing field in neuroscience. One
area would the neuroprosthesis which receives electrical signals from the brain and
perform tasks that patients with neurological deficits are not able do e.g., speech and
movement. The hardware to receive the electrical signals include scalp EEG, ECoG
and, of course, SEEG. Motor imagery, P300 and steady-state visual evoked potential
(SSVEP) are some of the types of BCI [23]. Motor neuroprosthesis is the one that is
better developed but recently the study by Moses DA, et al. showed the possibility of
decoding the brain speech areas and produce speech for patient who was anarthric for
along time [24].
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Currently scalp EEG and ECoG are the mainstay. However, like presurgical
workup in epilepsy, SEEG provides a network analysis not only including the super-
ficial structures but also the deep structures. It also provides a spatial and temporal
appreciation of the electrical signals. Most importantly, it has a lower hemorrhagic
or infective complication rates as compared with craniotomy. It probably leads to
fewer gliosis as compared with subdural grid and provides better longevity. When the
technology improves, the diameter of the electrodes as well as the intervals between
electrodes become smaller [25]. The in vivo implantation could likely be successful as
what functional neurosurgeons had been doing in deep brain stimulation.
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Chapter 5

Recent Advances in Epilepsy
Surgery

Ahmad Tamimi, Malik Juweid and Iskandar Tamimi

Abstract

The modern practice of epilepsy surgery requires multiple modalities of
presurgical investigations such as video-EEG, intracranial EEG, high-resolution
imaging, advanced functional imaging, and clinical analysis. A multidisciplinary
approach is essential, including close collaboration between neurosurgeons, neurolo-
gists, neurophysiologists, neuropsychologists, neuropsychiatrists, and neuroradiolo-
gists. Candidates for epilepsy surgery require a history of seizures that are refractory
to appropriate medical therapy. A meticulous selection of candidates will lead to a
better chance of freedom from seizure. Epilepsy surgery includes a variety of surgical
procedures including resective surgery for focal refractory seizure, which offers a
significant chance of seizure freedom in temporal and extratemporal lobe epilepsy.
Palliative treatment for patients who are not candidates for resective surgery, such as
vagal nerve stimulation, deep stimulation, and callosotomy, offers further options.
We reviewed and analyzed the recent scientific literature and forthcoming advances
that will impact on the future of epilepsy surgery. This chapter on recent advances in
epilepsy surgery emphasizes improved methods of assessment, a better understand-
ing of seizures, the development of new surgical techniques, and the outcome of

epilepsy surgery.

Keywords: epilepsy, refractory seizure, surgery, temporal lobe epilepsy, vagus nerve
stimulation, callostomy, recent advances

1. Introduction

Epilepsy is a brain disorder characterized by brief disturbances in the normal elec-
trical function of the brain resulting in seizures; 35% of adults with active epilepsy
have seizures that are not seen by a neurologist or an epilepsy specialist [1].

Epilepsy is one of the most common chronic neurologic disorders with a world-
wide prevalence of approximately 1.2% [2]. Epilepsy contributes to up to 25% of the
global burden of neurological disease, and many neurological diseases are associated
with seizures and epilepsy [3].

Recent data indicate that epilepsy mortality rates are rising significantly [4]. These
data have generated significant concern from stakeholders and advocacy groups that
the increase in epilepsy mortality may represent a failure to effectively treat epilepsy
and prevent premature death [5].
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Only 64% of patients with new-onset seizures are seizure-free by their third anti-
epileptic drugs (AED) [6]. Thus, more than 35% of patients continue to have seizures
and become recognized as refractory seizure patients.

The pre-surgical evaluation should result in a clear understanding of whether
surgery can be undertaken and its potential benefit [7].

Neuroimaging developments with the introduction of magnetic resonance imaging
(MRI), functional (fMRI), fluourodeoxyglucose F18 positron emission tomography
(PET), single-photon emission computed tomography (SPECT), and magnetoenceph-
alography (MEG) have facilitated the selection of patients for surgery, also reducing
the number and severity of complications [8, 9]. Neurophysiological tests include
invasive and noninvasive procedures and define the epileptogenic zone in a specialized
center. Epilepsy surgery should be recommended through a multidisciplinary team [5].

In pharmacoresistant (PR) patients, epilepsy surgery must take into consideration
the chance of seizure freedom and the adverse long-term effects of uncontrolled
seizures [10]. Epilepsy surgery is underutilized even in developed countries because
many physicians do not recognize that a treatable syndrome exists and in developing
countries because of lack of resources or because many physicians do not recognize
that a treatable syndrome exists [5].

Developments made in surgical techniques have significantly increased the effec-
tiveness and safety of these techniques as such techniques have been demonstrated to
improve seizure control/freedom outcomes [11] and increase patients’ life span [8] by
reducing the number and severity of complications [8, 9].

2. Refractory seizure

One percent of the world’s population has active epilepsy, 30-40% of people with
epilepsy have a seizure that is uncontrolled by medication [1], which accounts for
80% of the cost of epilepsy in the United States [12].

PR epilepsy is, therefore, a major health concern for patients, their families, and
for the society. Treatment aim for epilepsy is seizure freedom with no side effects, as
soon as possible. Full-service epilepsy centers are staffed by a multidisciplinary team
consisting of neurologists, epileptologist, neurosurgeons, neuroradiologists, clinical
neurophysiologists, neuropsychologists, psychiatrists, social workers, and nurses
skilled in the management of epileptic seizures and their consequences [13]. These
approaches permit recognition of true epileptic seizures and their causes, diagnosis of
specific seizure types and epilepsy syndromes, and determination of which patients
are truly FRs and might be candidates for surgical therapy.

Apparent pharmacotherapy failure does not necessarily mean that standard AEDs
will not work. Alternative causes are seizures that are not epileptic, misdiagnosis of
the seizure type or epilepsy syndrome, inappropriate use of AED such as inadequate
doses or drug interactions and lifestyle issues, such as drug abuse, alcohol binging,
stress, and sleep deprivation. Epilepsy centers have the ability to utilize specialized
pharmacologic approaches, including enrollment in clinical trials of experimental
anti-seizure drugs, to provide alternative treatments other than surgery,

The term “PR epilepsy” can no longer be taken literally, as there are now so many
anti-seizure drugs that it would take a lifetime to try all of them alone and in combi-
nation in any given patient.

There are several reasons for PR, and research to clarify underlying mechanisms is
important for the future development for more effective treatments [14].
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Concerning the diagnosis of PR patients, the International League Against
Epilepsy (ILAE) has proposed, as a verifiable hypothesis: “That PR is defined as
failure of adequate trials of two tolerated, appropriately selected, and used antiepi-
leptic drug schedules (monotherapies or in combination) to achieve sustained seizure
freedom, which is defined as sustaining seizure freedom for a period 3 times the
longest inter-seizure interval or 1 year whichever is longer” [15].

3. Epileptogenic zone

The epileptogenic zone is defined as the area of the cortex that is necessary and
sufficient for initiating seizures and whose removal Or disconnection is necessary for
the complete abolition of seizures [16].

The pre-surgical evaluation to define the epileptogenic zone and its relationship
with the eloquent area is essential for the ideal resection for a patient with drug-
resistant focal epilepsy (Figure 1) [8].

Jehi [17] defined five cortical zones in the pre-surgical evaluation process, which
include: the irrigative zone (IZ), which is the area of the cortex that generates electric
spikes, with the best test to define that through EEG, MEG and EEG-fMRI; seizure
onset zone (SOZ), which is that area of the cortex responsible of the clinical seizure
tested by EEG, ictal SPECT, fMRI, and MEG; symptomatic zone (SZ), defined as
the area of the cortex that, when activated produces initial ictal symptoms signs,
observed by initial seizure symptomology; epileptogenic lesion (EL) includes
macroscopic lesion that is causative of the epileptic seizure because the lesion itself
is epileptogenic (cortical dysplasia) by secondary hyperexcitability of the adjacent
cortex, tested by MRI; functional deficit zone (FDZ) defined as the area of the cortex
that is not functioning normally in the inter-ictal period tested by neurological and
psychological exams and by functional images (interictal SPECT and PET) (Table1).

It is helpful in the study of epileptogenic zone to use intracranial EEG (subdural
electrode or SDE implantation via craniotomy) as a principal approach for intracra-
nial EEG monitoring [18]. Nevertheless, there is no high-quality evidence indicating
superiority of any one technique over the other intracranial EEG monitoring [19],

Figure 1.
Epileptogenic complex cortical area. 10Z; ictal onset zone, 1Z; Irritative zone, FZ; functional zone, SZ;
symptomatogenic zone, EZ; epileptogenic zone, LS; lesion area.
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Critical zone Diagnostic procedures

Functional deficit zone; area of the cortex with Clinical neurological and neuropsychological examination.

abnormal function in the intricately period PET and Inter ictal SPECT

Epileptogenic lesion area; were the lesion is Brain MRI

responsible of the seizure, such as migratory

disorders.

Symptomatic zone; are of the cortex that that Clinical initial seizure and Video EEG

during seizure activation produce symptoms

or signs.

Seizure onset zone; area of the cortex the Video EEG, Ictal SPECT

initiate the clinical seizures

Irritative zone: area of the cortex that generate EEG, MEG, EEG-fMRI

inter ictal spikes

Epileptogenic network Micro dialysis; (Glutamate level at onset of seizure and in
epileptogenic region)

7TMR spectroscopy image (spectrometer); mainly in medical
temporal lobe epilepsy) MTLE and MTS.

Neurotransmitters; Central benzodiazepine receptors acts on
ionotropic GABA s-regulation in seizure complex, which is
reduced in epileptogenic foci and seizure onset.

Dopamine receptor; Dopamine receptor D2/D3 decrease
in epileptogenic area(PET) Opioid receptors, trough PET
radiotracers, no changes in temporal lobe epilepsy.

Tractography Difussion tensor imaging(DTI), can visualizeze Meyer Loop
preoperativly.

Table1.
Preoperative evaluation modalities for delimitation of epilepsy zone in refractory seizure patients.

specific brain MRI with sequence and voxel-based morphometric analysis, and the
EEG-fMRI [20]. 3D multimodality images are a simultaneous display of different
structural and functional data in each patient [17-19].

Unidentified epileptogenic source occurs in approximately 50% of patients coming
to surgery [21]. According to advanced knowledge in EZ, defining the area of neuro-
connectivity through the epileptogenic network is very important. This is achieved by
using new tests for epileptogenic network detection: a) microanalysis; by detecting the
extracellular glutamate level, through microanalysis device insertion; glutamate level
is increased in the epileptogenic region and high at onset of seizure [22]. b) 7 T-MR
spectroscopy, in the study of mesiotemporal lobe sclerosis (MTLS), the epileptogenic
in the hippocampus is energetically developed, anterior more than posterior; a similar
energetic loss is seen in the ipsilateral anterior thalamus and less significantly in the
contralateral thalamus and hippocampus [23]. According to this, optogenetic stimula-
tion of thalamic circuit can inhibit the parietal epileptogenic cortex.

4. Presurgical evaluation

The pre-surgical evaluation is the most crucial aspect for epilepsy surgery; all
patients diagnosed with PR should be referred to an epilepsy center for pre-surgical
evaluation to confirm the diagnosis of true epilepsy and type of seizure. At this stage
of evaluation, around 50% of patients usually have idiopathic generalized seizure,
which cannot be treated with resective epilepsy surgery; only patients with focal-onset
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seizure with loss of awareness (partial complex seizure) with or without secondary
generalized seizure are surgical candidates and can complete the pre-surgical process
for investigation. Therefore, the initial evaluation should include proper history,
seizure semiology, and EEG. The final goal of pre-surgical evaluation is to define the
EZ (region) defining the lateralization and localization of EZ (Table 2) [24].

The American Epilepsy Society conference had a consensus about the evaluation
protocol through a multidisciplinary methodological approach involving physical
exam, scalp video-EEG, telemetry, structural MRI (MRI epilepsy protocol), neuro-
psychological assessment, neuropsychiatric assessment, social worker, and nursing
for patient support network, with realistic expectation of outcome [25]. Additionally
parameters include fMRI, Wada test, PET, ictal SPECT, MEG, and intracranial EEG
electrodes (Table1) [25, 26].

4.1 Neurological and neuropsychological studies
Neurological and neuropsychological assessment is part of the preoperative evalu-

ation of refractory seizure patients. The assessment should comprise baseline stan-
dardized measures of cognitive function in addition to wider measures of behavioral

Presurgical evaluation of refractory seizure patients
Clinical Images | Neurophysiol. ‘
C.Neurol. Brain MRI Noninvasive
C.Psychol. | fMRI | | EEG
C.Psych. ‘ [ MEG ] [ Video-EEG
Psycho-Soc. ] [ PET ] ’ Invasive
o smer || b

Optic-MEG ] SEEG

ybrid PET/MRI Neurotransmitters
Dopamine
l receptors(D2/D3)
Psychogenic Seratonin receptors
Seizure True L
i Epilepsy/Refractory ] o
Psychoterapy seizure Opioid receptors

Table 2.
Pre-surgical evaluation parameters of patients with refractory seizure.

97



Advances in Electroencephalography and Brain Connectome

and psychosocial function [27]. The preoperative neuropsychological assessment
contributes to seizure lateralization, localization, characterization, and provides
predictions of cognitive risk associated with surgery [27].

For future outcome, it is important to include exploration of patient and family
expectations from surgical treatment. Neuropsychological changes following surgery
are a dynamic process, and it should be an integral part of the postoperative follow-
up. The neuropsychologist plays an important role with postoperative rehabilitation
and support of the patient and family members as a part of the multidisciplinary team
of epilepsy surgery [28].

4.2 Electrophysiological studies
4.2.1 Noninvasive EEG monitoring

The standard procedure after confirming PR patient usually is initiated with video
EEG-monitoring for detection of lateralization and localization of seizure focus.
Patients are often admitted for several days, depending on their seizure frequency.
Most often their AEDs are tapered off in order to capture about 3-5 typical and
consistent seizures. There is no consensus on the tapering process, but in general very
rapid tapering is avoided to minimize risk of status epilepticus or triggering aberrant
seizure onset zones [24, 29].

Scalp-recorded EEG is usually performed for inter-ictal and ictal epileptiform
patterns [29]. In the video-EEG monitoring, seizure semiology is recorded, which is
important for surgical decision-making [29]. Occasionally when ictal/inter-ictal
EEG epileptiform activity discharges are concordant with structural neuroimaging
abnormalities, it could be sufficient for surgical localization and treatment [26].
High-density array of EEG electrodes (10-10 electrode placement) may be useful
in patient with extra-temporal lobe focal seizure. Deeper seizure foci may not be
detected via (scalp) electrodes. Further, scalp EEG recording is usually insufficient
in extra-temporal epilepsy or even in non-lesional (normal MRI) temporal lobe
epilepsy (TLE). Using extra electrodes placed based on the 10-10 international
electrode system may add significant accuracy to scalp recording and in some cases
avoid intracranial recording [24].

When seizure onset zone is poorly lateralized due to alternating seizure onset
lateralization in bi-temporal asynchrony or frequent bilateral epileptiform discharges,
it indicates a less favorable postsurgical seizure outcome [30]. Unilateral hippocampal
atrophy on MRI and concordant unilateral interictal spikes are highly predictive of
concordant ictal localization [31].

4.2.2 Invasive intracranial EEG

ECoG, implantation of SDE, is very helpful in detecting, seizure lateralization and
localization. The duration of intra cranial-EEG monitoring is determined by seizure
frequency, number of seizures needed to make a decision, and the time needed to
perform mapping of the eloquent cortex. Interpretation of the data is based on EEG
pattern recognition as well as clinical semiology.

It is essential to insert the intracranial EEG electrodes in proper locations at or in
close vicinity to the epileptogenic zone although interpretation may be difficult in
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some cases since that frequency range may differ from one cerebral area to another
due to neurophysiological properties of the anatomical structure and from one etiol-
ogy to another [24, 32].

4.2.3 Stereoelectroencephalography (SEEG)

Recording EEG signals through surgically implanted depth electrodes provides the
best coverage for deeper structures (such as hippocampus, amygdala, and insula) and
deep sulci. Depth electrodes in various lengths and number of contacts are implanted
using conventional stereotactic technique or by the assistance of stereotactic robotic
devices through 2.5 mm diameter drill holes. Risk of infection and intracranial hem-
orrhage have been reported in 1% of patients. In other series small hemorrhages have
been reported in 5.5%, of whom only 0.9% required surgery, and no mortality was
reported [33, 34]. The planning of SEEG implantation requires formulating precise
hypotheses about the possible epileptogenic zone, seizure onset, and propagation
zones to be tested.

4.3 Neuroimaging studies

Advances in brain imaging technology have substantially improved seizure
localization and surgical outcome [30]. All patients with clinical and evidence of
focal-onset seizure should have brain imaging, including brain MRI [24].

4.3.1 Brain MRI

MRI is an important noninvasive tool for evaluation of patient with epilepsy
that provides two critical data, a potential epileptogenic brain abnormality, and its
surrounded anatomy. Whole brain coverage allows for the examination of the lesion
location and its relationship to cortical eloquent areas [35]. The main role of brain
MRI is to define structural abnormalities that may cause seizure. A high-resolution
brain MRI, with epilepsy protocol, is recommended. Epileptogenic lesions in almost
one half of those presenting with new-onset seizure are detected. Sensitivity of brain
MRI is increased by using epilepsy protocol [36]. The common sequences used by
most epilepsy centers include thin section of 1 mm coronal oblique T1 gradient echo,
coronal oblique T2 series, high-resolution 3D sequences (sensitive to subtle cortical
dysplasia or small tumors), and T2 flair (fluid attenuated inversion recovery) images
performed on 3 Tesla or higher MRI systems [24].

4.3.2 Functional brain MRI (fMRI)

The functional MRI acquisitions are based on the blood oxygen level dependent
(BOLD), the main target is to confirm language hemisphere dominance in patients
that are candidates for possible temporal lobe resection. It has been widely used in the
context of pre-surgical evaluation in refractory seizure, is a noninvasive procedure,
and is able to provide more precise localization and more cost-effective than the
invasive Wada Test (with intracarotid amobarbital injection [25]. According to the
American Academy of Neurology, fMRI, it is part of the guideline for language and
memory function and should be predicting postoperative verbal memory outcome
[37]. It can be also used in mapping of primary motor, somatosensory cortex, or
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visual cortex, which is useful for certain tumors, gliosis, or focal cortical dysplasia,
with close relationship to eloquent area [31]. EEG-fMRI may yield complementary
information within the pre-surgical evaluation for patients with possible surgical
treatment [36].

4.3.3 Magnetoencephalography (MEG)

MEG is a noninvasive functional neuroimaging method for investigating electrical
neuronal activity of the living human brain by using sensors positioned around the
head [38] that measure fluxes in the magnetic field caused by the same brain electrical
activity, which is excellent for spatial and temporal resolution and is complementary
to scalp EEG [38]. However, certain limitation for the wide use of MEG is due to signal
disturbance caused by subject motion and the high maintenance cost [38].

4.3.4 Optic-magnetoencephalography (OP-MEG)

This method functions through optic-pumped magnetometers and high Tc
SQUIDs and does not require a thermal isolation [39]. It allows to move the subject
naturally while recording long-term OP-MEG recording akin to EEG telemetry, which
is especially useful in pediatric epilepsy [39].

4.3.5 Single photon emission computerized tomography (SPECT)

This functional neuroimaging modality is based on a radioactive tracer, imag-
ing hardware, and data analysis software. **"Tc-ethyl cysteinate dimmer [ECD or
Neurolyte®] or *™Tc-99 m HMPAO SPECT is used for measurement of regional cere-
bral blood flow in vivo [40]. Compared with "®*F-FDG PET, brain SPECT has inferior
spatial but superior temporal resolution, allowing identification of onset-zone and
increased neuronal activity during the ictal phase, which is associated with increased
metabolism and regional cerebral blood flow (RCBF) [40]. SPECT can also detect
additional abnormalities in regions without structural abnormalities.

4.3.6 Fluorodeoxyglucose positron emission tomography (FDG-PET)

FDG-PET is an indirect marker of neuronal energy metabolism by measurement
of glucose consumption. PET is obtained during the inter-ictal phase because cerebral
uptake of FDG occurs over 30-40 minutes after injection and represents the imaging
consumption of cellular metabolic process during the uptake period. The prolonged
cerebral metabolic uptake makes FDG inappropriate for measuring rapid neural
events considering the average seizure duration of 1-2 minutes; thus, ictal FDG PET
is not usually feasible [40, 41]. Epileptogenic foci of inter-ictal TLE and extra TLE are
associated with the area of reduced glucose metabolism that usually extends beyond
the seizure-onset zone [30].

4.3.7 Hybrid PET/MRI

PET/MRI has shown improved diagnostic yields in detecting potential epilepto-
genic lesions in patients with refractory seizures presenting for possible epilepsy sur-
gery [42]. The choice of tracer depends on the physiological process of interest such
as oxygen consumption, glucose metabolism, or cerebral blood flow. The sensitivity
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of detecting unilateral temporal lobe hypometabolism by inter-ictal FDG-PET/MRI is
70-80% [42].

4.3.8 Non-FDG PET procedures (neurotransmitters)
4.3.8.1 Central benzodiazepine receptors

Carbon-11-labeled Flumazenil (FMZ) is a specific reversible bound antagonist
to the central benzodiazepine site on the GABA, receptor complex. GABA recep-
tor binding and FMZ uptake are reduced in the epileptogenic foci, and the seizure
onset zone has narrower distribution than the corresponding area of FDG hypome-
tabolism. However, an area of focal decrease of FMZ uptake in the cortical regions
remote from the primary focus may occur complicating localization of epileptogenic
focus [43].

4.3.8.2 Dopamine veceptors

Awareness of dopamine role in the pathophysiology of focal epilepsy is growing
after the discovery of dopamine receptors (D1, D2, D3); D1 more pro-convulsant,
and D2s have anticonvulsant effect [4, 44]. PET studies with the high affinity of D2/
D3 receptors radioligand *F-fallypride have shown that D2/D3 receptor levels are
significantly decreased in the epileptogenic temporal lobe in all patients, including
the temporal pole and lateral temporal region in patients with TLE and hippocampal
sclerosis, which inhibit decreased FDG uptake. These findings suggest that dopa-
minergic system is part of the endogenous anticonvulsant mechanism that prevents
generalization of the seizure [44].

4.3.8.3 Serotonin receptors

PET radio-tracer 'C-a- methyl- tryptophan (AMT) is used for quantification of
serotonin synthesis in the brain, which is increased in cortex epileptic area and reveals
the epileptogenic focus in the inter-ictal state [44].

4.3.8.4 Opioid receptors

Functional imaging with PET radiotracers yields quantitative measurement of opi-
oid binding mediated by , y k, opioid receptors. This has not demonstrated specific
changes in TLE idiopathic epilepsy [4].

5. Surgical approaches and techniques

Surgery is an effective procedure for many patients with drug-resistant epilepsy
(DRE). Unfortunately, surgery is underutilized; in the USA, <1% of patients with
DRE are referred to epilepsy centers [45]. The common reasons for rejections include
fear of complications, expenses, reservation about benefits, and misconceptions
held by non-specialist physicians [6, 45]. The delay from onset of epilepsy to surgery
averages >20 years resulting in impaired social and educational development [8].
Early surgery provides the best opportunity for seizure remission minimizing adverse
social and psychological consequences and premature death [6].
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Table 3.
Epilepsy surgery, modalities according to the preoperative evaluation.

Surgical therapy can eliminate disabling seizures completely in appropriately
selected patients [46]. Multiple surgical procedures, including recent minimally
invasive procedures, are now offered depending on the type of epileptic seizures and
their presumed underling pathology (Table 3).

5.1 General anesthetic consideration

Perioperative anxiety should be managed with premedication in the preoperative
area. Midazolam has been demonstrated to be effective in relieving anxiety. If intra-
operative ECoG is planed the dosage of Midazolam and Benzodiazepines should be
reduced to minimize their depression effect on ECoG intraoperatively [47].
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Anesthesia can be induced with thiopental or Propofol; these drugs rapidly induce
the unconsciousness nondepolarizing muscle relaxant in the administration after
induction of general anesthesia [47].

5.2 Awake anesthesia in epilepsy surgery

The golden rule in epilepsy surgery is to resect the epileptogenic zone, with
preservation of the neurological function [48]. The epileptogenic zone often shows
no image abnormalities (FCD type I) in foci often located in functional areas, such
as language or somatosensory areas. In such situations, awake surgery may be effec-
tive [48]. The main advantage of awake anesthesia is the clinical functional mapping
intraoperatively under awake condition allowing the identification of eloquent area
with close monitoring during resection. Positioning the patient is critical for the suc-
cess of the technique “Asleep-awake-asleep.” Propofol does not interfere with ECoG
monitoring when disconnected 20 minutes before [24]. Certain disadvantages have
been reported, such as spatial limitation of craniotomy, limited intraoperative time,
inability to have ictal recording, and limitation of the patient cooperation in young
patients or patients with psychological or psychiatric disorders. However, in awake
anesthesia, it is imperative to psychologically prepare the patient for the procedure.
It has been reported that under awake anesthesia, patients with epileptogenic foci,
close to functional area, may have improved seizure control and minimal neurological
complications, through intraoperative mapping information and ECoG [48].

5.3 Implantation of strip, grid, and depth electrodes

Invasive monitoring tests are indicated in cases of nonconclusive noninvasive
tests, with unclear lateralization or localization of the epileptogenic zone. Invasive
monitoring is not an exploratory procedure, but it is a complementary test for lateral-
ization and localization of the epileptogenic zone [49]. The most common electrodes
are subdural strip and grids. Epidural electrodes are available but not widely used.
The ideal electrode should be selected by epileptologist, epilepsy surgeon, and
neurophysiologist together after review of the all patient data. Invasive electrodes
are frequently placed bilaterally, if lateralization is unclear [50]. Strip and depth
electrodes are useful for lateralization of seizure onset while grids are more helpful in
localization.

Depth electrodes are more valuable for assessment of deep cortical structures,
such as amygdala, hippocampus, insular, cingulum, and bifrontal cortex. They have
multiple contact arrays, up to 12 nickel-chromium, or platinum contact and are
commonly in use for bi-temporal mesial sclerosis, and it could be used in combination
with subdural electrodes [51].

Subdural strip (Figure 2a—c) and grids (Figure 2d) are fine structures covered by
silastic or Teflon sheets embedded in nickel-chromium or platinum. Each electrode
is 2-4 mm contact in diameter with inter-electrode distance being generally 10 mm.
Subdural grids are larger plates of rectangular arrays with several parallel rows up to
64 electrodes. It is an excellent choice for covering large cortical area to record inter
ictal and ictal epileptogenic activity. Cortical stimulation and grid mapping are valu-
able to delineate the functional area and epileptogenic zone [52]. The most common
complications are subdural hematoma, up to 16%, cerebral edema, (2-14%), CSF
leakages (19-33%), brain edema, 2-14%, hemiparesis, 1.5% [52].
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Figure 2.

Intracranial monitoring; a € b; skull x-vay images, showing tempoval bilateral intracranial strip electrodes,
¢; brain CT, axial cut, bone window technique, showing bilateral temporal intracranial electrodes. And d;
intraoperative view showing over the brain cortex, 2 grids (4x8 €5°4xs5 electrodes).

5.4 Resective surgery for temporal lobe epilepsy
5.4.1 Temporal lobe epilepsy (TLE)

TLE is the most common focal seizure disorder in adults with mesial temporal
sclerosis being the most common pathological entity (10). Several varieties of tech-
niques have been described, including tailored temporal lobectomy, anteromesial
temporal lobectomy, trans-Sylvian amygdalohippocampectomy, and temporal lobe
lesionectomy [53]. The overall seizure freedom following temporal lobectomy for
epilepsy has been reported to be between 74 and 82%, with best outcome for temporal
lobe neoplasm (88-92%), followed by patients with MTS (70%), and the poorest
control for cortical dysplasia [54].

Resection of the anterior temporal lobe, the amygdala, and part of the hip-
pocampus is the most commonly performed resective epilepsy surgery [55]. The
posterior margin of resection is 4.0-4.5 cm in the dominant side, and 5.0-5.5 cm in
the non-dominant hemisphere, in order to minimize the speech and visual deficits
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Figure 3.
Brain MRI T1-weighted image, axial slide showing postsurgical temporal lobectomy and
amygdalohypocampectomy.

and an en bloc resection of the amygdala, hippocampus, uncus, and fusiform gyrus
[56]. Schram et al. [57], in a review study of 53 scientific papers, showed no dif-
ferences between temporal lobectomy and selective amygdala hippocampectomy.
Nevertheless, neurophysiological outcome was significantly better in selective
amygdalohippocampectomy [57]. Approximately 25% of patients will develop some
degree of memory impairment after temporal lobe lobectomy (Figure 3) [55].

5.4.2 Resective surgery in extra-temporal lobe epilepsy

Focal lesion, lobar or multilobar resections can be undertaken in the frontal,
occipital, and parietal lobes with the expectation of curing or improving seizures.
Lesions in eloquent areas of speech, language, and motor function may not be
suitable for resection given the postoperative implications of this procedure. In
areas adjacent to motor and somatosensory cortex, intraoperative neuro monitoring
may be required. The outcomes of non-lesional or MRI-negative resections are less
successful [55].

Most patients with extratemporal resections will have invasive electrode record-
ings because the epileptogenic zone is often not as well defined as in temporal-lobe
epilepsy. The outcome for extra temporal-lobe resections is in the region of 60% [52].
Predictors of success include a greater extent of surgical resection, structural pathol-
ogy on MRI, and concordant structural and electrophysiological imaging. For patients
with cortical dysplasia, seizure freedom outcomes are reported to be in the region of
40-70% and are inversely related to the length of follow-up [58]. The best postopera-
tive outcome is associated with type 2B focal cortical dysplasia [58].
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Figure 4.

Intraoperative functional hemispherectomy view showing the middle cranial fossa after removal of the temporal
lobe(a), falx cerebri (fc) and corpus callosum (cc) after removal of the parietal lobe, temporal lobectomy and
disconnection of the frontal lobe(f), and occipital lobe (o).

Frontal lobe resections account for up to 30% of cases and carry a 1-year seizure
remission rate of approximately 45% (range 21-61%) and less durable long-term out-
comes [59]. The EZ frequently extends beyond MRI-defined lesions, and the resection
may need to be tailored according to invasive EEG findings [52]. The best postopera-
tive outcome is associated with type 2B focal cortical dysplasia, a focal seizure onset,
and total resection of the EZ.

In insular resection, seizure remission after resection of insular tumor is in the
range of 74-84% [60], and insular resection with non-lesional requires a meticulous
analysis of the risk-benefit ratio.

Usually parietal seizures are associated with lesional areas; seizure freedom ranges
between 45 and 78%, with the best being associated with a focal MRI lesion [61].
Occipital lobe resection seizure freedom averages 65% (range between 52 and 100%)
[61]. While occipital lobe epilepsy surgery carries significant risk of postoperative
visual dysfunction, seizure freedom is less than that of frontal and parietal lobe.

5.4.3 Functional hemispherectomy

When the EZ is extensive in one hemisphere, hemispherectomy, or functional
hemispherectomy, may be considered. Generally, this is restricted to individuals
who have a hemiparesis with loss of meaningful hand function [6]. Seizure freedom
occurred in73% of patients. Most patients who are walking prior to surgery remain
so afterward, whereas cognitive outcomes are usually stable, with language functions
having developed in the contralateral hemisphere (Figure 4) [6].

6. Palliative treatment
6.1 Corpus callosotomy
This is a palliative interhemispheric surgical approach for PR patients, which con-

sists of surgical disconnection of the corpus callosum to disrupt synchronization of
epileptiform discharges between both brain hemispheres. It is indicated in multifocal
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ictal onset where seizures emanate from bilateral cortical foci at different frequency.
Indication could also include failed or poor response with VNS implantation [62].

Concerning the outcome, several studies have suggested that complete corpus cal-
losotomy is more effective, and its efficacy is sustainable with less relapse rates com-
pared with anterior 2/3 corpus callosotomy (88% versus 58% in pediatric patients,
[63]. Drop attacks improved from corpus callosotomy more than other generalized
seizure types. Transient disconnection syndrome was significantly more likely in total
corpus callosotomy than in anterior 2/3 corpus callosotomy [63, 64].

The decision whether to perform anterior 2/3 corpus callosotomy versus complete/
total corpus callosotomy is based on the degree of cognitive impairment and devel-
opmental delay and is also guided intraoperatively in some subjects by the presence
of EEG activity desynchronization or transformation of generalized epileptiform

Figures.

Corpus callosotomy; (a); brain MRI, coronal section T1 weighted, showing the disconnection of the corpus
callosum (one row), (b); brain MRI sagittal section T2-weighted showing anterior 2/3 of the disconnection of the
corpus callosum (2 rows).

Figure 6.

Vagus nerve insertion, a: Vagus nerve dissection, b: Electrode insertion, around the VNS, c: The lead of the
device fixed to the muscle, and introduced subcutaneous to the infrascapular avea, d: Intraoperative cheek of the
stimulator, before subcutaneous insertion.
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discharges to asynchronized (lateralized) epileptiform discharges during the surgical
course of the corpus callosotomy procedure (Figure 5) [64].

6.2 Vagus nerve stimulation

This is a type of stimulation of the vagus nerve on a set schedule. It is a well-estab-
lished palliative treatment although it seems that VNS is unlikely to offer a substantial
advance in epilepsy surgery. Current evidence points toward a deactivation of the
nucleus of the solitary tract with widespread projections to the dorsal raphe nucleus,
locus coerules, thalamus, hypothalamus, amygdala, and hippocampus [18]. A meta-
nalysis has demonstrated a 44.1% decrease in seizure frequency with a follow-up of
more than 3 years (Figure 6) [65].

6.3 Responsive neuro-stimulator (RNS)

RNS is a programmable neurostimulator, which is cranially implanted and con-
nected to one or two depth and/or subdural cortical strip electrodes to detect the
onset of seizure and stop it as it occurs. It is now gaining a major position in the
USA as a new device with closed-loop system [66]. It is more effective in focal onset
seizure, with 75% of seizure reduction [67].

6.4 Deep brain stimulation

This approach has attained approval as adjunctive therapy for refractory seizure in
EU and USA [68]. Bilateral stimulation of the anterior nuclei of the thalamus (ANT)
for epilepsy is indicated as an adjunctive therapy for reducing the frequency of seizure
in adult patients with partial onset seizure with or without secondary generalized
seizure [68]. The long-term data showed a median seizure reduction at 1 year of 41%
increasing to 69% after 5 years [68]. The mechanism of action remains unknown.
These modalities of adjunctive procedures are eventually available in most developed
countries [69].

6.5 (t-VNS)

Transcutaneous vagus nerve stimulation has been proposed as an alternative
method for the treatment of various psychiatric disorders. The application of this
device in refractory seizures is still not conclusive concerning the efficacy, and future
trials are needed [70].

6.6 Ablative procedure

There are multiple varieties of ablative procedures for refractory seizures, including:
6.6.1 SEEG-guide radiofrequency thermos coagulation

SEEG-guide RF-TC has been developed and expanded [71]. A single or multiple
lesionotomy by coagulation should be performed between continuous electrode

contacts, with progressive increasing in power till the impedance suddenly changes
indicating that thermos coagulation has occurred. The best response was observed in
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patients with periventricular heterotopia, results showed pooled seizure free rate of
23% and response rate of 58% [71].

6.6.2 Laser interstitial thermal therapy (LITT)

LITT is also a stereotactic laser ablation (SLA). The laser applicator sheath is
placed and lesionotomy performed with precise imaging technique using MRI. The
ablation is carried out under continuous monitoring of MRI thermal image near real
time. In MTLE, improvement of 58% was achieved according to Engle scale I outcome
after 1 year [72].

6.6.3 Radiosurgery

Radiosurgery has been used for (MTLS), gelastic epilepsy associated with hypo-
thalamic hamartomas and epilepsy with vascular malformation, and it has demon-
strated a decrease in seizure frequency in MTLS, hamartomas of the hypothalamus,
and AVM. Delayed therapeutic effect must be considered in treatment decision [73],
and recently, it has been shown that radiosurgery of corpus callosum may in some
cases result in seizure reduction [74].

7. Current surgical challenges and the future

Despite the advances in technology and surgical technique, control of seizure in
the best centers ranges between 15 and 75% and has no changed for the last three
decades [75]. Mechanism of epileptogenesis may involve epileptic network rather
than a single focus. Using the depth electrodes, independent ictal onset with same
semiology from the hippocampus, entorhinal cortex, and amygdala in the same
patient with medial temporal lobe epilepsy can be detected. It is known that unidenti-
fied epileptogenic source happens in 50% of patients treated surgically [23].

It is known that 1015 years after surgery, seizure control declines with only
15-50% remaining seizure free [8].

In cases of more than one pathology, such as MTLS, migratory disorder, or tumor,
seizure is usually not controlled unless sources resection is addressed [76].

Neuropsychological tests demonstrated cognitive deficit in most patients with-
out tumors or cavernomas [77]. Epileptogenic network is partially supported by
Microanalysis (elevation of glutamate levels in epileptogenic region and greater
increase after ictal onset, 7 T-MR spectroscopy detecting the mitochondrial function
in cortico-subcortical area) and electrophysiological connectivity [24].

Open-loop device for constant stimulation of the anterior thalami (not approved
by FDA) could control the epileptogenic site and the lesional area, reducing the
seizure in less than 50% of patients in a clinical trial [78].

For better understanding of the epileptogenic network, we need bioelectric inte-
grated telemetered intracranial monitoring. The next advances will need a molecular
biosensor with wireless transmission of critical data. Medicine and surgery are not
able to control seizure in all epileptic patients yet.

The new surgical roadmap comprises enhancing research, through collabora-
tion, bioinformatics, information scientist biomedical informatics, and information
technology.
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8. Conclusions

Despite the recent advances in the technical aspects of surgical treatment and the
diagnostic approaches in PR patients, outcome concerning seizure freedom remains
within the same range as during the last decades. Resective and disconnecting surgery
may have reached the ceiling of their possibilities, and alternative additional proce-
dures are needed to achieve better outcome. Scientific knowledge about the epilepto-
genic zone is still evolving and will be the main key for the treatment of PR patients
and seizure outcome.

Prospective multicentric studies are needed for the application of new diagnostic
procedures, surgical techniques, including the minimally invasive ones and response
neurostimulator for the state-of-the art epilepsy surgery.
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Chapter 6

Transcranial Magnetic Stimulation,
Connectome and Its Clinical
Applications

Ming-Him Yuen

Abstract

Transcranial magnetic stimulation is an non-invasive method of neuromodulation.
It uses magnetic field to induce generation of current for cortical stimulation. It can
modulate the altered equilibrium in cortical excitability by magnetic field. Though it
is famous for its application in treating psychiatric diseases, it has many other applica-
tions. Since its introduction in 1985, it has been used to check the integrity of motor
pathway. With more understanding of the technique, it has been started to be used to
check the integrity of other brain connections like speech and vision. Due to its ability
of neuromodulation, it has also been used in cortical mapping in neurosurgery and
neurological function rehabilitation.

Keywords: transcranial magnetic stimulation, TMS, neuromodulation,
neurorehabilitation, cortical mapping

1. Introduction

Transcranial magnetic stimulation, which is commonly abbreviated as TMS, is an
non-invasive method of cortical stimulation by the use of electromagnetic field. Itis a
safe and effective method of neuromodulation. It has been used as a tool for checking
the integrity of neuronal pathway for prognosis estimation after insult. It is an FDA
approved treatment for several psychiatric diseases. It is now also used for rehabilita-
tion of different neurological deficits, like motor rehabilitation and dysphasia. Its
neuromodulation property is used in treating Parkinson’s disease and epilepsy. With
the advancement in navigated TMS, it has been applied in cortical mapping, espe-
cially in neurosurgical operative planning.

2. History

The foundation of TMS is inspired by the ideas of Luigi Galvani, an Italian doctor,
and Michael Faraday, a British physicist. The former first experimented the electrical
stimulation of muscles and nerve fibers in the late eighteenth century while the latter

in 1831 discovered that the relationship of electrical energy and magnetic field was
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reciprocal [1, 2]. Based on their theories, researchers had tried to study the effects of
electromagnetic stimulation of brain, but most attempts were in vane due to techni-
cal limitations [3]. It was not until 1985 when Anthony Barker, a British engineer
from the University of Sheffield, presented to the world about his invention of the
first practical electromagnetic stimulation device for human use and his successful
demonstration of the influence of electromagnetic stimulation on motor cortex of the
human brain [4]. He and his associates placed a single Faraday coil to the scalp above
the left cerebral motor strip of the subject to induce movement in the right hand.
The outfit of the device was showed in Figure 1 [4]. Though this machine was slow
in charging and the elevation of temperature of the coil limited its repetitive uses, it
marked the start of modern TMS era.

Based on his inventions, researches were done to expand clinical applications of
TMS. In 1995, the first pilot clinical trial was published reporting the results of TMS
in treatment of depression [5]. In 2002, Canadian Association of Health approved
the medical results and benefits of repetitive TMS (rTMS) [6]. The first The United
States Food and Drug Administration (FDA) approval of TMS was given in 2008 in
treatment of depression [3]. In 2009, FDA also approved TMS for cortical mapping.
Since late 1990s, applications of TMS on neurological rehabilitation and treatment
of different neurological diseases have been the focus of researches. TMS on motor
rehabilitation and dysphasia is gaining more and more support from evidences in
literature [7-10]. With advancement in technology, introduction of navigated TMS
provides more precise application of TMS in mapping and treatment.

3. Equipment

There are several companies producing TMS-related equipment. The basic
requirements of TMS service include a transcranial magnetic stimulator and coils.
The examples of stimulators and coils are shown in Figures 2 and 3 [11, 12]. Circular
coils are the basic type of coils. Figure-of-eight coils, or also known as butterfly
coils, consist of two sets of coils arranged in a figure-of-eight fashion to make the
strength of the magnetic field generated more focused when compared with tradi-
tional circular coils [13]. They are commonly used for treatment. Figure 4 shows the
magnetic field strength induced by circular coil and figure-of-eight coil, respectively.
Double-cone coil has two large cup-shaped windings positioned side by side. It is used

T iiiies M.
S siiz:

=3

Fig 1—Magnerc stimalater and ceil,

Figure 1.
TMS machine invented by Dv. Anthony Barker [4].
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Example of a transcranial magnetic stimulator [11].
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to stimulate deep-seated structure. H-coil is a special designed coil that is also used to
stimulate deep seated target. Apart from the appearance of the coils, treatment coils
may also be equipped with specific cooling system for heat dissipation. Heat dissipa-
tion is particularly important in more aggressive treatment protocol like theta burst
stimulation (TBS) protocol. Liquid cooling system and forced-air cooling system are
the commonest cooling systems employed.

Some adjuncts can be used during TMS. Devices recording motor-evoked poten-
tial and electroencephalography (EEG) are frequently utilized. For navigated TMS
(nTMS), sensor, localizers and software for MRI navigation are essential components
on top of the basic requirements.

Figure 3.
Different types of commonly used coils [12].
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Figure 4.
Magnetic field strength induced by circular coil and figure-of-eight coil, respectively [13].

muscle twitches (EMG)

Figures.
Mechanism of action for TMS [13].

4. Mechanism of actions and theories

When current flows through the coil, magnetic field is generated by Ampere’s law.
When the coil is placed over the scalp, the magnetic field strength generated passes
through the scalp and skull then affects a nearby neuron. The magnetic field gener-
ates current in that particular neuron by Faraday’s law to cause depolarization of the
neuron and propagation of action potential. If the neuron affected is located in motor
cortex, the cascade process induced by TMS triggers a muscle movement which can be
recorded by electromyography. This firing of impulse passes through the pathway to
the end organ to produce a specific response. If this pathway is not intact, the impulse
of action potential cannot reach the end organ, and no response can be produced.
Figure 5 shows how TMS triggers the cascade [13]. The magnetic field strength
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generated ranged from 1.5 to 3 Tesla [14, 15]. Typical figure-of-eight coil is able to
activate cortical neurons 1.5-3 cm beneath the scalp [16].

The method of pulse delivery leads to different neuromodulative outcomes.
Single-pulse delivery produces immediate effect without causing any long-lasting
effect, i.e., no after effect. This mode of pulse delivery is best used for cortical
mapping and checking the integrity of neuronal pathways. Pattern TMS, including
repetitive TMS (rTMS) and theta burst stimulation (TBS) pattern, on the other hand
produces persistent effect beyond the stimulation period, i.e., it possesses after effect.
This property is useful in provision of treatment and rehabilitation. rTMS is the
delivery of a number of trains of repetitive stimulation at a fixed frequency. rTMS
may have intervals of breaks in between trains of stimulation. rTMS delivered at 1
Hertz (Hz) is considered as low frequency, while rTMS delivered at 5 Hz or above is
considered as high frequency. TBS pattern describes the delivery of 3 pulses at 50 Hz
in every 200 microseconds. TBS pattern can be given in an intermittent fashion or in
a continuous fashion. In the intermittent theta burst stimulation pattern (iTBS), 600
pulses of stimulations are given in 190 seconds in a fashion that a 2-second train of
TBS stimulation followed by 8 seconds of break in every 10 seconds. In the continuous
theta burst stimulation paradigm (cTBS), 600 pulses of stimulations are given in TBS
pattern uninterruptedly for 40 seconds [16]. Neuromodulation makes use of the after
effect which can be classified as excitatory or inhibitory. High-frequency rTMS and
iTBS are found to have excitatory effects, while, on the contrary, low-frequency rTMS
and cTBS are associated with inhibitory effects [16]. Figure 6 shows the summary of

effects of rTMS and TBS [17].

The exact mechanism of how after effect of TMS helps in neuromodulation
remains unclear. The most popular theory is interhemispheric balance theory, which
is also known as interhemispheric rivalry theory [18, 19]. It is believed that each
cerebral hemisphere inhibits its contralateral counterpart via the corpus callosum
and the two sides are at a balanced status. When a pathology occurs in one side, this
balance is disturbed. The inhibitory effect from the normal contralateral side will be
uncounteracted in the lesioned side, leading to symptoms. Therefore, the aim of TMS
is to restore the balance, either by inhibiting the normal contralateral side or stimulat-
ing the pathological side (Figure 7).

TMS Protocol Aftereffects

Single pulse TMS | | |

(spTMS) None

1 hz (TMS |_‘3“—| I | | | Inhibitary

10 hz (TMS | | | | | | | | I | Excitatory

Gontinuous |
Theta Burst (cTBS) Inhibitory
R | ] 1] SNttt | 11111 —

2 secs

20 mseci(50hz)

'
[ 11
SR

200 msec(Shz)

Figure 6.
Summary of effects of yTMS and TBS [17].
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Figure 7.
Interhemispheric rivalry theory [18].

5. Contraindications and risks of TMS

The contraindications are mostly related to the exposure of the magnetic field.
The absolute contraindication is the presence of ferromagnetic implant in head and
neck region, including tattoo on face. Though TMS can be one of the treatments for
convulsion, known history of convulsion or suboptimally controlled convulsion,
medications that potentially lower seizure threshold and alcoholism may be the
exclusion criteria in some of the TMS centers [20]. Heating issue of metallic implant
is another concern in patient selection. Eddy currents induced in conductive surface
electrodes and implants can cause them to heat up [20]. The temperature increase
depends on the shape, size, orientation, conductivity, and surrounding tissue proper-
ties of the electrode or implant as well as the TMS coil type, position, and stimulation
parameters. Silver and gold are highly conductive and can produce heat excessively,
potentially leading to skin burn or even brain tissue damage. Titanium tends to
have low heating profile and is safe for TMS [20]. Although there are successful and
uneventful TMS treatment done on pregnant ladies [20], pregnancy is still a concern
in many centers. Pediatric safety is yet to be confirmed. A systematic review shows
that TMS is apparently safe for pediatric patients aged 6 or above [21]. However, there
is currently no enough data to demonstrate safety or hazard for individuals below
6 years of age [21].

Transient hearing impairment, convulsion, syncope, local scalp discomfort,
headache and acute psychiatric changes have been reported as TMS-related risks [20].
The incidence for significant complications is low. Therefore, TMS is overall a safe
procedure. Summary of potential risks is shown in Table 1 [20].

6. Indications

There are many indications and may be grossly divided into two categories,
namely therapeutic and non-therapeutic.

6.1 Therapeutic
6.1.1 Depression
Major depression is the first FDA approved indication for TMS. Multiple meta-

analyses suggest that 'TMS has a comparable effect to electroconvulsive therapy and
antidepressants. It shows significant improvement in both helpless and anhedonic
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symptoms, with squared deviation from mean (SDM) 1.34 and 1.87, respectively [22].
The standard protocol is to deliver 10 Hz stimulation to left dorsolateral prefrontal cor-
tex over 4-6 week in once-daily stimulation session. Other treatment protocols are also
available [22]. iTBS is also proven to be as effective as the standard rTMS protocol with
response rate of 36.7% when compared with 33.3% in standard rTMS protocol [23].

6.1.2 Obsessive and compulsive disorders (OCD)

OCD is another FDA approved indication for TMS. Multiple meta-analyses suggest
r'TMS is effective [24]. There are a couple of rTMS protocols with different targets like
supplementary motor area, orbitofrontal cortex and dorsolateral prefrontal cortex
[25, 26]. cTBS may also show a therapeutic effect in treating OCD at 6 weeks in terms
of Yale-Brown Obsessive-Compulsive Scale and Hamilton Anxiety Rating Scale [27].

6.1.3 Smoking cessation

FDA clearance for TMS on smoking cessation was granted in 2020. It was based on
a pivotal randomized controlled trial sponsored by a pharmacological company [28].
It used H coil to stimulate lateral prefrontal cortex and insula by facilitatory rTMS and
achieved 28.0% continuous quit rate at week 18 compared to 11.7% in sham group [28].
With this landmark paper, more evidence was concluded from systematic reviews and
meta-analyses in proving the effectiveness of rTMS on smoking cessation [29].

6.1.4 Schizophrenia

Stanford et al. suggested that negative symptoms appeared to be associated with
hypoactivity of the dorsolateral prefrontal cortex of the brain while positive symp-
toms, particularly auditory hallucination, appeared to be associated with hyperactivity
in the left temporo-parietal cortex [30]. Therefore, high-frequency rTMS at dorsolat-
eral prefrontal cortex was suggested for negative symptoms and low-frequency rTMS
at left temporo-parietal cortex for positive symptoms. Meta-analyses show the clinical
improvement for the mentioned protocol with p value 0.002 [31, 32]. Goh et al. found
that iTBS given to left dorsolateral prefrontal cortex was also effective in treating
negative symptoms of schizophrenia with a p value of 0.004 [33].

6.1.5 Migraine with aura

Migraine with aura is another FDA approved indication which was announced in
2017. There are different protocols involving facilitatory stimulation over left dorsolat-
eral prefrontal cortex or left motor cortex [34]. A meta-analysis shows effectiveness
of TMS in treating migraine with aura [34]. Prophylactic inhibitory rTMS at vertex in
patients with known migraine regardless of the presence of aura apparently also reduces
migraine median frequency by 12 days per month and median intensity by 6 points [35].

6.1.6 Motor rehabilitation

Motor deficits after cranial or spinal insults are common. Stroke is one of the major
causes. There is no standardized protocol. Inhibitory rTMS or cTBS over motor cortex
of the non-lesional side and facilitatory rTMS or iTBS over motor cortex of lesional
side are the common choices. Systematic reviews and meta-analyses show that rTMS
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Side effect Single-pulse Paired- Low- High- Theta burst
TMS pulse frequency frequency
TMS rTMS rTMS
Seizure induction Rare Not Rare Possible Possible
reported (usually (1.4% crude (one seizure
protective risk estimate in a normal
effect) in epileptic subject
patients; less during
than 1% in cTBS) (see
normals) para3.3.3)
Transient acute No No Rare Possible Not reported
hypomania following
induction left
prefrontal
stimulation
Syncope Possible as Possible
epiphenomenon
(i.e., not related
to direct brain
effect)
Transient Possible Likely Frequent Frequent Possible
headache, local possible, (see para. (see para.
pain, neck pain, but not 3.3) 3.3)
toothache and reported/
paresthesia addressed
Transient hearing Possible Likely Possible Possible Not reported
changes possible,
but not
reported
Transient Not reported No Overall Overall Transient
cognitive/ reported negligible negligible impairment
neuropsychological (see Section (see Section of working
changes 4.6) 4.6) memory
Burns from scalp No No Not Occasionally Not
electrodes reported reported reported,
but likely
possible
Induced currents in Theoretically
electrical circuits possible, but
described
malfunction
only if TMS
is delivered in
close proximity
with the electric
device (pace-
makers, brain
stimulators,
pumps,
intracardiaclines
and cochlear
implants)
Structural brain Not reported Not Inconsistent Inconsistent Not reported
changes reported
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Side effect Single-pulse Paired- Low- High- Theta burst
TMS pulse frequency frequency
TMS rTMS rTMS

Histoxicity No No Inconsistent Inconsistent Not reported
Other biological Not reported Not Not Transient Not reported
transient effects reported reported hormone

(TSH),

and blood

lactate levels

change

Table 1.

Summary of potential side effects of TMS.

and TBS are effective in improvement of motor function after insult of the brain with
95% confidence interval 0.24-9.71 for upper limb Fugl Meyer assessment [36-38].

Spinal insults, including trauma and post tumor excision, can also lead to motor
deficits. Although there are no insults in brain, the corticospinal tract is affected by
the spinal insult. A lot of studies support the use of TMS (rTMS or iTBS) in spinal
insult patients, particularly incomplete spinal injury cases, and one of the studies
shows improvement in lower limb motor score of 5 points with p value 0.004 com-
pared to 1 point in sham group [39-43].

6.1.7 Parkinson’s disease

Parkinson’s disease is a relative common but disabling disease. Neuromodulation
is one of the treatment approaches. Unlike deep brain stimulation, TMS provides a
method of neuromodulation without the need of incision and anesthesia. Currently
there are no consensus for the protocol TMS in managing Parkinson’s disease. There
are different protocols available. Apparently motor symptoms of Parkinson’s disease
improve after TMS [44-47]. The Movement Disorder Society-Sponsored Revision of
the Unified Parkinson’s Disease Rating Scale shows 6 points of improvement in Part
III at 4 week post-treatment with p value 0.04 [45].

6.1.8 Other thevapeutic uses

r'TMS has been reported to be effective in improving nominal aphasia since 2005
[10]. It shows improvement by two standard deviations in Boston Diagnostic Aphasia
Examination [10]. Since then, multiple trials have been conducted to test for the
efficacy of rTMS on dysphasia. A recent systematic review confirmed that rTMS is an
effective tool in post-stroke aphasia rehabilitation [9].

Tinnitus is one of disabling diseases that may not have any effective medical
treatment. rTMS was found to be able to reduce the severity of tinnitus [48-50]. Over
16 points of improvement in Tinnitus handicap inventory scores at 6 months post-
treatment was observed [49].

Spasticity is common after cerebral insults like stroke. A recent systematic review
shows that TMS helps to improve Modified Ashworth Scale of the patients by 0.58
with p value <0.01 [51].

Neuropathic pain is one of the big topics in pain management, and TMS is shown
to be an effective tool in managing those patients [52, 53].
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r'TMS is also shown to be effective in rehabilitation of dysphagia after stroke in
recent published systematic reviews [54, 55]. The mean difference was —1.03 with p
value <0.0001 in Penetration Aspiration Scale after completion of TMS [55].

There are some other fields that researchers and scholars are working on to see if
TMS helps in the management. Examples include hemineglect, visual field impair-
ment and epilepsy [56-58].

6.2 Non-therapeutic
6.2.1 Diagnostic and prognostic tool

Single-pulse TMS has been used to stimulate motor cortex to produce motor
response since its first introduction in 1985 [1]. With the successful production of
motor response, it proves the integrity of motor pathway, from neurons in motor
cortex via corticospinal tract to muscle fibers. Disruption in any part along the tract
causes failure of motor response production. This property has been used to evaluate
the severity of the insult for both diagnosis and estimation of prognosis and to moni-
tor the progress of rehabilitation [59, 60].

6.2.2 Cortical mapping

FDA first cleared the use of nTMS in cortical mapping in 2009. It can be used for
both motor and language mapping. Intraoperative direct cortical stimulation has been
the gold standard for cortical mapping. nTMS has been shown to have good accuracy
(<10 mm) in motor mapping compared to direct cortical stimulation [61, 62]. The
accuracy of nTMS is comparable or even better than functional MRI according to the
results from some studies [61]. nTMS has been in used in preoperative planning in
neurosurgical operations to maximize the resection of tumors in eloquent areas while
preserving neurological functions [63, 64].

7. TMS and connectome

Connectome, the concept first introduced by Professor Sporns, is the connection
matrix of human brain, which refers to the complete set of structural connections
between neurons of the brain [65]. Diseases or cerebral insults cause disruption of
the connectome. Diaschesis and vicaration of function, together with homeostatic
mechanism of neuroplasticity, help to restore neurological functions which can be
demonstrated by TMS in cortical remapping, i.e., detection of shift of stimulation
hotspots compared with premorbid state. TMS, at the same time, is also considered
as an non-invasive and safe tool to modulate the reconstruction of connectome after
insult during the rehabilitation phase [18].

8. TMS and EEG

EEG is an non-invasive method of recording brain activity. TMS can produce
TMS-related potential and induce different brain oscillation patterns in different
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parts of the brain [66]. EEG can be used to record TMS-induced activity when TMS
stimulated a non-motor function-related circuit. This was first reported by Dr. Cracco
in 1989 [67], but it was not in clinical use until recent decades. Concurrent use of
TMS and EEG requires the use of specific TMS compatible EEG system due to risks
of eddy current generation with traditional EEG electrodes and early saturation of
traditional EEG amplifiers by TMS-induced current [68]. Either single pulse, paired
pulses or pattern TMS can be used for different assessment purposes [68]. It is often
used with functional MRI and navigated TMS to stimulate a specific target or circuit.
Researchers have found that changes in TMS-EEG parameters in various psychiatric
and neurological diseases [69]. This may lead to future development as a tool for
diagnosis and monitor of treatment response [69].

9. Our experience in TMS

Our department first introduced TMS service for neuro-rehabilitation for our
patients with intracranial or spinal insults in 2018 in outpatient setting (Figure 8). To
facilitate early inpatient rehabilitation, TMS service was introduced to our in-hospital
patients in 2021 as a routine tool of rehabilitation. rTMS and TBS are employed for
motor and dysphasia rehabilitation. Despite service cut during COVID-19 period,
over 100 cases had received TMS service in our unit. We conducted a prospective
pilot trial to compare the 6-month outcome in motor rehabilitation in stroke patients
receiving iTBS to stroke patients receiving conventional physiotherapy. There were
significant improvement in upper limb Fugl Meyer assessment score and limb power
in patients completing ten sessions of iTBS on motor hotspot of the pathological
hemisphere.

Figure 8.
TMS treatment delivery in outpatient setting.
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10. Conclusion

TMS is an non-invasive and safe tool for neuromodulation. It makes use of elec-
tromagnetic theory for stimulation of neuronal pathways. It has both diagnostic,
prognostic and therapeutic applications. Its applications reflect and demonstrate the
connectome inside brain.
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Chapter7

Brain-Computer Interface: Use
of Electroencephalogram in
Neuro-Rehabilitation

Ting Hin Adrian Hui

Abstract

Brain-computer interface is a technology that has been under enormous research
in the last few decades. It uses brain signals by converting them into action to control
the external environment. The focus of the future is the application of such technol-
ogy in rehabilitating patients with physical disabilities. This chapter will mainly
explore the use of EEG (electroencephalogram), a popular non-invasive method, on
which the brain-computer interface is based. The process of signal extraction, selec-
tion and classification will be discussed. The challenges and techniques in commu-
nication and rehabilitation of people with motor impairment, along with the recent
research study in this field, will be mentioned.

Keywords: brain-computer interface, electroencephalogram, neuro-rehabilitation,
sensorimotor rhythm, evoked potential, motor imagery, hybrid, applications

1. Introduction

People with neuromuscular disorder suffer from various degrees of physical dis-
abilities that limit them from interacting with the external world. Patients, who have
developed stroke for instance resulting in paralysis and speech difficulties, would
undergo training in traditional ways offered by physiotherapists, occupational and
speech therapists. However, these trainings do require users’ active participation to
make rehabilitation effective. By performing such trainings, neuroplasticity can be
induced through re-establishment of connections between the infarcted regions and
other functional areas. As people do find traditional training to be tedious and slow,
they are less motivated in engaging such therapy that results in suboptimal outcome.
Besides, severely disabled patients who are tetraplegic or in lock-in state may not
even benefit from the traditional rehabilitation at all. The invent of brain-computer
interface (BCI) has opened up a new dimension of neurorehabilitation in this much
needed population. BCI can as well improve neuroplasticity by using the signals
from the brain and translating them into actions to control the external environ-
ment including robotic arms. Even just by thinking of a movement can exert similar
control, a huge milestone for the severely disabled individuals to finally regain some
control over their lives.
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2. Overview of EEG-based BCI

Brain signals can be retrieved via invasive or non-invasive method. Invasive
methods such as electrocorticography (ECoG) or intracortical point signal acquisi-
tion have the advantages of high temporal and spatial resolution with low artifact
vulnerability. But with time, the signal quality and sensitivity would diminish.
Non-invasive methods include electroencephalogram (EEG), magnetoencepha-
lography (MEG), functional MRI (fMRI) and near-infrared spectroscopy (NIS) in
general have high temporal resolution but with variable signal quality and spatial
resolution [1].

2.1 Brain signals

EEG is our main focus in this chapter, and its use is widely popular due to low cost,
low risk, portability and easy to set up. The downside would be poor signal qual-
ity and low spatial resolution. The signal can also be affected by external noise and
artifact, along with mood and posture of the subjects. Upright posture can improve
EEG quality due to stronger high-frequency content [2-4]. These brain signals can
be classified as endogenous (spontaneous) and exogenous (evoked). The commonly
used endogenous patterns are slow cortical potential (SCP) and sensorimotor rhythm
(SMR); whereas, exogenous patterns are visual evoked potential (P300) and steady
state visual evoked potentials (SSVEP) [1].

2.1.1 Slow cortical potential

Slow cortical potential arising from intracortical or thalamocortical region is pro-
jected to different cortical layers that harbor apical dendrites of pyramidal neurons.
Firing from these neurons can generate motor or cognitive tasks. A negative voltage
shift causes depolarization of the cortical network, while a positive voltage shift an
inhibition (Figure 1). Intense training is required to control the shifting in the SCPs
in order to perform basic tasks. As a result, these long training hours might hinder the
popularity of the use of such brain signals [1].
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Figure 1.
Mean traces of positive SCP and negative SCP of a BCI data set.
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2.1.2 Sensorimotor rhythm

The sensorimotor rhythm arising from sensorimotor areas generates § (beta) and
p (mu) rhythm mainly used for specific voluntary regulations such as preparation,
control and execution of motion. Merely the thought of a movement (Figure 2),
without any external stimuli, can regulate the rhythm amplitudes in these central
motor areas, which makes it appealing for users with severe motor disabilities. The
change in the power of band frequency helps differentiate the type of mental tasks
being carried out. A decrease in band frequency termed event-related desynchro-
nization (ERD) occurs up to 2 seconds before the actual movement. Event-related
synchronization (ERS) signifies an increase in the band frequency that occurs before
the end of a movement. The classes of movement that can be identified through SMR
are left hand movement, right hand movement, movement of the feet and movement
of the tongue. But the movement between left and right foot and between particular
fingers of one hand are indistinguishable due to their small representation in the cor-
tical homunculus. Again, it requires intensive training and sufficient mental capacity
and attention to generate this motor imagery-based EEG signals [1, 4].

2.1.3 Visual evoked potential

Visual evoked potential (P300) occurs at 300 milliseconds after a triggering
stimulus (Figure 3). Because the potential occurs with high consistency, this posi-
tive voltage peak has been used to mark an event. Although it requires less extensive

Effects of Motor Imagery on Sensorimotor Rhythm
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Effects of motor imagery on sensorimotor rhythm. On the top shows the frequency spectra during movement at
vest (dashed line) and during imagination (solid line). During imagination, the amplitude of EEG tracing is
attenuated as shown on the bottom.
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Figure 3.
Visual evoked potential. This is initially stimulated by flashes on the screen, then captured by the brain producing
a positive voltage potential occurs at 300 ms after the stimulus.

training compared to SCP and SMR, the usefulness of P300 may be hampered by the
severity of motor disabilities and degree of fatigue. Another visual evoked potential,
called steady state visual evoked potentials (SSVEP), requires users’ attention and the
ability of visual fixation. The potentials are triggered by an oscillating stimulus at a
fixed frequency, like a flashing letters or digits on a screen. That results in an increase
in EEG activity, or SSVEP response, at the occipital area with the same frequency as
the stimulus. However, the requirement of an intact oculomotor function and gaze
fixation for a period of time has been challenging for some groups of patients. A study
performed on amyotrophic lateral sclerosis (ALS) patients did not have much success
due to their inability to control eye movement [1].

2.1.4 Other brain signals

Other techniques that are used to obtain EEG data include auditory evoked
potential (a corresponding EEG pattern generated after an auditory stimulation),
vibrotactile evoked potential (a corresponding EEG activity generated after physi-
cal vibrations at a particular frequency), imagined speech (imagination of words or
sentences for evoking EEG signals), and error-related potential (an activity when
a mismatch between the subject’s intention and the output response from the BCI
application is detected). One of the increasingly popular way to obtain EEG data is
by analyzing EEG spectral changes to monitor users’ drowsiness, attention, mental
workload, emotions and other states of the mind [2]. This can become handy in
detecting drivers’ concentration at work, or in criminal cases when lie detector
machine is employed.

2.2 Architecture of BCI system

Figure 4.
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Figure 4.

The architecture of a brain computer system consists of signal acquisition from the brain, pre-processing, feature
extraction, feature selection, classification and eventually application to external devices that provides feedback to
users.

2.2.1 Data acquisition and pre-processing

After the raw EEG data has been detected via the scalp electrodes, the data needs
to remove any signals originated in areas other than the brain such as using the 60 Hz
notch to clean the intervening frequency and the EMG activity before further analysis
[1, 3]. After this pre-processing step, signal processing is performed using many dif-
ferent feature extraction techniques to identify specific brain signals that would later
be translated to system commands [5].

2.2.2 Feature extraction

There are numerous techniques that enable proper signals to be retrieved during
feature extraction. We will not go into detail into each of the techniques, but some
common ones are briefly discussed in this section. Time-domain and frequency-
domain are two basic techniques often applied in studies. Using quaternions to
represent objects within a three-dimensional space offers a better method to aid in
extracting signals in time-domain analysis especially from motor imagery EEG. Fast
Fourier transform theory and local characteristic-scale decomposition are approaches
that are often utilized in frequency-domain analysis. In order to relate the frequency
content to the temporal domain and vice versa, time-frequency domain analysis helps
compensate each other’s deficit in decomposing signals in a more dynamic fashion.
Common spatial pattern (CSP) is advantageous in motor imagery EEG processing
as it can extract particular information from a particular frequency band. Different
modifications of CSP are available, and sub-band common spatial pattern offers a
much better classification accuracy by initially filtering EEG at different sub-bands
and then tabulating CSP features for each of the bands [4, 5].

2.2.3 Feature selection and classification

The most common feature selection techniques include principal component
analysis (PCA), filter bank selection and evolutionary algorithms. PCA helps to
reduce dimensionality, while filter bank selection is specific for CSP extraction tech-
nique. Due to the high computational demands and large size feature set, evolutionary
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algorithm can further select a more appropriate feature by hybrid approach so to
improve accuracy at the cost of time [4, 5]. For classification and modeling of the con-
trol system, linear discriminant analysis (LDA), support vector machines (SVM) and
artificial neural networks (ANN) are the frequently used classifiers [6]. LDA is a lin-
ear classifier that is simple to use but it may not be good enough to process non-linear
EEG data. SVM is a non-linear classifier that handles well with high dimensionality
data; however, it takes more time for processing. ANN is another non-linear classifier
that requires long handling time to process large computational data. It is known to be
highly adaptive but also over-fitting; therefore, it may fail to predict future observa-
tions reliably [6]. Eventually, neurofeedback system relays back to the users so they
can make modification in their brain patterns and improve the system.

3. Use of brain signals in reality
3.1 Slow cortical potential

Slow cortical potential as mentioned previously requires subjects to control the
upward and downward shifting of polarity to select letters, words or pictograms. A
system is developed to allow subjects to communicate through writing: first phase
requires basic training for regulating own SCP amplitude by mental strategies either
above or below a certain threshold to move the cursor at a specific space or time; and,
the second phase requires selecting and rejecting letters by self-managing own SCP
amplitudes to form words and phrases. One study also helps subjects to browse the
Internet by training them to self-regulate SCP amplitudes to move up or down the
cursor in order to select or discard a command [1].

3.2 P300 evoked potential

P300 is late positive evoked potential occurs after an external task-stimulus. The
users are given different options of commands or stimuli, and the system needs to
detect which stimuli can elicit P300 to exert its role on various systems like painting,
spelling, web browsing and controlling of external devices [1]. Various BCI-controlled
humanoid applications have been discussed in [6] like grasping a glass of water by
robotics in ALS patients, controlling the navigation of a robot via telepresence. Using
hybrid BCI by combining the brain signals (P300) and the biological feedback signals
generated by some other parts of the body are also seen in executing the command
[6]. The advantage of using P300 is its high accuracy. However, the performance is
not consistently at a high level, mainly affected by the severity of the disease and the
lack of motivation by repeatedly doing the same training routine [1].

3.3 Sensorimotor rhythm

Sensorimotor rhythm requires subjects to use mental strategies or motor imag-
ery to enable motor execution (ME). For subjects who have motor disabilities, the
thought of movement can suppress EEG rhythm leading to desynchronization,
resulting in movement initiation. Motor imagery can enhance motor learning process
by neuroplasticity [7, 8]. With both MI and ME derived from sensorimotor areas such
as primary motor area, supplementary motor area and premotor cortex, SMR can
be manipulated to help the disabled towards rehabilitation. The differences in the
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BCI performance may be related to the number of folds and thickness of individuals’
cortices which may have an impact on the functional networks. The emotional and
mental processes such as fatigue, memory load, attention and reaction time, along
with gender, age and lifestyle all contribute to the inter- and intra-variability in SMR-
based BCI motor performance. Overall, subjects with high motor variability including
force field adaptation, speed/trajectory, motivational factors and strong resting EEG
amplitudes have a higher probability of achieving better BCI performance, hence
better neuroplasticity and rehabilitation outcome [8].

Many BCI systems have been using SMR by means of spelling, cursor movement,
and control of external devices for communication to the external world. Creating a
virtual environment to work under, subjects are more motivated in controlling move-
ment in this framework resulting in better performance with fewer runs of training [1].

4. BCI applications in rehabilitation

The applications for BCI systems in rehabilitation include motor neuroprosthetics,
computer/machine interfaces, video games, speech and communication, medita-
tion, and even art. The famous Hebbian theory, developed by Canadian psychologist
Donald Hebb, described that with repeated stimulation of the postsynaptic neurons by
presynaptic neurons, the efficacy of synaptic transmission would increase resulting in
neuroplasticity. Besides, using the traditional rehabilitation therapy, BCI system can
help “replace” and “restore” neurological functions by training patients to produce more
reliable brain signals and to activate devices to assist movement [1, 3]. Patients with dif-
ferent cortical lesions may produce different oscillatory rhythm of neural activation [3].

4.1 Motor imagery

Evidence shows by using motor imagery, SMR can be trained to translate into com-
mands to control and regulate voluntary activity. Just by imagining left or right hand
movement, the right or left hemisphere respectively is activated, and the signals can
be further processed and classified. To master MI-based BCI, subjects can undergo
two approaches. The discrete trial, considered as tedious and lengthy, instructs them
to perform cues within a timeframe while providing on-screen feedback on their
results. On the other hand, continuous pursuit looks more promising as subjects
are told to control a cursor in a moving icon on-screen. This provides a game-like
approach so the subjects are more engaged with stronger brain signals being detected
along with fewer training sessions required [9]. The challenges of using motor imag-
ery are the requirement of a near-intact neurophysiological and psychological state
of the users. This becomes a challenge to post-stroke patients with reduced in such
mental and physical capacities [4].

4.2 Other paradigms

Other paradigms including spelling, induced emotions and facial-movement have
also been tested to control wheelchair, prosthetic hand and robotic arm. Spelling
the desired command has a higher accuracy but subjects may get fatigue with
continuously spelling words to elicit the command. Inducing emotions is mentally
demanding, while facial movement is more intuitive and easier to generate. Besides,
this movement has lower illiteracy rates and higher accuracy rates. Merging different
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paradigms, for example combining traditional MI and facial movement, can increase
the number of classes or control functions to overcome poor classification accuracy
of MI system. Some studies require subjects to perform sequential movement to

bring out a command. This increases the latency as each command takes up around

3 seconds. Therefore, more time is required for execution. No comparisons have been
made so far between traditional and sequential command paradigm. Whether it is
feasible to increase accuracy at the expense of increasing latency remains a question to
be explored [9]. Combining another biosignal to increase the number of commands is
called hybrid BCIs. To enhance the control of prosthetics or orthotics, merging EEG
with EMG has become increasingly popular [9].

4.3 EEG: EMG application

Combined use of EEG and surface EMG in rehabilitative applications can control
the effector’s devices with a pathway starting from the cortical level down to the
muscular level. EEG first explores the whole brain neuronal network, while EMG
measures the train of motor unit action potentials that can help in motor planning
with quantitative measurement in motor control abnormalities and muscular activa-
tion patterns. They combine with BCI or biofeedback methods to control external
devices and guide rehabilitation. Using cortico-muscular coherence as signal analysis,
it can “detect voluntary movements in spastic subjects, assess the effectiveness of
rehabilitation strategies and serve as biomarker for motor recovery” [10]. As most of
the experiments are done as pilot studies, more clinical trials are needed to evaluate
the EEG-EMG applications [10].

4.4 Other studies

Voznenko [11] studies the design of wheelchair control that uses thoughts, voice or
gestures to mobilize a wheelchair. The use of combined BCI-FES (functional electrical
stimulation) as designed by Muller-Putz study [4] helps send impulses to the patients’
paralyzed arm/leg by artificially contracting the muscles. Therefore, the patients can
have a more authentic experience. In [4], a number of studies have also been men-
tioned. Muller-Putz and Pfurtschscheller’s study [12] uses 4 flickering stimuli with each
one representing a different function of the arm based on SSVEP system. Subjects can
select a movement by looking at a particular stimulus. Elstob and Secco [13] uses motor
imagery-BCI to control a prosthetic arm that consists of 5 different types of movement.
Using virtual reality, BCI controlled robotic arms can potentially guide subjects’ arm
movement in post-stroke rehabilitation, like the system proposed by Luu [14]. It is sug-
gested that brain activities be measured while users are moving on a treadmill, and then
“provide visual feedback to the user on their movements through a virtual avatar” [4].

4.5 Modalities in rehabilitation

While research has mainly focused on motor rehabilitation, targets on improv-
ing tactile stimulus alone has been lacking. Sensory and motor cortices share the
same somatic organization and are inseparable in improving and restoring func-
tion. Without sensory input, the rehabilitation of limbs would not be complete.
Development of sensory-motor closed loop systems, or the bidirectional BCI, should
improve the efficiency of rehabilitation in the future. In communication rehabilita-
tion, patients with aphasia can regulate their evoked potentials (SCP, SMR, P300)
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to communicate by producing letters via a speller system. Limited by the severity of
cognitive impairment in poststroke or neurodegenerative patients, they may not be
benefited from BCI as some basic cognitive levels are required to understand and
manipulate the application. Providing neurofeedback via motor imagery and P300
system may enhance the rehabilitative process in this group of populations. In sum,
there is still a lot of research required in poststroke cognitive training [3].

5. Challenges and future direction

Finding the most effective technique for features extraction and selection has
been a challenge as each technique has its own advantages and disadvantages. Besides,
EEG itself is also highly non-linear and artifact-prone. Together, a low classification
accuracy may result. Combining different classifiers or biosignals can improve this
accuracy, but the training time to master the control is much prolonged which in
turn affects the overall efficiency. Future studies using subjects with pathological
disorders instead of healthy ones are encouraged so to increase the generalizability
in the biomedical field. In terms of non-biomedical applications such as art, gaming
and entertainment, this is a potential market that contributes to economic growth.
However, developing a “dependable system with stable performance with different
mental states” that can adapt to different environments is the main goal to gain its
public acceptance in the next decade (Table 1) [4].

Method Description Characteristics Application
in reality
Slow cortical * Endogenous signal to cause voltage * Requires intense training Formation
potential shifting of words
(SCP) * Negative voltage shift causing and phrases,
depolarization !arowse
internet
* Positive voltage shift causing by moving
inhibition cursor to
select or
discard a
command
Sensorimotor ¢ Endogenous signal to generate * Requires intense training Spelling,
rhythm (beta) and p (mu) rhythm + Requires mental capacity cursor
(SMR) ¢ Regulate rhythm amplitudes in moveme.nt,
central motor areas by motor imagery controlling
external
¢ Change in power of band frequency devices
to differentiate the type of mental [11, 13]
tasks
Visual * Exogenous signal to generate a * High consistency and Painting,
evoked potential: accuracy spelling,
potential * at 300 ms after a triggering stimulus * Requires intact oculomotor controlling
(P300) function and gaze fixation extefrnal
devices [12]
« triggered by an oscillating stimulus at * Requires shorter training
a fixed frequency (SSVEP) time
Table 1.

Comparative analysis of various methods used for vecording features.
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6. Conclusion

We have discussed the basic architecture of BCI system using EEG as brain signals
to control external devices in rehabilitation and communication. Exogenous and
endogenous signals elicited by external stimuli and motor imagery respectively can
enhance neuroplasticity and improve motor function. However, research on other
modalities such as sensory and cognition are still at its primitive stage. Applications in
the biomedical field are blooming but challenges in creating the best system that fits
in all conditions still remain.
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