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General introduction

Our body is a very complex machine, in which many chemical, electrical and
physical processes take place. Only a small part of these processes is known and
understood. The human body is even more complex than the most complex
man-made machine. If our machine, the body, is damaged or isn’t functioning
well, we go to the hospital. There a medical specialist tries to make a diagnosis.
To come up with the correct diagnosis, anamnesis, physical examination as well as
different medical tests or imaging procedures might be required. These imaging
procedures and medical tests are often performed with high-tech medical devices,
such as imaging systems that visualize structures and physiological processes in
the body and systems that can measure blood flow, electrical activity or the
concentration of certain components in the blood.

Finally, if a diagnosis is made the specialist may prescribe a drug, another way
of life or plan a surgery. The drug can be packaged in an advanced drug delivery
system. The latter administers drugs through controlled delivery in the body so
that the optimum amount reaches the desired body location. On the other hand,
during surgery again many advanced medical devices can be used, for example to
monitor the state of the patient or to better visualize the intervention. In addition,
a robot may be used to perform very precise actions or a high-tech prosthesis can
be implanted.

Accordingly, many engineers are needed in the field of health care; in the hospital
to work with all the high-tech devices and to develop new applications, in business
to develop new medical devices and techniques and in fundamental research to
learn more about chemical, electrical and physical processes in the body. These
fields of research and development have fascinated me since I started to study
Biomedical Engineering in Eindhoven. During my studies I did a variety of projects
from developing a mechanical and electrical model of the heart to investigating the
response of cells to different mechanical loads. After these projects, I found out
that one of my fields of interest is biosignal analysis for direct clinical applications.
Electroencephalogram (EEG) is an electrical biosignal used for diagnosis of
neurological disorders and for monitoring. This thesis aims to investigate new
diagnostic applications of multichannel EEG, in particular evoked potentials (EPs)
and event-related potentials (ERPs), by developing new analysis techniques.
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EEG is a non-invasive technique that measures the electrical activity pro-
duced by nerve cells in the brain with electrodes placed on the scalp. EEG activity
was first recorded by Hans Berger in 1924. He discovered that different waves or
rhythms are present in the normal brain and that alterations of these brain waves
occur in neurological disorders like epilepsy. Around 1950, EEG started to be used
in hospitals for clinical diagnostic purposes. At that time EEG recordings were
analog paper recordings and evaluation was mainly based on visual inspection.

During the 1970s, computers were increasingly used for EEG recording and
advanced EEG signal analysis became possible. At that time, EPs were also
applied for the first time for clinical diagnosis and ERPs were used for research
purposes. EPs and ERPs are electrical brain potentials that are responses to a
certain stimulus (visual, auditory, sensory) or action. EPs are exogenous potentials
with a short latency that are insensitive to attention and subject performance. On
the other hand, ERPs are endogenous long latency potentials elicited by cognitive
processes that are influenced by the level of attention and subject performance.

With the development of CT, MRI and PET between 1970 and 1990, it became
possible to image the inside of the body noninvasively. These developments had
great impact on individual diagnosis, treatment and prognosis in neurology and
for a few decades the interest in EEG as a clinical diagnostic tool decreased.
However, a major advantage of EEG compared to MRI, CT, SPECT and PET
remains its low cost and high temporal resolution; whereas functional MRI and
PET have a time resolution in the order of seconds, for EEG this is in the order
of milliseconds. Furthermore, EEG can directly measure brain electrical activity,
while fMRI, SPECT and PET measure brain electrical activity indirectly by as-
sessing metabolic changes or blood flow. Because of these advantages EEG is still
used nowadays as a diagnostic tool for epilepsy and sleep disorders, for monitoring
during surgery and for the diagnosis of brain death. Evoked potentials are still
used clinically as well, for clinical diagnosis of demyelinating-, visual- or hearing
disorders, for the prognosis of comatose patients and for intraoperative monitoring.

A disadvantage of EEG compared to the other imaging techniques is its low
spatial resolution. However, with the development of multichannel EEG systems
(> 64 electrodes) around 1990 spatial resolution has increased considerably.
Initially, multichannel EEG was thought to be infeasible for clinical use, because
of its long preparation times. Though, by using electrode caps, clinical application
of multichannel EEG, EPs and ERPs has become possible. The question that
directly arises from this development is if the extra amount of data obtained with
multichannel recordings provides additional benefits compared to conventional
techniques that employ fewer electrodes. So far, multichannel EEG has proven to
be useful in the study of healthy brain physiology (Huber et al., 2004; Jackson
et al., 2004; Massimini et al., 2004; Sabbagh et al., 2004) and has given new
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insights in psychiatric diseases (Pae et al., 2003; Ruchsow et al., 2003; Youn et al.,
2003). In contrast to what may be expected of a technique that has demonstrated
its value in diagnostic neurology when using a few electrodes, only a limited
number of studies report clinical neurological applications of multichannel EEG
(Elting et al., 2005; Lantz et al., 2003a,b; Michel et al., 2004a). First applications
were in pre-operative localization of epileptogenic lesions (Lantz et al., 2003a,b;
Michel et al., 2004a). More recently, results from Elting et al. (2005) suggest
that multichannel ERP can improve diagnosis and quantification of cognitive
disorders after acute brain injury. These clinical applications are based on source
localization, a signal analysis technique that can only be applied accurately to
multichannel recordings. The hypothesis of the work in this thesis is that the
number of clinical applications of multichannel EEG can be further extended
partly by using new analysis techniques.

Before a new technique can be used for diagnostic purposes its usefulness must be
tested (evidence based diagnostics); 1) the normal range and reproducibility of
values must be determined, 2) its sensitivity and specificity for a certain disease
must be estimated, 3) the benefits for the patients that undergo the diagnostic
test must be evaluated and 4) its feasibility must be tested. Subsequently, one
has to decide if the benefits outweigh the (additional) costs and burden for the
patient. In this thesis, new analysis techniques are developed and applied to a
large group of healthy subjects to determine its normal values and reproducibility.
In addition, the techniques are applied to different patient groups to assess their
diagnostic value. Furthermore, feasibility in patients is examined for a technique
that has already been used for fundamental research in healthy subjects.

1.1 Outline of this thesis

The aim of this thesis is thus to investigate if multichannel EPs and ERPs can
improve differential diagnosis of neurological disorders by introducing new analysis
techniques.

A standard clinical analysis technique for EPs and ERPs is estimating peak amp-
litudes and latencies. However, also other analysis techniques can be applied, of
which most are currently mainly used for research purposes. Chapter 2 and
chapter 3 give an overview of these analysis techniques, where chapter 3 focuses
on the wide range of source localization techniques.

In contrast to latency, E(R)P amplitude is hardly used for diagnostic purposes, be-
cause of its large variability among healthy subjects and patients. Only extremely
high peaks or absent peaks are defined as abnormal. The variability among healthy
subjects might at least partly be due to a combination of anatomical variation and
the limited number of electrodes on specific positions used. Therefore, in chapter
4 we investigate if 128-channel recordings reduce the intersubject variability of
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median nerve somatosensory EPs (SEPs), by using topographic mapping and the
highest amplitude over all electrodes. In addition, in this chapter normal values
are determined and the reproducibility of this approach is investigated.

While intersubject variability is large, the intrasubject variability between left and
right hemispheres is relatively small. Therefore, for unilateral neurological dis-
orders, it may be interesting to compare SEP activity in both hemispheres. So far,
only peak amplitudes or peak source strengths of left and right SEPs have been
compared. However, each subject has a specific SEP waveform and therefore also
features other than SEP peaks might be interesting to compare. In chapter 5 we
introduce a new method to quantify SEP symmetry. In this method, we compare
left and right median nerve SEP waveforms. Furthermore normal values and re-
producibility are determined for this technique.

In chapter 6 the methods introduced in chapters 4 and 5 are applied to SEPs
of patients with different parkinsonian disorders to investigate whether the use of
these techniques can improve the differential diagnosis. Previous studies with a
limited number of electrodes already found some abnormalities in median nerve
SEPs obtained from patients with different parkinsonian disorders. However, so
far these abnormalities were too small or present in too few patients to be clinically
useful.

Another SEP recording that is often used clinically is the tibial nerve SEP. It is
already known that one of the peaks in the tibial nerve SEP differs enormously
in position among subjects. Therefore, 128-channel amplitude estimation might
be of additional value especially for this peak. In chapter 7 the amplitude of
tibial nerve SEP in healthy subjects is investigated by using 128-channel record-
ings. Again normal values and reproducibility are estimated.

In contrast to EPs, ERPs have so far mainly been used for research purposes, but
they might also be clinically relevant. A disadvantage of ERPs is that they depend
on subject performance. In chapter 8, we investigate the feasibility for patients
with Parkinson’s disease of a particular paradigm that is used to assess spatial
attention and motor preparation.

Chapter 9 summarizes the results in this thesis and in chapter 10 future per-
spectives are given.



Signal analysis techniques for evoked and
event-related potentials

2.1 Introduction

Event-related potentials (ERPs) and evoked potentials (EPs) have a low amplitude
in comparison with the background EEG activity and, as a consequence, they are
barely visible in single-trials. The usual way of improving the ratio between the
E(R)P signal power and the background EEG power, i.e. the signal to noise ratio
(SNR), is by averaging the response of several trials (Chiappa, 1997). Amplitude
and latency are usually determined next. However, there are also other techniques
to extract relevant information from E(R)Ps. This chapter gives an overview of
the analysis techniques most used for evoked and event-related potentials. We will
start this chapter with time domain analysis techniques. Subsequently, several
techniques will be described for the frequency domain. Source localization, which
is also often applied to E(R)P data, will be explained in the next chapter.

2.2 Time domain analysis techniques

2.2.1 Current Source Density / Surface Laplacian

The scalp potential distribution measured with EEG is blurred considerably relat-
ive to the potential distribution on the cortex due to the different conductivities
of cortex, skull, and scalp (Nunez, 1990). Furthermore, the potential distribution
depends strongly upon the location of the reference electrode or electrodes (Nunez
et al., 1994; Gevins et al., 1989).

A method that can be used to deblur the EEG signal is to compute the reference-
free Surface Laplacian (SL) (Hjorth, 1975; Nunez and Pilgreen, 1991; Yao, 2002b).
The SL estimate is thought to be proportional to the current density flowing per-
pendicular to the skull into the scalp and is also called current source density (CSD)
(Nunez et al., 1994) or scalp current density (SCD)(Perrin et al., 1989). It gives
a more localized distribution of major components of electric activity as compared
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potental map CSD map

Figure 2.1: Potential map (left) and CSD map (right) of a visual evoked potential (VEP)
recording. The CSD map shows more localized activity compared to the potential map.

with the conventional potential mapping (Fig. 2.1) (Hjorth, 1991).

Mathematically, the SL is the sum of the second order spatial derivatives of the
scalp potential distribution (Yao, 2002b):

0%V n 0%V n 0%V
0x2  Oy? = 022

AV =V*V =V-VV = (2.1)
The relation between the current source density and SL, when assuming no volu-
metric current sources in the scalp, is given by the Poisson equation:

V.-J=-oV*V (2.2)

where J is the current density, o the conductivity of the scalp and V the scalp
potential. According to this equation CSD is proportional to the divergence of the
current density in the scalp (Perrin et al., 1987).

Two different SL estimation procedures have been proposed in literature: a local
approach (Hjorth, 1975) and a more global approach (Perrin et al., 1989). The local
SL is obtained by computing the difference between the potential at each electrode
site and the average potential of its nearest four neighbours provided that the
distance and angle between the electrodes are equal (Hjorth, 1975). Mathematically
the second order derivative in 1D is then approximated by:

PV, V(xo + Ax) — 2V (x0) + V(zo — Ax)
dz? Az

(2.3)

Now comnsider the surface of the head as a 2-dimensional space. By assuming
equal distances between electrodes, assigning these distances unity and when the
electrodes are positioned as in figure 2.2, equation 2.1 can be approximated by
(Hjorth, 1975):

o?vV 0%V

VAV = T—FW%(V1—V0)+(V2—1/(])+(I/'3,—V0)+(V4—%) (2.4)
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b2
P3—Eo—F)
Z

Figure 2.2: Configuration to determine the surface Laplacian according to the local
approach introduced by Hjorth (1975).

where Vj is the electric potential at electrode Py that is surrounded by electrodes
Py,P,, P3, P, with potentials Vi, V5, V3, V4. A disadvantage of the local technique
is that the SL cannot be estimated at each electrode, since the computation re-
quires neighbouring electrodes (Hjorth, 1975).

The global approach uses all electrodes to determine the SL instead of only neigh-
bouring electrodes. First a global interpolation function is constructed to represent
surface potential distributions and then the SL is calculated for the global inter-
polation function (Yao, 2002a). Various functions have been used for the global in-
terpolation e.g. 2D thin plate spline functions (Perrin et al., 1989), spherical spline
functions (Perrin et al., 1989), and realistic spline Laplacians (Babiloni et al., 2001,
1996). In general, the global approach is a better approximation for the current
source density than the local approach (Babiloni et al., 1995).

2.2.2 Principal component analysis and independent com-
ponent analysis

In general, principal component analysis (PCA) and independent component ana-
lysis (ICA) are used for data compression and information extraction. In EEG
analysis these techniques are mostly used for artifact rejection. They can easily be
used to remove eye, electrocardiogram (ECG), muscle or MRI artifacts (Vigario
et al., 2000; Jung et al., 2000; Iriarte et al., 2003; Vigario, 1997). PCA searches
for components which are linear combinations of the signals observed, are uncorrel-
ated and have maximum variation in the smallest number of components. The first
principal component explains most of the variance, the second principal component
explains most of the variance after the first component has been extracted, etc.

Mathematically, PCA relies on an eigenvector decomposition of the covariance mat-
rix of the EEG signals. The covariance matrix contains all the covariances possible
between the channels used and for a measured data matrix M it can be defined by:

cov(M) = MTM (2.5)
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This equation assumes that the columns of M have been mean centered, i.e. the
mean is subtracted. The eigenvalues A of the square matrix cov(M) can be obtained
by solving:

det(cov(M) —AI) =0 (2.6)

where [ is the identity matrix. Solving equation 2.6 gives n eigenvalues, where
n is the size of the covariance matrix. Subsequently, the eigenvectors vy, can be
calculated by solving the following equation:

cov(M)vy, = vy, (2.7)

The eigenvectors represent the directions of the principal components in n-dimen-
sional space and the eigenvalues represent a measure for the variance in that direc-
tion. Consequently, the eigenvector with the highest eigenvalue is the direction of
the principal component that accounts for most of the variance, i.e. the eigenvector
that corresponds to the strongest correlation in the dataset.

To reduce the data, the eigenvectors with a small eigenvalue can be ignored. For
data extraction one can ignore other unwanted data such as eigenvectors that rep-
resent eye movements. By multiplying the chosen eigenvectors with the original
data, the principal components are obtained:

Y = AM (2.8)

where A, is the orthogonal matrix containing the selected eigenvectors of the co-
variance matrix as the row vectors, and Y contains the principal components. To
return to the original dimensions, the transpose of matrix A must be multiplied by
Y:

M, = ALY (2.9)

where M, is the compressed data.

An assumption made by PCA is that the data has a Gaussian distribution. If the
data is not Gaussian, independent component analysis (ICA) can be used instead
of PCA (Vigario et al., 2000). ICA searches for the most independent components
instead of uncorrelated components. Statistically, uncorrelated is defined as:

E{yiy;} — E{yi E{y;} = 0, for i #j (2.10)

and independent is defined as:

E{g1(yi)92(y;)} — E{91(yi)} E{g2(y;)} = 0, for i # j (2.11)
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Figure 2.3: PCA of a visual evoked potential (VEP) recording. Loadings (left) of each
channel and the corresponding largest principal components (right). The loadings are
defined by the eigenvectors.

where g; and go can be any function and E is the expected value. Independent
variables are always uncorrelated, while uncorrelated does not always mean inde-
pendent (Calhoun et al., 2001). Thus independence is a much stronger requirement
than uncorrelatedness. Both requirements are equivalent concepts only in the case
of Gaussian distributed signals (Vigario et al., 2000).

There are some assumptions that underlie ICA decomposition of EEG time series:
1) there must be at least as many channels as the number of independent sources,
2) sources are non-Gaussian 3) sources must be temporally independent (Vigario
et al., 2000; Brown et al., 2001). ICA tries to find a matrix W such that:

C=WM (2.12)

where the components of C' are as independent as possible and M is the original
data matrix. Before using an ICA algorithm, some preprocessing must be per-
formed on the data. As in PCA the data must be mean centered first. Secondly,
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the observed data must be whitened, i.e. the data is linearly transformed to ob-
tain uncorrelated components with variance that equals unity (Hyvarinen and Oja,
2000). This transformation can be performed by using PCA:

~ 1
X =D 2AM (2.13)

where X is the transformed data and D is the diagonal matrix of the eigenvalues of
the covariance matrix. The estimation of the matrix W is accomplished by minim-
izing or maximizing a cost function that represents dependence or independence:
maximum non-Gaussianity estimation (kurtosis, negentropy), maximum likelihood
estimation or minimum mutual information (Hyvarinen and Oja, 2000). To find
the optimum of the cost function different iteration methods can be used depending
on the choice of cost function, such as gradient and Newton-like methods.

For example, Infomax is an ICA procedure that is often used and that was in-
troduced by Bell and Sejnowski (1995). This method calculates the matrix W by
maximizing the entropy U, which is a measure for mutual information:

U=g(WM) (2.14)
where g is defined by:

gWM) = (14 VM)t (2.15)

2.2.3 Cross-correlation

In statistics cross-correlation is a measure for the linear relationship between two
variables. It is mostly used to examine the relation between two completely differ-
ent parameters, for example arm length and median nerve somatosensory evoked
potential (SEP) latency. In statistics the cross-correlation coefficient between two
variables X and Y is defined by:

_ E[(X - NX)(Y - MY)]
Pay = p— (2.16)

where px is the mean and oy is the standard deviation of variable X. They are
defined by:

px = E(X) (2.17)

ox = VE(X?) — B2(X) (2.18)

In the same way mean and standard deviation for variable Y can be calculated.
The cross-correlation can have a value between -1 and 1. A value of -1 suggests a
complete linear inverse correlation, a value of 1 complete linear direct correlation
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and a value of 0 a lack of linear relationship. If there is a positive relation the
cross-correlation coefficient is also positive, while if there is a negative relation
the cross-correlation coefficient is negative. In digital signal processing the cross-
correlation is a measure of similarity of two signals as a function of the relative
time 7 between the signals:

() = =t (X(O) — eVt 4 7) — ]
VELTIX () — a2 SETIV (4 7) - )2

(2.19)

where T is the total number of discrete time samples. The denominator of equation
2.19 is called the cross-covariance of variables X and Y. Assuming that coordin-
ated brain processing is reflected by a similar potential wave shape among the
regions involved, covariance is sometimes used to investigate functional relation-
ships between different brain areas (Gevins et al., 1987, 1989). For each electrode
pair cross-covariance between their waveform segments is calculated. This gives a
cross correlation function for each electrode pair. Next, the maximum as a funtion
of 7 of each function is determined and used as a measure for the functional re-
lationship between the areas. Furthermore, cross-covariance and cross-correlation
are both used in single trial analysis as described later in this chapter. Autocorrel-
ation is the cross-correlation of a signal with itself. It is useful for finding repeating
patterns in a signal.

2.2.4 Symmetry measures

A method to quantify symmetry of E(R)Ps is the laterality index. The laterality
index is the amplitude difference between left and right hemisphere after stimula-
tion or action of respectively right and left body side, divided by the sum of these
amplitudes (Jung et al., 2003). This method is, for example, used for estimating
the similarity of SEP peak amplitudes after stimulation of left and right median
nerve. However, this method could also be used within a task recording bilateral
activity.

A technique to investigate lateralized activity is by calculating event-related later-
alizations (ERLs). The main goal of this technique is to enhance the detectability
of lateralized activity by suppressing symmetric activity and all activity which is
present in recordings of both sides. It computes the difference potentials between
homologues electrodes contra and ipsilateral to the side of stimulus or action. As an
example, the ERL for homologues electrode pair C3-C4 is defined as (Oostenveld
et al., 2001):

ERL = %[(04 _C3) + (C3— C4)p)] (2.20)
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where L and R represent the measurements from the left and right task. Thus,
for estimation of this difference potential left and right side need to be stimulated
or moved one side at a time. Furthermore, it is assumed that activity in the
contralateral hemisphere is similar for the left and right task. The same assumption
is made for the ipsilateral hemisphere.

2.2.5 Single-trial analysis

When averaging single-trials for improving the SNR, one usually assumes that the
E(R)P waveform is fixed and that its peak latency is constantly time-locked to the
stimulus (Chiappa, 1997). However, information concerning individual trials and
the variation in E(R)Ps is lost using this technique. Therefore, alternative tech-
niques have been developed to determine single-trial latency, amplitude and/or
other parameters.

The simplest single-trial analysis method used is “peak picking” (Smulders et al.,
1994). This method takes the latency of the maximum amplitude in a specific
window as latency of the peak of interest that normally occurs in this window.
However, this technique often does not work, because the SNR is too low.
Rodionov et al. (2002) developed a more complex version of this technique, in
which the number and amplitude of positive and negative deflections of the EEG
is used to determine the variability of latency and amplitude of single-trials. This
technique requires a lower SNR. A disadvantage of this technique is that the tem-
poral resolution of the latency is very low due to summation of every five successive
samples in the EEG signal.

Another single-trial analysis method calculates the cross-correlation or cross-
covariance between the single-trials and a template. Next the maximum cross-
correlation or cross-covariance is used as peak latency. In literature different tem-
plates are used:

1. half sine wave (Smulders et al., 1994; Pfefferbaum and Ford, 1988)

2. stimulus locked average ERP (Michalewski et al., 1986; Wastell and Klein-
man, 1980; Thomas et al., 1989)

3. peak locked average ERP (Suwazono et al., 1994)

4. first two principal components of the average ERP (Kisley and Gerstein,
1999)

The stimulus locked average ERP may not be a perfect template for single-trial
analysis, since the averaged peaks might be broadened in time and decreased in
amplitude due to latency variation of the single-trial responses.

Another group of single-trial analysis methods models the ERP as a linear com-
bination of multiple components (e.g. wavelets) whose component parameters (e.g.
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latency and amplitude) are calculated for each single-trial (Lange et al., 1997;
Quian and Garcia, 2003; Truccolo et al., 2003; Heinrich et al., 1999) by using for
example a least squares method (Lange et al., 1997). The components and initial
parameters are often extracted from the average ERP (Lange et al., 1997; Quian
and Garcia, 2003; Heinrich et al., 1999).

The quality of the results obtained by the described techniques depends mainly
on the SNR of the signal. By filtering the signal before using it for single-trial
analysis, the noise can be reduced and the SNR may be improved.

Single-trial analyses have been mainly used for ERP analyses, since ERP responses
are sensitive to the subject’s performance, state of mind (Nishida et al., 1997),
habituation, and have often a sufficient SNR (more than EPs).

| = 40.7
-
- - mpm | 20.4
m
215k L .
= ‘ | w m
0
] - ¥ I -
(0] =
g -_—
[}
51 . i s | 204
| |
| | R
\ -
- 1 L L - - 407
18.5 T~
£ ~—
-185 ‘
0 200 400 600 800
Time (ms)

Figure 2.4: Single-trial plot of a standard oddball paradigm, whereby a target audit-
ory stimulus is presented amongst more frequent standard auditory stimuli. Raw data is
filtered (low pass 30 Hz, high pass 0.16 Hz) and segments with eye blinks have been re-
moved. This plot only shows the target segments. Notice that the P300 peak is observable
in most single-trials.

2.3 Frequency domain analysis techniques

2.3.1 Fourier transform

The Fourier transform (FT') converts signals from the time domain to the frequency
domain. It can be used to study frequencies in the signal or for filtering.

Because EEG signals are digitally recorded nowadays, the discrete Fourier trans-
form (DFT) is used to calculate the FT. The fast Fourier transform (FFT) is an
efficient algorithm to compute the DFT. The (D)FT decomposes the original sig-
nal s(t) in cosines and sines with a certain frequency, amplitude and phase. The
frequencies of these cosines and sines are determined by the segment time Ty and
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the sample frequency fs.
Mathematically the DFT for a signal s(n) with N sample points is given by (Ro-
erdink, 1993):

N-—-1
S(k)=Y sn)e”~ , k=0,.,N—1 (2.21)

where, according to Euler’s formula:

izrkn —ork —ork
=5 cos< ;”)H'sm( ;\;") (2.22)

In 2.21 s(n) is the original signal at sample point n, ¢ is the imaginary number
(i2 = —1) and S(k) is the k'" spectral coefficient. The index k uniquely determ-
ines the frequency associated with the spectral component S(k). Index k can be
transformed to a frequency f by:

k

=%

(2.23)
where Tj is the segment time.

The resolution Af and the minimum frequency fui, in the frequency domain are
also determined by the segment time Ty:

,fmin == Af = (224)

The Nyquist frequency fn, which is the maximum frequency that can be correctly
represented in the sampled signal, depends on the sample frequency fs:

_ s

fy =%

(2.25)

Discrete Fourier transform algorithms assume that the data contain only frequen-
cies that are an integer multiple of the minimum frequency. However, this is not
the case with EEG data and this leads to spectral leakage; loss of power of a given
frequency to other frequencies (Fig. 2.5).

The effect of spectral leakage can be diminished by multiplying the original signal
by a window function before calculating the DFT. The Hanning window and Ham-
ming window are often used (Fig. 2.6). They are defined by:

Hanning:

2mn
w(n) = 0.5 (1 — cos N—l) ,n=0,.,.N—1 (2.26)
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Figure 2.5: Frequency spectrum of a signal consisting of a sinusoid with a frequency
(3 Hz) that is an integer multiple of the minimum frequency (0.1 Hz) and a sinusoid of

which the frequency is not an integer multiple of the minimum frequency (6.05 Hz). The
latter causes spectral leakage.
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Figure 2.6: Hanning Window (solid line) and Hamming window (dashed line) with
N=10.
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Hamming:

2
w(n) = 0.54 — 0.46 cos m

oon=0,. N1 (2.27)

When using the FT for filtering, unwanted frequencies are removed by using high-
pass, low-pass, band-pass or band-stop filters. A filter commonly used for EEG is
the Butterworth filter. It is designed to have a frequency response that is mathem-
atically as flat as possible in the pass band and goes to zero in the stopband. The
transfer function, which describes the amplification of the frequency amplitude by
the filter, of the low-pass Butterworth filter is defined by:

Hw) = —— (2.28)

1+ (w/wc> N

where w, is the cut-off angular frequency, w is the angular frequency of the signal
in radians per second (w = 27f) and p is the order of the filter. A steeper slope
of the filter, indicating sharper cut-off, is obtained by increasing the order of the
filter (Fig. 2.7). Equation 2.28 shows that when |w| < w. the response is about
unity, while if |w| > w, the response drops rapidly to zero. The transfer function
can be easily modified into a high-pass filter or a band-pass filter.

If the DFT is used for spectral analysis of E(R)Ps, the DFT is estimated for each
segment and subsequently the DFTs of the segments are averaged. In this way the
random noise is reduced.
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Figure 2.7: Frequency responses of a first, second, third and fourth order Butterworth
filter. wo = 1.
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Figure 2.8: Frequency-amplitude spectrum of a P300 recording with alpha activity (8-12
Hz).

2.3.2 Coherence

Coherence analysis has been applied to EEG data for many years as a tool for
studying the phase consistency or synchrony between two signals recorded from
different scalp regions. High coherence between scalp areas has been interpreted
as evidence for anatomical connections (Fein et al., 1988) and functional coupling
(Thatcher et al., 1986) between the cortical structures underlying these areas. To
study dynamic coupling between different brain areas in relation to specific motor,
sensory or cognitive events, event-related coherence can be used (Andrew, 1996).
Mathematically, coherence is analogous to a cross-correlation coefficient in the fre-
quency domain. To calculate (event-related) coherence, the Fourier transform is
calculated for each segment of the two channels. Secondly, the auto-spectra of chan-
nel X (G,.) and channel Y (G,) and the cross-spectra of both channels (G, ) are
determined as follows (Andrew, 1996):

. 1

Gro(k) = 5 D 1 Xn (W) (2.29)
n=1

. 1 X

Gyy(k) = N Z |V, (k)| (2.30)

. 1 X

where N is the number of trials. X, (k) is the frequency amplitude of trial n
measured at channel X for index k. Equation 2.23 describes the relation between
index k and the corresponding frequency. Next the coherence can be calculated as
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coherence

frequency (Hz)

Figure 2.9: Coherence between channel Pz and P4 (solid line) and between Pz and
F4 (dashed line) of an oddball task recording. The coherence between Pz and P4 is
considerably higher due to volume conduction effects: channel P4 lies much closer to Pz
than F4.

the normalization of the cross-spectrum by the two auto-spectra:

Cc? (k) = M (2.32)
T GG ) |

:

Or alternatively, a band-averaged coherence can be calculated according to (An-
drew, 1996):

2

Sk, Gy (K)
22k, Gaa(k) Y2y, Gy (R)

Cz, (k) = (2.33)

with the limits of summation (k1,ks) related to the frequency band of interest
(f1.f2) and the segment time by equation 2.23 and k the average of all indices
k. Additionally, it is possible to obtain a time course of coherence by shifting the
segments over small periods from the start to the end of the trial (Pfurtscheller
and Andrew, 1999). The latter technique can only be applied if the used segment
length is much smaller than the trial length.

In coherence analysis the choice of reference is very important. Data with similar
reference electrodes can increase the coherence compared to reference independent
methods (Andrew, 1996). Reference methods that improve the coherence estima-
tions are the closely spaced bipolar reference, the linked ear reference, the average
reference, and the more complex surface Laplacian (see section 2.2.1) and cortical
imaging (Nunez, 1997).

Alternative methods for coherence analysis are covariance analysis (see section
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2.2.3), phase locking statistics (Lachaux et al., 1999) and a method introduced by
Nikolaev et.al. (2001). The latter method first calculates the wavelet transform of
averaged EPs and then computes the correlation coefficient between the wavelet
transform curves of pairs of channels. Furthermore, Gross et. al. (2001) designed
a technique called DICS (Dynamic Imaging of Coherent Sources). DICS uses a
spatial filter, which allows computation of coherence with respect to a reference
point at any given location in the brain.

2.3.3 Wavelet transform

Similar to the F'T, the wavelet transform (WT) is a method to analyze the frequency
content of a signal. In addition, wavelet transforms can be used for filtering (Quian
et al., 2001).

The main difference with FT is that wavelets are localized in both time and fre-
quency, whereas the base function of the FT is only localized in frequency. There-
fore, WT is used in EP and ERP studies to investigate changes in frequency bands
due to stimulation. Bagar et al. (1979b; 1979a) suggested that E(R)Ps appear as
a reorganization of the spontaneous brain oscillations in response to a stimulus.
Instead of sine and cosine functions, the wavelet transform uses wavelet functions
to decompose the signal. In the continuous wavelet transform (CWT) method these
"wavelets” are obtained from a mother wavelet by scaling:

Pab(®) = \/%'so (T) (2.34)

where a is the dilation parameter, which governs the frequency of the wavelet and
b is the position parameter, which governs the time displacement. However, the
shape of the wavelets is always the same as that of the original mother wavelet .
For ¢ different wavelets may be chosen. Examples of mother wavelets are the
Morlet wavelet and the Mexican hat wavelet (Fig. 2.10). The Morlet wavelet is
defined by:

2

. 1
p =eWore 2" (2.35)

The Mexican hat wavelet is defined by:

2

p= (1 — xz)e_%m (236)

The wavelet transform calculates the correlation between the wavelet and the ori-
ginal signal, i.e.:

W, X (a,b) = \/1W /_O;X(typ* (t - b) dt (2.37)
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Figure 2.10: Mexican hat wavelet (left) and real part of Morlet wavelet (right).
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Figure 2.11: Time-frequency chart obtained with the continuous wavelet transform of
a VEP recording at channel Oz. After 100 ms the frequency components of the P100 can
be observed.

where ¢* is de complex conjugate of the mother wavelet. As a result, the correlation
coefficient is obtained as a function of frequency and time.

For discrete signals the discrete wavelet transform (DWT) can be used and like for
the discrete Fourier transform, a fast operation, the fast wavelet transform (FWT)
has been developed to compute the DWT. In case of the DWT, time frequency
information is obtained by digital filtering techniques (Quian et al., 2001). The
DWT is computed by low pass and high pass filtering of the discrete time domain
signal. This results in two signals; the high pass signal contains frequencies between
half the Nyquist frequency and the Nyquist frequency, the low pass signal consists
of all frequencies lower than the Nyquist frequency. Next, the resulting high-pass
and low-pass signals are downsampled by 2. This procedure is then repeated many
times for the lowpass filter signal to further increase the frequency resolution. The
signals that are high pass filtered are the outcome of the DWT.
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2.3.4 ERD/ERS

When averaging single trials, one assumes that the evoked activity or signal of
interest has a fixed time-delay to the stimulus, while the ongoing EEG activity
behaves as additive noise. However, due to the stimulus, the ongoing EEG signal
may change. The power in a specific frequency band can either decrease or in-
crease. A decrease is called event-related desynchronization (ERD) (Pfurtscheller,
1977), since it is caused by a decrease in synchrony of the underlying neuronal pop-
ulations. An increase is called event-related synchronization (ERS) (Pfurtscheller,
1992), since it is assumed to be caused by an increase in synchronization.

These changes are time-locked, but not phase-locked, i.e. the power of some fre-
quency bands of the ongoing EEG changes at a fixed time delay, but the phase of
the ongoing EEG at that fixed time delay varies over the different trials. When
single trials are averaged, this change in the ongoing EEG is no longer detectable.
A prerequisite of calculating ERD or ERS is that the interval between two consecut-
ive events should last at least 10 seconds, because event-related changes in ongoing
EEG need time to develop and to recover (Pfurtscheller and Andrew, 1999).

ERD and ERS can be calculated using the following steps (see also Fig. 2.12):

1. band pass filtering of all event-related trials

2. calculating the power by squaring the amplitude

3. averaging the power across all trials

4. averaging of time samples to smooth the data and reduce the variability

5. calculating the power relative to a reference period. The reference period is
a period of a few seconds before the event occurs.

A disadvantage of this technique is that phase locked (e.g. evoked potentials)
cannot be distinguished from non-phase locked EEG, when both types of activity
are in the same frequency band. To calculate only the non-phase locked power,
the second step can be replaced by squaring the intertrial variance, which is the
difference between the single trial and the averaged signal over all trials (Kalcher
and Pfurtscheller, 1995). A limitation of this technique is that it does not account
for latency and amplitude variability of the stimulus locked component within
individual trials. As a result, this technique might remove too little or too much
signal. Therefore McFarland et al. (2004) introduced the regression subtraction
procedure. In this procedure the average that is subtracted was first corrected for
latency and amplitude using the covariance between the averaged signal and the
single trials.

Since the introduction of ERD and ERS, various alternative methods have been
reported. For example, Makeig (1993) introduced a method called event-related
spectral perturbation (ERSP). The advantage of this method is that it calculates
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Figure 2.12: Principle of ERD (left) and ERS (right) processing (from Pfurtscheller,
1999).

the amplitude change for the full frequency spectrum. This technique divides all
trials in small overlapping windows. The amplitude spectrum is calculated for each
window. Next a moving average of these windows is created and the spectra are
related to a pre-stimulus period. Finally the trials are averaged.

Other comparable techniques are amplitude modulation (Clochon et al., 1996), task
related power (Gerloff et al., 1998), complex demodulation (Nogawa et al., 1976)
and temporal spectral evolution analysis (Salmelin and Hari, 1994). This results
in negative percentages for ERD and positive percentages for ERS (Pfurtscheller
and Lopes da Silva, 1999).

2.4 Conclusion

As shown in this chapter many different analysis techniques can be applied to
E(R)P data. However, for clinical applications only a few techniques are applied
routinely. Possibly, future studies can extend the clinical applications of E(R)Ps
by applying these techniques or variants of these techniques to multichannel re-

cordings.
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3.1 Introduction

Source localization is an inverse method to determine the location and strength
of the sources that cause the potentials measured at the scalp. This technique is
especially suitable for E(R)Ps, because they have a high SNR. Furthermore, brain
activity of E(R)Ps is related to a specific event and therefore the brain activity is
often more focused. A problem with the inverse method is that its solution is not
unique (Helmholtz, 1853). In other words, different combinations of sources can
cause similar potential fields on the head. On the other hand, the forward problem
does have a unique solution. The forward problem calculates the potential field at
the scalp from known source locations, source strengths and conductivity in the
head and can be used to solve the inverse problem.

3.2 Forward problem

The sources of brain activity cause electrical fields according to Maxwell’s and
Ohm’s law. Due to the high propagation velocity of the electromagnetic waves,
the currents caused by the sources in the brain behave in a stationary way. This
means that no charge is accumulated at any time in the brain. Therefore, it can
be stated that for any current density J:

VJ=0 (3.1)

In the case of a stationary current, the electric field E is related to the electric
potential V' by the following expression:

E=-VV (3.2)

The minus sign indicates that the electric field is orientated from an area with a
high potential to an area with a low potential. The current density in the head
associated with neural activation is the sum of the primary current J,, related to
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the original neural activity and a passive current flow o FE:
J=J,+oFE (3.3)

where o is the conductivity of the head tissues. The primary currents are of in-
terest when solving the inverse problems because they represent neuronal activa-
tion. However, the effects of volume currents must still be considered when solving
the forward problem because they contribute to the scalp potentials. Taking the
divergence of both sides of equation 3.3 gives:

V-J,=-V-Eo (3.4)

Substituting equation 3.2 in equation 3.4 gives the Poisson equation for the poten-
tial field:

V-J, =V (VVo) (3.5)

When the medium is assumed to be infinite, isotropic and homogeneous, it can be
proven that the solution of the Poisson equation is:

viro dmo /.//volume 7“0| (3.6)

which gives the value of the potential at a point ry in the volume conductor result-

ing from a current density .J,. Unfortunately, the human head is not isotropic and
homogeneous and it has an irregular shape. To solve the Poisson equation for real-
istic head shapes, numerical solution methods are required, like the finite element
method (FEM) and boundary element method (BEM), and further assumptions
need to be made. It depends on the application, which method is sufficient. When
FEM and BEM are used to solve the Poisson equation the head is usually divided
into three sublayers: the brain, the skull and the scalp, with each a different con-
ductivity. These conductivities are typically standard values that have been meas-
ured in vitro using postmortem tissue (Geddes and Baker, 1967). BEM assumes
homogeneous conductivity for each layer. In this method the differential equations
for the potentials on the surfaces can be transformed into an integral equation over
the interfaces of the different conductivity compartments. By discretising these
boundaries, the integrals are turned into sums, and the solution of the problem is
found by solving a set of linear equations. The surfaces are discretised by triangle
meshes and the total number of nodes in all meshes defines the complexity of the
linear system. The numerical accuracy depends on the size of the elements relative
to the distance of the source to the nearest boundary, so finer elements are required
when sources are close to the boundaries.

The finite element model has the advantage that it can determine potentials for
non-homogenous conductivity. This model discretises the complete head in volume
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Figure 3.1: Example meshes of the human head used in BEM. Triangulated surfaces of
the brain (left), skull (middle) and scalp (right).

elements and can therefore prescribe conductivity for each particular element. The
discretisation for FEM also leads to a linear system of equations.

The accuracy of both FEM and BEM models depends on the knowledge of the true
conductivities and on the numerical details of the FEM and BEM implementation,
in particular the resolution of the mesh on which the solution is computed.

3.3 Inverse problem

First a few key definitions and linear algebraic models will be provided that will
clarify the different approaches taken in the inverse methods described in the next
section. The general forward model can be presented as:

M=AST + N (3.7)

where M is the matrix with the measured data, N is the vector representing the
error or noise in the measurements, A is the gain matrix or lead field matrix and
ST is the matrix containing the dipole amplitudes over time (time series). Each
column of matrix A describes the relation between a source and the electrodes.
The issue in the inverse problem is, given a set of recordings M, knowing the lead
field matrix A, and making a certain assumptions about N, to determine S7.

The inverse problem can be solved using different methods dependent on the as-
sumptions made. One can assume that the current density distribution can be rep-
resented by a small number of equivalent current dipoles (ECD). In this method the
locations and time series of each of the ECDs are estimated. The second approach
models brain activity by a large number of sources that represent a continuous
distribution of neural current generators. Because these generators are believed to
lie in the cerebral cortex, the sources are usually constrained to lie on the cortical
surface, with the orientation normal to the surface. The inverse solution is then re-
duced to estimating the set of unknown time series for each elemental source. Here,
the latter method is referred to as distributed source localization. In the next para-
graphs an overview will be given of the existing source localization methods. This
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overview is based on a review by Michel et al. (2004b).

3.3.1 Equivalent dipole source localization

ECD source localization models it sources as electromagnetic dipoles located some-
where in the brain and uses a fixed number of sources. The number of sources can
be estimated with singular value decomposition, ICA or PCA, based on physiolo-
gical knowledge or based on other functional imaging data such as fMRI or PET.
However these methods are not without errors.

The number of unknown sources has to be less than or equal to the number of
electrodes. The best source locations are found by computing the surface electric
potential map generated by these dipoles using a forward model and comparing it
with the actual measured map. This comparison is usually based on calculating
the squared error X between these two maps:

X =M~ AST|5 with | B[} =Y B2, (3.8)

The solution with minimal squared error is then accepted as best explaining the
measured electric activity. Since scanning through the whole solution space with
any possible location and orientation of the sources is very demanding and nearly
impossible if more than one dipole is assumed, non-linear optimization methods
based on directed search algorithms are usually used (Uutela et al., 1998). A
general risk of these methods is that they can get trapped in undesirable local
minima, resulting in the algorithm accepting a certain location because moving in
any direction increases the error of the fit (de Peralta Menendez and Andino, 1994).
The number of local minima increases with the number of dipoles. Therefore, the
initial position of the dipoles is important, which can be based on imaging studies
or physiological knowledge.

3.3.2 Scanning methods

Another approach to overcome the problem of local minima, is the use of a scanning
method. These methods use a discrete grid to search for optimal dipole positions
throughout the source volume. Source locations are then determined as those for
which a metric computed at that location exceeds a given threshold. While these
approaches do not lead to a true least squares solution, they can be used to initial-
ize a local least squares search (Darvas et al., 2004). The most common scanning
methods are the linearly constrained minimum variance (LCMV) beamformer and
multiple signal classification (MUSIC) methods and their variants.

LCMV is a beamformer, which means that it performs spatial filtering on data
to discriminate between signals arriving from a location of interest and those ori-
ginating elsewhere. This is accomplished by simply multiplying the measurement
matrix with a weighting matrix. The weighting matrix should pass signals coming
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from the location of interest, while attenuating signals from elsewhere. The differ-
ence between beamformers is the constraint for estimating the weighting matrix.
LCMV determines the weighting matrix by minimizing the output power of a filter
under the constraint that its gain is unity at the location of interest. The limita-
tion of this approach is that signal cancellation may occur, when different sources
are correlated (Baillet et al., 2001). Another beamformer often used is Synthetic
Aperture Magnetometry (SAM) (Vrba and Robinson, 2001).

MUSIC is a widely known signal processing technique that was first applied to
EEG data by Mosher et al. (1992). The primary assumptions for this method
are that the dipolar time series are linearly independent among each other, the
number of time samples is greater than the number of sensors and the number of
sources is smaller than the number of sensors. MUSIC is based on a singular value
decomposition (SVD) of the measured data, which results in orthogonal basis vec-
tors and singular values. Any true source localization will have a lead field vector
in A (equation 3.7) that also lies in the signal subspace computed with the SVD.
MUSIC searches throughout the brain volume for source locations that satisfy this
condition. The lead field vector at every candidate dipole location is systematically
projected on the signal subspace. The dipole source locations with the largest pro-
jections on the signal subspace are the active sources (Mosher et al., 1992, 1999).

However, MUSIC suffers from some problems. First, when the noise present in the
data is correlated across channels, MUSIC can produce larger errors in the dipole
localization than would have been observed with uncorrelated noise of the same
power. Another problem is the detection of multiple MUSIC peaks in a 3D volume
of the head, each of which may correspond to a different ECD. A related problem
is to determine which peaks are truly indicative of a dipolar source rather than a
local minimum in the error function (Mosher et al., 1999).

The latter problem is solved in the extended version of MUSIC, recursively applied
and projected (RAP)-MUSIC, by recursive estimation of multiple sources (Mosher
and Leahy, 1999). In other words, one first estimates the dipole location with the
largest projection on to the signal subspace. Then the gain vector and subspace
are adapted to find the second dipole location.

Recently, an alternative method was developed called FINES (Xu et al., 2004).
This method is able to localize closely spaced correlated sources.

3.3.3 Distributed source localization

Distributed source localization estimates the amplitudes of a dense set of dipoles
distributed at fixed locations within the head volume. These methods are based on
reconstruction of the brain electric activity in each point of a 3D grid of solution
points, the number of points being much larger than the number of electrodes on
the scalp. Each solution point is considered as a possible location of a current
source, thus there is no a priori assumption on the number of dipoles in the brain.



36 Chapter 8

In these methods again a lead field matrix A is used to relate the activity of the
sources to the measured electrode potentials:

M= Al (3.9)

where M is the vector containing the measured potentials at a certain time point
and [ is the matrix containing the actual source amplitudes. The task to solve is
to find a unique configuration of activity at these solution points that explains the
surface measurements. The linear solution for I can be written as:

I=TM (3.10)

where T is some generalized inverse of the lead field matrix A. Unfortunately, an
infinite number of distributions of current sources can lead to exactly the same
scalp potential. In other words, there exist an infinite number of different general-
ized inverse matrices T', all producing a current density vector I that satisfies the
original measurements M.

This leads to the application of different assumptions in order to identify the ‘op-
timal’ or ‘most likely’ solution. The methods described in literature differ in their
choice and implementation of these assumptions. The constraints can be based on
mathematics, on biophysical or physiological knowledge or on findings using other
imaging modalities. The validity of these methods is defined by the validity of the
assumptions. In the next sections methods most often described in literature are
explained in more detail.

Minimum Norm

The general estimate for a 3D brain source distribution in the absence of any a
priori information is the Minimum Norm solution (Hémé&ldinen and Ilmoniemi,
1994). Tt only assumes that the 3D current distribution should have minimum
overall intensity. Stated mathematically:

J =1l = (3.11)

should be minimized under the constraint given by equation (3.10). This gives a
solution for the matrix T. This method leads to only one solution. However, the
restriction that the overall intensity should be minimal is not necessarily physiolo-
gically valid. This minimum norm algorithm favors superficial sources, because less
activity is required in superficial solution locations to give a certain surface voltage
distribution. Therefore, deeper sources are incorrectly projected on the surface,
which can lead to erroneous interpretations (Pascual-Marqui, 1999; Michel et al.,
2004a).
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Weighted Minimum Norm

To overcome the problem that the Minimum Norm method prefers superficial
source locations, different weighting strategies have been proposed. In these ap-
proaches, the function minimized instead is:

J =W, (3.12)

where W is a weighting matrix with dimensions equal to the number of rows in
1. Each element in W is chosen to downweight the grid points in the head model
that are closer to the surface. In this way the error toward large current densities
near the surface is reduced. Results of these methods show that sources can be
localized, but that the three dimensional current density predicted inside the head
is very blurred, which makes accurate source localization difficult (Koles, 1998).
Therefore, an alternative method has been developed named FOCUSS (FOCal Un-
derdetermined System Solution) (Gorodnitsky et al., 1995). This method changes
iteratively the weight according to the solutions estimated in previous steps. A dis-
advantage of this method is that the weightings are based on purely mathematical
operations without any physiological basis that would justify the choice of weights
(Michel et al., 2004a) and might get stuck in local minima (Saeid Sanei, 2007).

Low resolution tomography (LORETA)

Another method to find a unique solution for the 3D distribution among the infin-
ite set of different possible solutions is low resolution brain electromagnetic tomo-
graphy (LORETA). This method assumes that neighbouring neurons are simul-
taneously and synchronously activated. This basic assumption rests on evidence
from single cell recordings in the brain that demonstrate strong synchronization
and correlation of adjacent neurons (Pascual-Marqui et al., 1994). In mathematical
terms, the task is to find the smoothest of all possible solutions. While this assump-
tion is basically correct, it has been criticized that the distance between solution
points and the limited spatial resolution of EEG recordings lead to a spatial scale
where such correlations can no longer be reasonably expected (Hamaéldinen, 1995).
Because of the assumption of correlation over relatively large distances, LORETA
generally provides blurred (over-smoothed) solutions.

Standardized low resolution tomography (sLORETA)

In 2002 Pasqual-Marqui introduced an alternative method called standardized low
resolution brain electromagnetic tomography (SLORETA). This method does not
use measures of spatial smoothness such as LORETA in order to obtain a smooth
solution. SLORETA employs the current density estimate given by the minimum
norm solution, followed by a standardization. The current density estimates are
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standardized by using the variance of the estimated current density. From sim-
ulations it is concluded that the SLORETA method is fast and localizes well, as
compared to other distributed solutions, like MN and LORETA (Wagner et al.,
2004; Pascual-Marqui, 2002). However, simultaneously active sources can only be
separated if their fields are distinct enough and of similar strength. In the context
of a strong or superficial source, weak or deep sources remain invisible, and nearby
sources of similar orientation tend not to be separated but interpreted as one source
located roughly in between (Wagner et al., 2004).

Local autoregressive average (LAURA)

This distributed inverse solution incorporates biophysical laws as constraints in
the minimum norm algorithm (Grave de Peralta et al., 2001). The strength of the
potentials or fields at a certain brain location depends upon the strength of the
current creating the field and upon the distance between the site where the field is
created and the place of detection. LAURA expresses the relation between brain
activity at one point and its neighbours in terms of a local autoregressive estimator
with coefficients depending on the distances between these points. The activity at
one point now depends upon two contributions: one fixed by the biophysical laws
and another free to be determined from the data.

Simulations showed that LAURA performed better than MN, WMN and LORETA
(Grave de Peralta et al., 2001). A comparison with sSLORETA has not been made.

EPIFOCUS

EPIFOCUS (Grave de Peralta et al., 2001) has mainly been developed for the
analysis of focal epileptic activity where a single, dominant source with a certain
spatial extent can be assumed. This method assumes a single focal source but differs
from the equivalent dipole location in that it allows this source to have a spatial
extent beyond a single point. It is a linear inverse method that scans the solution
space and calculates the current density vector by projecting the scalp potential
data on each solution point. The results of this estimate can be interpreted as
the probability of finding a single source at each specific point. In contrast to
the MUSIC method, EPIFOCUS does not require a certain time period of EEG
analysis but can rather be applied to instantaneous potential maps. Simulations
and analyses of real data have demonstrated a remarkable robustness of EPIFOCUS
against noise (Grave de Peralta et al., 2001).

3.3.4 Other models

Bayesian method

The Bayesian approach is a statistical method to incorporate a priori information
into the estimation of the sources. The types of a priori information that have been
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incorporated in this approach include information on the neural current (Schmidt
et al., 1999), the focal nature of the sources, combined spatial and temporal con-
straints (Baillet and Garnero, 1997), as well as strategies to penalize ghost sources
(Trujillo-Barreto et al., 2004).

ELECTRA

ELECTRA is a source model in which the generators of the scalp maps are the
intracranial potentials instead of a dipole at each solution. This is based on the
findings that EEG measures only the volume currents (passive current caused by
passive conductance) and not the active current (induced by ionic flow around the
active neuron) (de Peralta Menendez et al., 2000). An advantage of this method
is that the number of unknowns is reduced. This increases the spatial resolution
for the same amount of data. However this method does still not provide a unique
solution, which makes the use of regularization strategies, like MN, WMN and
LORETA necessary (Grave de Peralta Menendez et al., 2004).

3.4 Conclusion

To localize the sources that generate the E(R)Ps, the so-called inverse problem
must be solved. However, the inverse problem has no unique solution and can only
be solved by introducing assumptions regarding source and head models. In the
last decades, different assumptions, based on mathematical, biophysical, statistical
or physiological theories, have been formulated and implemented in inverse solu-
tion algorithms. The reliability of the solution depends on the validity of these
assumptions.

One possible future application of source localization may be the separation of
E(R)P components that overlap in time and space. A study by Elting et al. (Elt-
ing et al., 2003) already showed that source localization can be used to separate
the P3a and P3b components.
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Multichannel recording of median nerve
somatosensory evoked potentials

This chapter is published as:

Multichannel recording of median nerve somatosensory evoked potentials. W.J.G.
van de Wassenberg, J.H. van der Hoeven, K.L. Leenders, N.M. Maurits. Neuro-
physiologie Clinique 2008; 38(1):9-21.

Abstract

Objectives. Clinical applications of multichannel (> 64 electrodes) EEG have
been limited so far. Amplitude variability of evoked potentials in healthy subjects
is large, which limits their diagnostic applicability. This amplitude variability may
be partially due to spatial undersampling of anatomical variations in cortical gen-
erators. In the present study we therefore investigated if 128-channel recordings
of somatosensory evoked potentials (SEPs) can reduce this amplitude variability
in healthy subjects. Additionally, we explored the relation between amplitude and
age.

Methods. We recorded median nerve SEPs using a 128-channel EEG system in
50 healthy subjects (20-70 years) and compared N20, P27 and P45 amplitude as
obtained with a 128-channel analysis method - based on butterfly plots and spatial
topographies - and as obtained using a conventional one cortical channel configur-
ation and analysis. Scalp and earlobe references were compared.

Results. Although amplitude variability itself was not reduced, a reduced coef-
ficient of variation was obtained with the 128-channel method due to higher SEP
amplitudes compared to the conventional one-channel method, independent of ref-
erence.

Conclusion. These results suggest that, at the cost of some additional prepara-
tion time, the 128-channel method can measure SEP amplitude more accurately
and might therefore be more sensitive to physiological and pathological changes.
For optimal amplitude estimation, we recommend to increase the number of centro-
parietal electrodes or, preferably, to perform at least a 64-channel recording.
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4.1 Introduction

Electroencephalography (EEG) is an important diagnostic tool in clinical neuro-
physiology. A disadvantage of this technique is its low spatial resolution compared
to imaging techniques such as MRI, CT, PET and SPECT. However, the temporal
resolution of EEG is superior and its costs are much lower. With the development
of multichannel systems (> 64 electrodes) since the 1990s the spatial resolution
of EEG has increased considerably. Whether the data obtained with this more
time-consuming multichannel technique provides additional benefits compared to
conventional techniques that employ fewer electrodes, is still under investigation.
So far, multichannel EEG has proven to be useful in the study of healthy brain
physiology (Huber et al., 2004; Jackson et al., 2004; Massimini et al., 2004; Sabbagh
et al., 2004) and has given new insights in psychiatric diseases (Pae et al., 2003;
Ruchsow et al., 2003; Youn et al., 2003). Yet, in contrast to what may be expected
of a technique that has proven its value in diagnostic neurology when using a few
electrodes, only a limited number of studies report clinical neurological applica-
tions of multichannel EEG (Elting et al., 2005; Lantz et al., 2003a,b; Michel et al.,
2004a). First applications were in pre-operative localization of epileptogenic lesions
using source localization (Lantz et al., 2003a,b; Michel et al., 2004a). More recently,
results from Elting et al. (2005) suggest that multichannel event-related potentials
can improve diagnosis and quantification of cognitive disorders after acute brain
injury.

As far as we know, there have been no studies investigating the added clinical value
of multichannel recordings for evoked potentials (EPs). Visual, somatosensory
and brainstem auditory EPs are widely applied clinically, typically using only a
few (< 10) electrodes. Specifically, EP latencies are used to assess nerve conduc-
tion velocities in peripheral and central sensory pathways (Chiappa, 1997). Here,
we investigate the added value of multichannel recordings for somatosensory EPs
(SEPs), because of their well-known and superficially positioned generators, and
their interest for a diverse range of neurological disorders (movement disorders,
neuropathies, MS, plastic cortical changes after stroke or related to pain, coma)
(Chiappa, 1997).

Each SEP component is characterized both by its latency and its amplitude. Non-
etheless, since intersubject SEP amplitude variability is large in healthy subjects
(Chiappa, 1997; Ferri et al., 1996; Gardill and Hielscher, 2001), this parameter
seems to be less useful for clinical purposes. Several authors that investigated SEP
amplitude in healthy subjects and in neurological patients support this thought
(Bostantjopoulou et al., 2000; Ferri et al., 1996; Gardill and Hielscher, 2001; Kofler,
2000). However, these studies used a limited number of electrodes (< 16 electrodes),
which means that the interelectrode distance was 7 cm or higher. Because of large
intersubject variation in size, shape and topography of the somatosensory cortical
areas (Geyer et al., 1999; Uylings et al., 2005), the position of the maximum amp-
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litude varies between subjects (Buchner et al., 1992; Legatt et al., 1987; Legatt and
Kader, 2000). According to Spitzer et al. (1989), who investigated the minimum
interelectrode distance necessary for optimal amplitude estimation by using the
Nyquist criteria for the spatial frequencies of SEP components, an interelectrode
distance of at most 3 cm is required. Thus, the large intersubject variability and
low sensitivity and specificity found for SEP amplitude might, at least partly, be
due to inaccurate amplitude estimation.

We hypothesize that using 128-channel SEP recordings for amplitude estimation,
will reduce intersubject variability and thereby improve the diagnostic sensitivity
and specificity of SEP amplitude for neurological disorders.

A prerequisite for the diagnostic use of 128-channel SEP amplitude is the availabil-
ity of normal values. For this purpose it is important to know if SEP amplitude is
related to age. If so, then normal values must be defined for different age groups.
Previous studies, using a maximum of 16 electrodes, found different results for the
age-amplitude relation (Desmedt and Cheron, 1981; Ferri et al., 1996; Kakigi and
Shibasaki, 1991; Kazis et al., 1983; Strenge, 1986). If 128-channel recordings re-
duce the intersubject amplitude variability, this method will probably also better
quantify the effect of age on the amplitude. Besides, Strenge (1986) suggested that
a reorganization of primary cortical areas may occur with aging, which may fur-
ther modify the topography and the position of maximum amplitude. When using
128-channel recordings for SEP amplitude estimation this alteration can be taken
into account as well. The aim of the current study is to investigate if a 128-channel
recording decreases the intersubject amplitude variability of SEP components. We
compared SEP amplitudes obtained using the electrode configuration proposed by
Mauguiere et al. (1999) with one cortical channel to SEP amplitudes obtained by
128-channel recordings in healthy subjects. Furthermore, we compared scalp and
earlobe references. In addition, we investigated the effect of age on 128-channel
SEP recordings and defined normal values, which can be used for future patient
studies. We conclude with some recommendations for clinical practice.

4.2 Materials and methods

4.2.1 Subjects

Median nerve SEPs were recorded from 50 right-handed healthy volunteers. For
each decade between 20 and 70 years five males and five females were included,
except for the highest decade, where four males and six females were included.
None of the subjects had a history of head injury or other neurological conditions.
All subjects gave their informed consent. The protocol was approved by the
medical-ethical board of the University Medical Center Groningen.
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4.2.2 SEP recording

The subjects were sitting in a chair in a warm and quiet room and were instructed
to relax and keep their eyes open. We stimulated the median nerve at both wrists
500 times, one side at a time, and repeated each recording once. The stimuli were
square wave impulses of 0.2 ms, which were delivered at a frequency of 2.1 Hz. The
stimulus intensity was slightly above motor threshold, producing a small thumb
switch. We placed Ag/AgCl-disc electrodes over Erb’s point with the reference
electrode at the sternum and recorded EEG from the scalp using a 128-electrode
cap, which was connected to a 128-channel headbox (Twente Medical Systems BV,
Enschede, Netherlands). To place the cap we measured the distance between nasion
and inion, positioned Fpz at 10% of the nasion-inion distance above the nasion and
checked if the Cz electrode was positioned at the centre of the nasion-inion distance
and between both pre-auricular points. Impedance values were kept below 10 k2.
We used Onyx software (Silicon Biomedical Instruments BV, Westervoort, The
Netherlands) to record the data at a sampling frequency of 1000 Hz.

Data at Erb’s point were recorded, segmented, amplified and averaged with the
Medelec Synergy N-EP system (Oxford Instruments Medical, Concord, USA) to
verify peripheral propagation parameters against normal data from our laboratory.
The raw EEG data was processed off-line using Brain Vision Analyzer 1.05 (Brain
Products GmbH, Miinchen, Germany). We high-pass filtered the data at 3 Hz (12
dB/octave, zero-phase shift Butterworth filter). With this filter all components,
including the later ones, are preserved. A clinically more often applied 20 Hz high-
pass filter, although preserving the N20 component, would have suppressed the
amplitude of later components. Next, the data was segmented into epochs of 100
ms including a 10 ms pre-stimulus interval. Artifact rejection was set at 100 pV
and a baseline correction procedure was performed using the pre-stimulus interval.
Channels with muscle artifacts that obscured the SEP were excluded for further
analysis.

On each stimulation side, we used the recording with the highest signal-to-noise
ratio for further analysis. The signal-to-noise ratio was calculated by dividing the
N20 peak amplitude by the mean baseline amplitude.

We repeated the complete protocol in 5 subjects, one from each decade, within 6
months to assess long-term intrasubject reproducibility.

4.2.3 SEP analysis

Conventional SEP analysis

We considered both CP4-Fz/CP3-Fz (conventional scalp reference) and CP4-
A1/CP3-A2 (conventional earlobe reference) for estimation of N20, P27 and P45
latency and amplitude for left/right side stimulation. The largest early negative
peak was identified as the N20. The main prominent positive peak succeeding
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Figure 4.1: Conventional analysis technique for scalp and earlobe reference analyses.
Peak to baseline amplitude of CP3-Fz/CP3-A2 (right side stimulation) or CP4-Fz/CP4-
A1 (left side stimulation) is used as amplitude.

the N20 was recognized as the P27 and the P45 was the main prominent positive
peak following the P27 (Fig. 4.1). All amplitudes were defined as peak-to-baseline
amplitudes.

128-channel SEP analysis

For further analysis, the averaged data were exported to ASA 2.21 (ANT software
BV, Enschede, The Netherlands) using either an average (dataset 1) or earlobe
reference (dataset 2). The results of the subsequent analysis on dataset 1 were
compared to the conventional scalp reference results. The results of the analysis
on dataset 2 were compared to the conventional earlobe reference results.

For both 128-channel analyses we searched for negative (N20) and positive peaks
(P27 and P45) in the butterfly plot between 15 and 65 ms and checked if the cor-
responding map met the criteria we defined for N20, P27 and P45. These criteria
were a frontal positive field together with a parietal negative field for the N20 map,
a parietal positive field in combination with a negative frontal field for the P27 map
and a positive parietal /central field for the P45 map, all contralateral to the stimu-
lation side. In both analyses we used the topographic map with average reference,
which is the reference of choice for these maps (Pascual-Marqui and Lehmann,
1993b).

If the map matched, we used the difference between maximum and minimum amp-
litude at the time of the peak as (total) amplitude in the analysis of dataset 1. In
the analysis of dataset 2 we used the peak to baseline amplitude as (total) amp-
litude at the time of the peak (Fig. 4.2). The latency of the 128-channel method
was defined as the time between stimulus onset and the time of the peak.
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Figure 4.2: 128-channel analysis technique for scalp and earlobe reference analyses.
Topographic maps that correspond with peaks in the butterfly plot are compared with
a reference map. For the scalp reference the difference between maximum and minimum
amplitude at the time of the peak is used as (total) amplitude (top butterfly plot). For

the earlobe reference the maximum amplitude to baseline is used as (total) amplitude
(bottom butterfly plot).
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Table 4.1: Subject characteristics

Age group  Number Age
20-30 10 26.4 + 2.8
30-40 10 33.9 +£ 3.0
40-50 10 44.9 4+ 2.6
50-60 8 54.3 £ 2.8
60-70 10 62.7 + 2.6

Age is given in years as mean + sd.

Statistics

We used the intraclass correlation coefficient (ICC) to test the intrasubject amp-
litude variability of two successive recordings on the same day for scalp reference
analyses. The ICC is a measure of agreement between data and was calculated ac-
cording to Rousson et al. (2002). If peak amplitudes of two successive recordings
are equal, the ICC is 1, if they have no agreement at all the ICC is 0.

For the statistical analysis of both scalp and earlobe reference analyses we divided
the subjects in different age groups. To include at least 10 persons in each age
group and because we mainly expected age effects from 30 years onwards we di-
vided the subjects in the following age groups: 1) 20-30 years, 2) 30-50 years and
3) 50-70 years.

Since not all parameters were normally distributed and a group of 10 subjects is
rather small for parametric testing, we used Wilcoxon signed ranks test for com-
parison of latencies and amplitudes between methods. Additionally, we compared
the amplitude and latencies of the different age groups using the Kruskal-Wallis
test. Post hoc testing was performed using the Kolmogorov-Smirnov Z test with
subsequent Bonferroni correction. All parameters were described in terms of me-
dians and interquartile ranges. Furthermore, regression analysis was performed to
examine the effect of age on amplitude and latency.

Furthermore, interquartile range divided by the median was used as alternative
coefficient of variation (aCOV). We compared aCOV of the 128-channel analyses
to the conventional analyses for both scalp and earlobe references, since a lower
aCOV is indicative for a better sensitivity/specificity when evaluating patients.

4.3 Results

We excluded two of the 50 subjects (males; 50 and 56 years old), because they ex-
perienced the stimuli as too painful. None of the subjects had an abnormal latency
at Erb’s point. A few subjects had no reproducible Erb response. However, the
cortical responses of these subjects were normal and for that reason these subjects
were included in the analysis. Subject characteristics are given in table 4.1. We
analyzed the SEP data of the remaining 48 subjects according to the conventional
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Table 4.2: Number of observed components per SEP peak in 48 healthy subjects for
both scalp and earlobe reference analyses.

N20 P27 P45

Method L R L R L R
Scalp Con 47 47 33 36 44 39
128 43 46 25 27 48 48
Earlobe Con 42 43 34 31 40 42
128 44 43 31 29 47 46
Con: conventional method; 128: 128-channel method.

L: left side stimulation; R: right side stimulation.

and 128-channel analysis methods, using both scalp and earlobe references. N20,
P27 and P45 could not be identified in all subjects. Table 4.2 shows the number
of detected components. P45 was identified in more subjects with the 128-channel
method, while P27 was identified more often with the conventional method. There
was no relationship between age and the absence of components. Since at most one
component was missing per stimulation side in all subjects, none of the subjects
was excluded for this reason.

4.3.1 Reproducibility

We tested amplitude reproducibility when using the scalp reference by calculating
the ICC of the same components identified in two successive recordings on the same
day. Values ranged from 0.81 to 0.92 for the 128-channel method and from 0.86
to 0.95 for the conventional method. According to the criteria proposed by Lee et
al. (1989) these ICC values represent a good reliability. In figure 4.3 the Bland-
Altman plots (Bland and Altman, 1986) are displayed for peak amplitudes of two
successive recordings at the same day and for two recordings obtained with a time
interval of 2-6 months. Differences between recordings at separate days were in the
same range as differences between two successive recordings on the same day. The
amplitude difference between two successive recordings was in most cases less than
1.0 ©V, but there were outliers with maximum values up to 2.94 pV.

4.3.2 Comparison between conventional and 128-channel
analyses

In tables 4.3 and 4.4 amplitudes and latencies for both scalp and earlobe reference
analyses are displayed. Median amplitudes as obtained with 128-channel analyses
were significantly higher than amplitudes determined with conventional analyses,
while interquartile ranges of conventional and 128-channel methods were typically
similar. Consequently, in general aCOV was lower for the 128-channel method
compared to the conventional method (Table 4.5).
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Figure 4.3: Difference against mean of two successive recordings at the same day and two
recordings with a time interval of 2-6 months for the scalp reference analyses. Open circle:
conventional (same day); closed circle: conventional (2-6 months interval); open triangle:
128-channel (same day); closed triangle: 128-channel (2-6 months interval).
between 2 recordings with a time interval of 2-6 months lie in the range of the differences
between 2 successive recordings.

Differences
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Table 4.5: Alternative coefficient of variation (aCOV) of amplitude for each SEP peak
for all analyses

Scalp Earlobe

Peak Method L R L R
N20 Con 0.74 0.83 059 0.67
128 0.46 0.69 0.39 0.69
P27 Con 091 095 0.83 0.79
128 049 0.41 064 0.57
P45 Con 0.86 1.00 0.69 0.92
128 0.70 0.72 0.63 0.61

Con: conventional method; 128: 128-channel method.
L: left side stimulation; R: right side stimulation.

Latencies were not significantly different between conventional and 128-channel
analyses, for neither scalp nor earlobe reference.

Fig. 4.4 shows the difference in amplitude between conventional and 128-channel
analyses against the amplitude as determined by the 128-channel methods for both
references. N20 amplitude was always larger for the 128-channel method compared
to the conventional method. In a few subjects P27 and P45 amplitude was how-
ever lower for the 128-channel method. No systematic difference as a function of
128-channel amplitude was observed.

Since the difference in amplitude between conventional and 128-channel methods
can be rather large, we further investigated the position of the maximum amp-
litude. Figure 4.5 illustrates the results for the scalp reference analysis; results for
the earlobe reference analysis are similar. These results show that the maximum
amplitude of all SEP components can be found in a widespread area, including
central, temporal and parietal positions on the scalp.

4.3.3 Age effect

When evaluating the age effect, we observed no significant differences in amplitude
between age groups. Regression analysis resulted in a few significant positive age-
effects (Table 4.6 and 4.7). However, these age effects were not consistent between
analyses techniques. Furthermore, the regression parameters and age-amplitude
scatterplots, showed that these effects were very small.

4.4 Discussion

In this study we examined the added value of 128-channel recordings for soma-
tosensory EPs. We compared amplitude and amplitude variability of 128-channel
SEP analyses, combining butterfly plots and potential maps to find the location at
which the SEP peak amplitude is maximal, with conventional analyses. We hypo-
thesized that a 128-channel recording would decrease the intersubject variability
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Figure 4.4: N20, P27 and P45 amplitude difference between 128-channel method and
conventional method plotted against the amplitude obtained with 128-channel method
for both scalp (left) and earlobe reference analyses (right). Cross: left side stimulation;
open circle: right side stimulation. In most cases amplitude is higher when determined
with 128-channel method compared to the conventional method.
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Figure 4.5: Positions of maximum amplitude for the different SEP components for
the 128-channel scalp reference analysis. Light grey circles: positions with maximum
amplitude for right side stimulation. Dark grey circles: positions of maximum amplitude
for left side stimulation. Black circles: positions where maximum amplitude was found
in more than 5 subjects. The electrodes used in the conventional method (CP3/CP4) are
indicated with a dashed circle.

Table 4.6: Slope in pV/year and R? for the amplitude-age en latency-age regression
analysis for each SEP peak as estimated by scalp reference analyses.

Slope R?
Peak  Method L R L R
amplitude  N20 Con 0.017 0.024  0.046 0.072
128 0.014 0.036  0.032 0.146*
P27 Con 0.022 0.012 0.026 0.006
128 0.040 0.008 0.123 0.004
P45 Con 0.043 0.028 0.081 0.026
128 0.051 0.052  0.108*  0.093*
latency N20 Con 0.044 0.050 0.138*%  0.189*
128 0.035 0.051  0.105*  0.202*
P27 Con 0.042 0.077  0.036 0.093
128 -0.053  0.008 0.041 0.001
P45 Con 0.089 0.075  0.050 0.050
128 0.023 0.053  0.004 0.021
Con: conventional method; 128: 128-channel method.
L: left side stimulation; R: right side stimulation.
* significant correlation (p < 0.05).
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Table 4.7: Slope in pV/year and R? for the amplitude-age en latency-age regression
analysis for each SEP peak as estimated by earlobe reference analyses.

Slope R?
Peak  Method L R L R
amplitude N20 Con 0.013 0.008 0.056 0.017
128 0.018 0.021 0.101*  0.098*
P27 Con 0.022 -0.005 0.076 0.002
128 0.038 0.017 0.263*  0.032
P45 Con 0.044 0.025 0.138*%  0.038
128 0.034 0.031 0.079 0.067
latency N20 Con 0.026 0.029 0.060 0.069
128 0.029 0.043 0.078 0.149*
P27 Con 0.059 0.075 0.103 0.149*
128 -0.014  0.032 0.003 0.015
P45 Con 0.096 0.137 0.070 0.142*
128 0.040 0.116 0.014 0.121%*
Con: conventional method; 128: 128-channel method.
L: left side stimulation; R: right side stimulation.
* significant correlation (p < 0.05).

in amplitude, since it potentially overcomes the discrepancy caused by intersubject
variation in position and orientation of cortical SEP generators with respect to the
fixed, conventional recording position. In contrast to our expectations, we found
similar intersubject amplitude variability for conventional and 128-channel meth-
ods. Nevertheless, amplitudes obtained with 128-channel method were considerably
higher compared to the conventional method (Tables 4.3 and 4.4 and Fig. 4.4), be-
cause the electrode position where the SEP component was maximal was typically
not the same as the electrode position used in the conventional method. Con-
sequently, the higher amplitude caused a lower aCOV when using the 128-channel
method. Therefore, the 128-channel method is likely to be more sensitive to patho-
logical changes than a conventional recording and analysis.

As expected, no significant differences in latency were observed between conven-
tional and 128-channel methods, except for N20 left side stimulation in the middle
age group for scalp reference analyses, right side stimulation in the entire group of
subjects for both scalp and earlobe reference analyses and P27 right side stimula-
tion for earlobe reference analyses. In a few subjects we found a smaller P27 or
P45 amplitude with the 128-channel method, which can be explained by a latency
difference between methods. Apparently, the potential map that corresponds to
P27 or P45 latency in the conventional method does not always match the reference
map used in the 128-channel method.

We also investigated the effect of age on amplitude. Previous SEP studies showed
an increase of N20, P27 and P45 amplitude with age (Desmedt and Cheron, 1981;
Kakigi and Shibasaki, 1991; Kazis et al., 1983; Strenge, 1986) although others re-
ported no significant age effect on N20, N30 and P45 amplitude (Ferri et al., 1996).
In our study, a comparison of amplitude between age groups did not result in signi-
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Figure 4.6: Results of scalp reference analyses. Left: Peak in the conventional derivation
at 24 ms identified as a P27. Right: Topographic map that corresponds to the peak
detected at 24 ms. Topographic map does not correspond to the reference map and this
peak is therefore not identified as a P27 with the 128-channel method.

ficant differences. Some of the SEP studies mentioned above included subjects with
a maximum age of approximately 90 years (Desmedt and Cheron, 1980; Kakigi and
Shibasaki, 1991), whereas in our study we included subjects between 20-70 years
old only. As age effects are likely to be more prominent in older age, this may
explain the absence of a significant difference between age groups. Furthermore,
we used the less powerful non-parametric Kruskal-Wallis test instead of a t-test or
ANOVA used in the other studies, since we took the non-normality of distributions
into account (Chiappa, 1997). Previous studies that used the t-test or ANOVA did
not report the results of normality tests.

We found positive correlations between age and amplitude for different SEP com-
ponents after left and right side stimulation, but these correlations were small (<
20% explained variance) and not consistent between scalp and earlobe reference
analyses.

In the present study amplitude reproducibility of the 128-channel method was
comparable with the conventional method for scalp reference analyses (Fig. 4.3).
Differences in amplitude between two recordings at separate days were in the same
range as the differences between two successive recordings. Consequently, we may
conclude that the variation between two 128-channel recordings at different days
is caused by physiological variability only.

The 128-channel method identified a P45 peak more often and a P27 peak less
often than the conventional method. Again, this may be explained by a mismatch
between the potential map at the latency of the conventional method and the 128-
channel reference map. In some cases a central positive field is found at the P27
latency (Fig. 4.6) as obtained with the conventional method, which might corres-
pond to a central P22 field. Secondly, it might be that P27 amplitude is below noise
level, making the P27 invisible in the butterfly plot. Since P27 could ultimately
only be identified in half of the subjects with the 128-channel method independent
of reference, this peak may be less useful for clinical applications compared to the
N20 and P45 peaks. The absence of P27 has been reported in some previous studies
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(Desmedt and Cheron, 1980; Gardill and Hielscher, 2001; Strenge, 1989).
Additionally, Desmedt and Bourguet (1985) reported an absent P45 in half of
a group of young subjects (21-34 years) in a 16-channel SEP study, while P45
was found more regularly in older subjects. However, they used the contralat-
eral earlobe electrode as reference, which may be contaminated with SEP activity
(Tomberg et al., 1991). This may have caused lower amplitudes, especially for the
more central P45 field, leading to a smaller number of detected P45 peaks.

The P27 may have different morphologies and amplitudes in scalp and non-cephalic
montages. However, the number of identified P27 components did not differ not-
ably between scalp and earlobe references in the present study.

In our study, we used the maximum sample frequency of our system (1 kHz) feasible
for 128-channels. In conventional clinical SEP measurements a sample frequency
around 10 kHz is generally applied, which is especially important for adequate
sampling of fast and sharp EP components. Therefore, we believe that a higher
sample frequency will not have a large effect on the slower and less sharp N20, P27
and P45.

The reference for SEP recordings has often been the matter of debate (Desmedt
and Tomberg, 1990; Tomberg et al., 1991, 1990). For the conventional method
Fz or earlobe electrodes are recommended as reference (Mauguiere et al., 1999),
whereas potential maps can better be studied using an average reference (Pascual-
Marqui and Lehmann, 1993b,a). However, in our recordings, the earlobe electrodes
presented SEP activity and were contaminated with artifacts. For that reason, we
first chose Fz as reference electrode, realizing that in this way it is not possible
to study parietal and frontal SEP components separately. Average reference was
used for the 128-channel method, allowing the use of topographic maps in the
analysis (Pascual-Marqui and Lehmann, 1993b,a). By defining amplitude as the
difference between highest and lowest amplitude in the butterfly plot, we ensured
that the choice of reference did not influence this parameter and that 128-channel
and conventional results could be compared. To judge the influence of reference
on the identification of separate components and to allow comparison with existing
literature, we also included earlobe reference analyses.

Our results show that conventional scalp derivations may not be optimal (CP3-
Fz/CP4-Fz and CP3-A2/CP4-Al): the position of maximum amplitude obtained
from 128-channel recordings is found more posterior and lateral for the N20, more
lateral for the P27 and more anterior and lateral for the P45 component com-
pared to CP3/CP4 (Fig. 4.5). We therefore recommend to increase the number
of electrodes for optimal SEP component amplitude estimation compared to con-
ventional recordings. This could be achieved by recording from a larger cluster of
centroparietal electrodes or by using a multichannel recording as described in this
paper. Multichannel recordings with 64 electrodes are theoretically sufficient, since
according to Spitzer et al. (1989) a spatial distance of at most 3 cm is required for
optimal amplitude estimation of SEP components.
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A drawback of using multichannel EEG recordings for clinical purposes may be the
extra preparation time (Desmedt et al., 1987), but when electrode caps are used
by skilled technicians or experimenters, our experience is that the preparation of
128-channels takes only an additional 20 minutes. If 64 electrodes are sufficient the
additional preparation time can thus even be reduced to 10 minutes.

In conclusion, this study shows that the alternative coefficient of variation for amp-
litude is lower for 128-channel recordings compared to the conventional one-channel
method, independent of reference. These results suggest that, at the cost of some
additional preparation time, the 128-channel method can measure SEP amplitude
more accurately and might therefore be more sensitive to pathological changes.
With this study, employing a rather straightforward analysis technique, we have
shown that multichannel SEP recordings show promise for clinical applications.
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Abstract

Objectives. Although large intersubject variability is reported for cortical soma-
tosensory evoked potentials (SEPs), variability between hemispheres within one
subject is thought to be small. Therefore, interhemispheric comparison of SEP
waveforms might be clinically useful to detect unilateral abnormalities in cortical
sensory processing. We developed and evaluated a new technique to quantify in-
terhemispheric SEP symmetry that uses a time interval including multiple SEP
components, measures similarity of SEP waveforms between both hemispheres and
results in high symmetry values even in the presence of small interhemispheric ana-
tomical differences.

Methods. Median nerve SEPs were recorded in 50 healthy subjects (20-70 years)
using 128-channel EEG. Symmetry was quantified by the intraclass correlation coef-
ficient (ICC) and correlation coefficient (CC) between global field power (GFP) of
left and right median nerve SEPs.

Results. In 74% of subjects left-right ICC was higher than 0.60, implying high
SEP hemispheric symmetry in terms of shape and amplitude. Left-right ICCs lower
than 0.60 were due to either differences in amplitude, unilateral absence of peaks
or shape differences.

Conclusion. We quantified SEP waveform interhemispheric symmetry and found
it to be high in most healthy subjects. This technique may therefore be useful for
detection of unilateral abnormalities in cortical sensory processing.
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5.1 Introduction

Somatosensory evoked potentials (SEPs) are mostly used clinically to evaluate con-
duction in somatosensory pathways. For this purpose, analyses of (inter)peak laten-
cies are sufficient. Other SEP parameters, for example amplitude and shape of the
SEP waveforms, have a high intersubject variability (Ferri et al., 1996; Chiappa,
1997; Gardill and Hielscher, 2001) which makes them less useful for clinical applic-
ation.

However, several magnetoencephalography (MEG) studies have shown high in-
trasubject interhemispheric symmetry of somatosensory evoked field (SEF) wave
morphology (Rossini, 1994; Tecchio et al., 2000; Theuvenet et al., 2005) when
comparing left and right median nerve stimulation in healthy subjects, whereas
in stroke patients interhemispheric asymmetry of SEFs was found (Tecchio et al.,
2000; Rossini et al., 2001; Rossini, 2004). These results suggest that comparing
SEF waveforms of left and right side stimulation might provide useful information
to detect unilateral abnormalities in the sensory cortical activation patterns as a
consequence of cerebral lesions (Tecchio et al., 2000) or other unilateral cortical
pathology.

An advantage of MEG compared to EEG is that magnetic fields are not influenced
by the presence of the skull. However, MEG is less sensitive to deep and radial
sources (Huizenga et al., 2001), is expensive and is only available in a limited num-
ber of hospitals. Therefore, we here investigate the interhemispheric symmetry of
SEPs, i.e. the electrical equivalent of SEF's.

So far, only a small number of studies investigated interhemispheric median and
tibial nerve SEP (a)symmetry in healthy subjects. Kanovsky et al. (1997) com-
pared peak-to-peak left and right median nerve SEP amplitude of the precentral
P22/N30 complex at electrodes F3(F4) and 2 cm posterior to C3(C4) in healthy
subjects. However, even healthy subjects can have small interhemispheric anatom-
ical differences (Steinmetz et al., 1991; Penhune et al., 1996; Amunts et al., 2000).
These interhemispheric variations can cause asymmetry in position and orientation
of SEP sources, which will result in asymmetric SEP topography and differences
in location of peak maxima, even in the absence of pathological abnormalities. Re-
cording SEP amplitude with a standard derivation, like in the study of Kanovsky
et al. (1997), may then result in large differences in SEP amplitude, whereas source
strength and source activation are actually similar.

Therefore, Buchner et al. (1995) used maximum N20, P22, P25 and N30 peak
amplitude instead of a standard derivation for estimating interhemispheric amp-
litude asymmetry in healthy subjects. According to this study, SEP amplitude
differences obtained from standard derivations between left and right side stimula-
tion are partly due to differences in SEP topography.

Elaborating on these findings, Jung et al. (2003) used dipole source analyses to
investigate the P14, N20 and P22 amplitude asymmetry in sixteen healthy young



Quantifying interhemispheric symmetry of SEPs with the ICC 61

subjects. They found significantly higher source strength and deeper located N20
sources in the left hemisphere.

However, all previous studies investigating interhemispheric SEP symmetry only
used maximum peak amplitudes for estimation of interhemispheric symmetry ex-
cept the studies of Kresch et al. (1998) and Jung et al. (2003). The latter used the
time interval from onset to peak to estimate the location of the source for each SEP
component and compared source location and maximum source strength, but not
source activity waveform. We hypothesize that besides peak amplitude and source
location other aspects of the SEP, such as waveform and potential field, might also
provide useful information for clinical purposes, similar to the SEF studies (Tecchio
et al., 2000; Rossini et al., 2001). So far, only Kresch et al. (1998) investigated
the symmetry of SEP waveform morphology. In that study, Pearson’s correlation
coefficient (CC) between left and right tibial nerve SEP measured at an electrode
2 cm posterior to Cz was used as measure for waveform symmetry. A disadvantage
of the CC is that it only measures the linear relation between two variables or
signals and does not further quantify their similarity. A second disadvantage of the
method used by Kresch et al. is that only one electrode position was used.

In this study, we introduce a new method to estimate interhemispheric SEP sym-
metry. This method is designed such that it measures SEP waveform similarity
between both hemispheres instead of linear correlation only, includes potentials of
multiple electrode positions and is not influenced by small interhemispheric ana-
tomical differences.

We evaluate the new symmetry estimate in a healthy population and compare it
with CC. Furthermore, Strenge (1986) suggested that a reorganization of primary
cortical areas may occur with age, which may influence the interhemispheric SEP
waveform symmetry. Therefore, we also investigated the effect of age on our sym-
metry estimate.

5.2 Materials and methods

5.2.1 Subjects

Median nerve SEPs were recorded from 50 right-handed healthy volunteers. For
each decade between 20 and 70 years, five males and five females were included,
except for the highest decade, where four males and six females were included. None
of the subjects had a history of head injury or other neurological conditions. All
subjects gave their informed consent. The protocol was approved by the medical-
ethical board of the University Medical Center Groningen.
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5.2.2 SEP recording

The subjects were sitting in a chair in a warm and quiet room and were instructed
to relax and keep their eyes open. During the recording we continuously monitored
the ongoing EEG for signs of drowsiness (increased alpha activity) and gave
subjects verbal feedback whenever we noticed that they were closing their eyes.
In this manner we ensured that subjects kept their eyes open during the entire
recording period and thereby, that their level of consciousness did not change
over recordings. We stimulated the median nerve at the wrist 500 times, one
side at a time, and repeated each recording once. The stimuli were square wave
impulses of 0.2 ms, which were delivered at a frequency of 2.1 Hz. The stimulus
intensity was slightly above motor threshold, producing a small thumb switch.
We placed Ag/AgCl-disk electrodes over Erb’s point with the reference electrode
at the sternum and recorded EEG from the scalp using a 128-electrode cap, which
was connected to a 128-channel headbox (Twente Medical Systems BV, Enschede,
The Netherlands). To place the cap we measured the distance between nasion and
inion, positioned Fpz at 10% of the nasion-inion distance above the nasion and
checked if electrode Cz was positioned at the centre of the nasion-inion distance
and between both pre-auricular points. Impedance values were kept below 10
k. We used Onyx software (Silicon Biomedical Instruments BV, Arnhem, The
Netherlands) to record the EEG data at a sampling frequency of 1000 Hz.

Data at Erb’s point were recorded, segmented, amplified and averaged with the
Medelec Synergy N-EP system (Oxford Instruments Medical, Concord, USA) to
verify peripheral conductivity data against normal data from our laboratory. If
the data at Erb’s point were not reproducible, we checked the N20 latency. If
both the N10 at Erb’s point and the N20 were absent, the subject was excluded
in further analyses.

The raw EEG data was processed off-line using Brain Vision Analyzer 1.05 (Brain
Products GmbH, Miinchen, Germany). We filtered the data with a high pass filter
of 3 Hz and segmented it into epochs of 100 ms including a 10 ms pre-stimulus
interval. Artifact rejection was set at = 100 4V and a baseline correction procedure
was performed using the pre-stimulus interval.

We repeated the complete protocol in 5 subjects, one from each decade, within 6
months to assess long-term intrasubject variability.

5.2.3 SEP interhemispheric symmetry measure

We developed a new method to estimate interhemispheric SEP symmetry. This
method compares left and right median nerve SEP by using the global field power
(GFP) instead of one standard deviation or a derivation with maximum amplitude
as used in previous SEP studies (Kresch et al., 1998; Tecchio et al., 2000). GFP
is a quantity for the total amount of activity over all electrodes at each timepoint
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Figure 5.1: Electrodes used for GFP calculation. Solid lin: encloses all electrodes for
GFP calculation of right side stimulation. Dashed line: encloses all electrodes for GFP
calculation of left side stimulation.

(Lehmann and Skrandies, 1984). By using the GFP, brain potentials over a large
area of the head are included in the symmetry estimate. In this way, small inter-
hemispheric differences in position and orientation of SEP sources due to underlying
anatomical differences will not decrease the symmetry estimate (Steinmetz et al.,
1991; Penhune et al., 1996; Amunts et al., 2000). In addition, by using the GFP,
we include more SEP components as well as more information on each component.
The GFP was calculated in Brain Vision Analyzer 1.05 using all contralateral elec-
trodes and the electrodes at the midline excluding the electrodes at the outer layer
of the cap (Fig. 5.1). We only included the contralateral electrodes, because cor-
tical SEP components are generated by sources in the contralateral hemisphere and
contribute mostly to the potential field at the contralateral side. Furthermore, we
excluded the outer layer, because these electrodes are prone to containing muscle
artifact. The GFP is defined as the root mean square of the individual channels at
every timepoint;

GFP(t) = (5.1)

In this equation N is the number of electrodes and V,,(t) is the potential recorded
at electrode n and timepoint t¢.

To calculate the similarity of the GFP waveforms of left and right median nerve
SEPs, we calculated both the CC and ICC. The distinction between ICC and CC
is that CC is a linearity index; it measures the degree to which one variable y can
be equated to another variable x by a linear transformation (y = ax + b). ICC on
the other hand is an additivity index; it measures the degree to which one variable
y can be equated to another variable x (y = x or y = « + b, depending on the ICC
form) (Mcgraw and Wong, 1996). This means that in the context of SEP waveform
comparisons the CC is a measure for shape similarity, while the ICC is a measure
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Figure 5.2: Examples of curves with high and low ICC and CC.

for shape and amplitude similarity (Fig. 5.2).

There are several forms of the ICC. In this study we used ICC(A,1) as defined in
McGraw and Wong (1996), where A stands for absolute agreement. ICC(A,1) is a
measure of the variance due to - in this case - time, divided by the total variance
(see appendix for the exact estimation of ICC(A,1)). The ICC ranges from 0 to 1.
An ICC of 1 means that the GFPs are equal; the lower the ICC the less similar
i.e., symmetric the GFPs are (Fig. 5.2 and 5.3).

The ICC and CC were calculated in SPSS 14.0 (SPSS Inc., Chicago, USA) us-
ing the GFP between 16 and 35 ms. In this interval SEP components are likely
not dependent on subjective attention, which may otherwise influence symmetry
measures (Mauguitre et al., 1997). Before we calculated left-right ICC and CC
from the GFPs of left and right SEPs, we used the same ICC and CC calcula-
tion to determine the within-session repeatability of left side stimulation (left-left)
and right side stimulation (right-right) respectively. In addition, we determined
Pearson’s correlation coefficient between age and ICC and Spearman’s correlation
coefficient between signal-to-noise ratio (SNR) and ICC. The latter correlation was
considered, because two recordings with a SNR below a certain threshold are ex-
pected to always have a low ICC. The SNR was calculated by taking the mean
GFP of the interval from 16 to 35 ms divided by the mean GFP of the interval
from -10 to 0 ms.

Two SEP recordings were performed for each side, which means that in total 4 left-
right ICCs could be calculated. The maximum left-right ICC and CC were used
for further analyses. To estimate the intersession repeatability, five subjects came
back within 6 months for a second session. We compared the maximum left-right
ICCs and CCs of both sessions.
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Figure 5.3: GFPs and butterfly plots of left and right median nerve SEP of subjects
with; A) high ICC (> 0.6), B) low ICC (< 0.6) and high CC (> 0.6) and C) low ICC
and CC (< 0.6). Left plots show GFPs of left side stimulation (solid line) and right side
stimulation (dashed line). The letters A, B and C correspond to the areas A, B and C in
figure 5.5. Middle and right plots show the butterflyplots of left and right median nerve
SEP, respectively. Analysis interval (16-35 ms) is indicated in all figures.
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5.3 Results

We excluded five of the 50 subjects (males; 36, 50, 56, 63 and 64 years old).
Two of these subjects experienced the stimuli as too painful. One subject had no
reproducible Erb response in combination with an absent N20 potential at CP3-Fz
after right side stimulation. Two other subjects were excluded, because in each
subject one of the right cortical median nerve SEPs contained too many artifacts
to give reproducible peaks. In four subjects no reproducible Erb response was
found at one stimulation side. However, the N20 potentials of these subjects were
normal and for that reason these subjects were included in the analysis.

Subject characteristics are given in table 5.1.

Table 5.1: Subject characteristics

Age group  Number Age
20-30 10 26.4 + 2.8
30-40 9 33.7 £ 3.1
40-50 10 449 £ 2.6
50-60 8 54.3 + 2.8
60-70 8 62.5 £ 2.9

Age is given in years as mean + sd.

5.3.1 Within session reproducibility

We estimated the within-session reproducibility of left and right SEPs by calcu-
lating the left-left and right-right ICC and CC of the GFPs. The averages of the
left-left and right-right ICC and CCs are given in table 5.2. In this table the SEPs
are classified in four different groups based on their ICC and CC value. The dif-
ferent groups correspond to the different areas in the right graph of figure 5.4.
SEPs with an ICC value higher than 0.60 are considered to have a similar shape
and amplitude. This threshold and following thresholds are chosen by visual judge-
ment of GFP overlay plots and based on the distribution shown in figures 5.4 and
5.6, in which the majority of the subjects should have an ICC and CC above the
threshold. Six subjects had a left-left ICC lower than 0.60, whereas eleven subjects
had a right-right ICC lower than 0.60.

In this study, we used the CC as a measure of shape similarity. SEPs with a CC
higher than 0.60 and an ICC lower than 0.60 are considered to have only a shape
similarity. In seven subjects either left-left and/or right-right ICC was lower than
0.60 with a concurrent CC higher than 0.60.

The SEPs with a left-left or right-right CC ranging between 0.40 and 0.60 had
an amplitude difference during one peak or an amplitude difference that was not
consistent during the entire interval.

Three subjects with a left-left and/or right-right CC lower than 0.4 were excluded
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for further analysis, since peaks were not consistent between GFPs partly due to a
low SNR (<3.2).

Additionally, we investigated the relation between SNR and left-left ICC/CC and
right-right ICC/CC (Fig. 5.5) and found significant correlations between SNR and
both ICCs (left: r = 0.518, p<0.001, right: r = 0.504, p<0.001 (two-tailed))
and between SNR and both CCs (left: r = 0.483, p=0.003, right: r=0.435, p
= 0.003(two-tailed)). In the present study, recordings with low SNR (<0.10) had
high ICCs/CCs (>0.60) as well as low ICCs/CCs (<0.60), while recordings with
high SNR (>0.10) had only high ICCS/CCs (>0.60).

We also tested the relation between age and left-left ICC/CC and right-right
ICC/CC (Fig. 5.4). There was neither a significant correlation between age and
ICC (left r = 0.009, p = 0.956, right: r = -0.213, p = 0.159) nor between age and
CC (left r = -0.029, p = 0.848, right: r = -0.206, p = 0.174).

Table 5.2: Group values of left-left and right-right ICC and CC

Left-left Right-right
Area ICC CC N ICC CC N I1CC CC
A >060 >060 39 083+0.12 089+£0.11 34 0.84+0.11 0.91+£0.09
B <060 >060 4 0.26-0.54 0.74-0.95 4  0.31-0.55 0.75-0.99
C <060 >040 1 048 0.55 4 0.32-0.53 0.47-0.57
< 0.60
D <040 <040 1 O -0.39 3  0.00-0.19 -0.24-0.29
N: number of subjects in each group.
The letters of the areas correspond with the areas in figure 5.4
For the group with ICC > 0.6 mean =+ sd is given.
For the other two groups the range of ICC and CC is given.
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Figure 5.4: Scatterplot of left-left and right-right ICC (left) and CC (middle) versus
age and scatterplot of CC versus ICC (right). Closed circles: left-left ICC/CC. Open
triangles: right-right ICC/CC.

5.3.2 Interhemispheric symmetry

The interhemispheric symmetry of SEP waveforms was calculated using the ICC
and CC of the GFPs of SEPs resulting from left and right median nerve stimula-
tion. The averages of the left-right ICC and CCs are given in table 5.3. Similar to
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Figure 5.5: Left-left ICC (closed circles) and right-right ICC (open triangles) versus
minimum SNR of both GFPs (left). Left-left CC (closed circles) and right-right CC
(open triangles) versus minimum SNR of both GFPs (right).
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Figure 5.6: Scatterplots of left-right ICC (left) and CC (middle) versus age and scat-
terplot of CC versus ICC (right).

table 5.2 the SEPs are classified in four different groups based on their ICC and
CC value. The different groups correspond to the different areas in the right plot
of figure 5.6.

SEP recordings with a left-right ICC higher than 0.60 had similar shape and amp-
litude and were thus highly symmetric. Eleven out of 42 subjects had a left-right
ICC lower than 0.60, from which seven had a left-right CC higher than 0.60. These
recordings concern SEPs that were only shape symmetric.

The subjects with both ICC and CC lower than 0.60 had shape differences (3 sub-
jects) or a peak was missing (1 subject). Figure 5.6 shows the individual left-right
ICC and CC values as a function of age. No significant correlation was found,
neither between age and left-right ICC (r = -0.033, p = 0.837) nor between age
and left-right CC (r = -0.021, p = 0.893).

In five subjects we performed a second recording session within six months. The
maximum left-right ICCs and CCs of both sessions are given in table 5.4. One sub-
ject shows a remarkable difference in ICC between session 1 and 2. This difference
is due to an amplitude shift that starts after 15 ms and continuous at least till 90
ms after stimulation.
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Table 5.3: Group values of left-right ICC and CC

Left-Right
Area 1CC CC N 1CC cC
A > 0.60 > 0.60 31 0.81 £0.10 0.90 £+ 0.09
B < 0.60, > 0.60 7 0.33-0.59 0.60-0.94
C < 0.60 > 0.40 ,< 0.60 4 0.29-0.43 0.46-0.59
D < 0.40 < 0.40 0 - -

N: number of subjects in each group

The letters of the areas correspond with the areas in figure 5.6.
For the group with ICC > 0.6 mean =+ sd is given.

For the other two groups the range of ICC and CC is given.

Table 5.4: Left-right ICC and CC at first and second session.

Left-Right ICC Left-Right CC
Subject  Session 1  Session 2 Session 1  Session 2
1 0.74 0.97 0.94 0.98
2 0.82 0.76 0.99 0.98
3 0.82 0.85 0.95 0.91
4 0.94 0.96 0.98 0.98
5 0.39 0.87 0.92 0.95

5.4 Discussion

We introduced a new method to quantify interhemispheric median nerve SEP sym-
metry, which takes both shape and amplitude into account. This method compares
GFP waveforms from left and right side stimulation by using the ICC, such that
1) the similarity of median nerve SEP activity patterns instead of only the linear
correlation is quantified, 2) small interhemispheric differences in position and ori-
entation of SEP sources have no consequences for the symmetry measure and 3)
multiple successive SEP components are included. We showed that the ICC can be
an appropriate measure for quantifying interhemispheric symmetry. We found high
symmetry between GFP waveforms of left and right side median nerve stimulation
in healthy subjects, which is in agreement with MEG studies investigating inter-
hemispheric symmetry of SEF waveforms (Tecchio et al., 2000; Theuvenet et al.,
2005).

The low left-right ICCs of eleven subjects were to a large extent caused by differ-
ences in amplitude (7 subjects), unilateral absence of peaks (1 subject) or shape
differences (3 subjects). The left and right SEP recordings with low ICC due to
amplitude differences, had a high left-right CC (>0.60), indicating that the SEP
waveforms were only symmetric regarding to shape. The differences in amplitude
might be related to the handedness of the subject. Several previous studies report
higher amplitudes after stimulation of the dominant side (Buchner et al., 1995;
Soros et al., 1999; Jung et al., 2003; Theuvenet et al., 2005), while other studies



70 Chapter 5

report no difference (Kakigi and Shibasaki, 1991; Kanovsky et al., 1997). However,
in our study only three out of seven subjects with a low left-right ICC due to
amplitude differences had higher peak amplitudes for stimulation of the dominant
hand.

Another cause for amplitude differences between GFPs of left and right stimula-
tion as well as between GFPs of repeated measures might be stimulus-locked alpha
activity. Previous studies showed that alpha activity is sometimes time-locked to
a stimulus and can alter potential amplitudes up to 30% (Basar et al., 1997; Palva
et al., 2005).

Three subjects were excluded for symmetry analysis, because their SEPs were less
reproducible partly caused by a low SNR. Additionally, we investigated the in-
fluence of SNR on the ICC. We found a significant correlation between SNR and
left-left and right-right ICC. In this study, high ICCs/CCs (>0.60) were found for
recordings with low as well as high SNR, while low ICCs/CCs (<0.60) were only
found in recordings with a SNR lower than 10. According to these findings, we
could not assign a minimum required SNR for estimation of the ICC. However, SEP
recordings of patients often contain more noise than healthy subjects. Therefore,
it is important to check the SNR of recordings that have low ICCs/CCs.

In our study, eleven subjects out of 43 had a left-right ICC lower than 0.60. How-
ever, considering the findings of Rossini et al. (2004) and Tecchio (2000), who
investigated the SEF waveform in patients with a history of stroke, we expect
even lower left-right ICC values in these patients, since the butterflyplots of stroke
patients in the studies by Rossini and Tecchio and coworkers show larger interhemi-
spheric asymmetry than the butterflyplots (Fig. 5.3) of our healthy subjects even
if they have a relatively low ICC. Future studies including patients with unilateral
cortical pathology, will demonstrate if the left-right ICC of these patients is indeed
lower than the left-right ICC in our healthy subject group.

Strenge (1986) suggested that a reorganization of primary cortical areas may occur
with age, which may decrease the interhemispheric SEP waveform symmetry. In
our study, no correlation was found between age and left-right ICC in our group of
healthy subjects between 20 and 70 years. Possibly, this reorganization causes only
small differences in position or orientation of the SEP sources which will not lead
to differences in source activity pattern and GFP and therefore not to differences
in our symmetry measure.

Furthermore, we found no significant correlation between age and ICC or CC. Thus
the reproducibility of SEPs does not decrease with age.

As expected the ICC is lower compared to CC when left and right GFP differ in
amplitude. Accordingly, ICC is a better method to estimate SEP symmetry when
amplitude needs to be taken into account. However, if one is only interested in
shape similarity, CC might be appropriate.

In this study, we recorded two left and two right median nerve SEPs. Therefore,
a total of 4 left-right ICCs could be determined, of which the maximum left-right
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ICC was used for further comparison in this study. An alternative would be to use
the average left-right ICC. However, if one of the 4 recordings has for example a
low SNR, this could have a large effect on the average left-right ICC, while this
would not influence the maximum left-right ICC.

In conclusion, we introduced a new method to quantify interhemispheric SEP sym-
metry that compares SEP waveforms. This method calculates the ICC between the
GFPs of left and right median nerve SEPs and results in high symmetry in a group
of healthy subjects. From our analyses we advise to verify the SNR for recordings
with low ICC, before ascribing the low value to interhemispheric asymmetry of the
SEP waveform.

Future studies with patients, will demonstrate how interhemispheric comparison of
SEP waveforms can be used in clinical applications.

5.5 Appendix: ICC estimation

The variance model used for ICC(A,1) is (Mcgraw and Wong, 1996):
GFPis = p+1 +cs + e (5.2)

According to this equation, each GFP at time point ¢ and stimulation side s
(GF P;s) can be modelled by the mean GFP over both stimulation sides (u) plus ¢,
which depends on the timepoint, plus ¢, which depends on the stimulation side,
plus a residue, e;s. With this model ICC is defined as the ratio of the variance due
to time effect and the total variance:

2

o

_ . 5.3
p 02+ 02+ o2 (5.3)

2

2. 02 and o2 are the variances corresponding to r¢, ¢s and eys.

In this equation o
According to this equation ICC becomes smaller, when the variance between both

2 2 increase. The variances in equation

c) e’

and the residual variance, o
5.3 can be estimated by using the mean squares of analysis of variance for repeated

recordings, o

measures;
a_z — MS,.—MS.
~2 __ MS.—MS
52 — Msiys. (5.4)
~2
o =DMS.

where k is the number of points in time, MS, the mean variation between
timepoints, M S, the mean variation between the stimulation sides and M S, is
the mean variation that cannot be explained by the effect of time or stimulation
side. If 62, 62 or 62

T (&) €

was negative, it was set to zero in further calculations. The
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mean squares are defined by:

MS, = g2 S/, (GFP, — GFP_)?

3

MS,=kY.?_(GFP,—GFP_)? (5.5)
MS, = gty oy X2 (GF P, — GFP, — GFP . + GFP_)?

where

GFP;. =5, GFP,,/2
GFP.=YF GFP./k (5.6)
GFP. =31 > GFP,/(2k)

Combining equation 5.2 with equation 5.3 gives:

MS, — MS,
MS, +MS, + 2(MS. — MS,)

ICC(A,T) =



128-channel median nerve somatosensory
evoked potentials in the differential
diagnosis of parkinsonian disorders

This chapter is submitted for publication as:

128-channel median nerve somatosensory evoked potentials in the differential dia-
gnosis of parkinsonian disorders. W.J.G. van de Wassenberg, J.H. van der Hoeven,
K.L. Leenders, N.M. Maurits.

Abstract

Objectives. Clinical practice shows that the differential diagnosis of parkinsonian
disorders can be very difficult, especially in an early stage. In this study, we in-
vestigated whether SEP amplitude can be used as diagnostic tool for parkinsonian
disorders by using 128-channel recordings, and in particular whether SEP sym-
metry can differentiate corticobasal ganglionic degeneration (CBGD) from other
parkinsonian disorders.

Methods. We recorded SEPs in 47 patients with parkinsonism who were suspec-
ted to have CBGD or progressive supranuclear palsy (PSP) or who had a definite
diagnosis of Parkinson’s disease (PD). We compared SEP symmetry and parietal
peak amplitudes of the patients by grouping them based on the clinical diagnosis
after 1-5 years of follow-up. In nine subjects the diagnosis remained unclear.
Results. Three out of 13 patients with CBGD had an abnormal SEP asym-
metry. However, similar abnormalities were also found in patients with possible
PSP, Parkinson’s disease and multiple system atrophy (MSA). Furthermore, we
found extremely high N20 amplitudes in three other patients with CBGD.
Conclusion. Cortical median nerve SEP symmetry and parietal amplitude have
a low sensitivity and specificity for differentiating CBGD from other parkinsonian
disorders in an early stage of the disease. A possible reason for this may be that
the hand area of the primary somatosensory cortex is not affected in most patients
with CBGD in an early stage of their disease.
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6.1 Introduction

Parkinsonism is a clinical syndrome characterized by resting tremor, bradykinesia,
rigidity and postural instability. These clinical features not only occur in patients
with Parkinson’s disease (PD), but also in patients with progressive supranuclear
palsy (PSP), corticobasal ganglionic degeneration (CBGD) and multiple system at-
rophy (MSA). The differential diagnosis of parkinsonian disorders based on clinical
criteria can therefore be very difficult, especially in an early stage of the disease
(Litvan et al., 1998, 1999; Hughes et al., 2002). A definite diagnosis can only be
made in combination with post-mortem neuropathological examination (Cornford
et al., 1995; Mitra et al., 2003; Mahapatra et al., 2004). In the past, different
methods have been assessed to improve the accuracy of the differential diagnosis
in patients with parkinsonism in an early stage of the disease. An imaging tech-
nique that can improve differential diagnosis of parkinsonian disorders is [18F]-
fluorodeoxyglucose (FDG) PET (Eckert et al., 2005). However, also this technique
cannot always help in an early stage. Therefore, there is an ongoing search for
alternative methods that may contribute to the differential diagnosis of parkinso-
nian disorders. A number of studies report somatosensory evoked potential (SEP)
abnormalities in parkinsonian disorders.

In patients with CBGD a reduced N20, N20-P27 and N30 amplitude after stimu-
lation of the most affected as well as the less affected side, increased N20 latency
and absence of the N30 after stimulation of the most affected side have been found
unilaterally (Brunt, 1995; Carella et al., 1997; Okuda et al., 1998; Monza, 2003;
Klodowska-Duda et al., 2006). Bilaterally, an increased N13-N20 latency, abnor-
mally increased N30 latency and enlarged N20 and N20-P27 amplitude have been
reported (Thompson et al., 1994; Takeda et al., 1998; Monza, 2003). Besides differ-
ences between studies, differences in abnormalities within studies have been repor-
ted as well. Based on what is known about the pathology of CBGD, asymmetric
abnormalities in N20 and P27 may be expected, since CBGD is characterized by
asymmetric frontoparietal cortical atrophy, particularly in the pre- and post-central
regions where the primary somatosensory cortex is positioned and the N20 and P27
are thought to be generated (Dickson et al., 2002; van de Berg et al., 2007).
Other studies have investigated SEPs in patients with PSP and PD and found ab-
normal as well as normal results. In patients with PSP increased frontal and pari-
etal SEP amplitudes and reduced frontal SEP amplitudes were found compared to
healthy controls and patients with PD (Abbruzzese et al., 1991; Kofler, 2000; Miwa
and Mizuno, 2002), whereas decreased as well as normal frontal SEP amplitudes
were reported in patients with PD compared to healthy controls (Mauguiére et al.,
1993; Rossini et al., 1995; Garcia et al., 1995; Bostantjopoulou et al., 2000). The
reduced frontal N30 SEP amplitude in patients with PD might be due to basal
ganglia dysfunction, since the N30 is assumed to be generated in the supplement-
ary motor cortex (SMA) (Rossini et al., 1989, 1996) that receives major input from
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the basal ganglia. In patients with PSP the abnormal N30 amplitude might be
related to frontal lobe atrophy (Dickson, 1999; van de Berg et al., 2007) or to basal
ganglia dysfunction as well.

According to these findings, SEP might contribute to the differential diagnosis of
parkinsonian disorders, since for each parkinsonian disorder different abnormalities
were found. On the other hand, results so far are diverse and none of these studies
included more than two parkinsonian disorders or investigated the diagnostic value
of SEPs by including patients in an early stage when the diagnosis is still unclear.
In this study, we included patients who are suspected to have CBGD or PSP, pa-
tients with PD and age-matched healthy controls and recorded 128-channel median
nerve SEPs. We investigated whether CBGD could be differentiated from the other
parkinsonian disorders at an early stage of the disease. First we compared SEP
symmetry, calculated with a technique introduced in our previous paper (van de
Wassenberg et al., 2008¢), between the parkinsonian disorders. We hypothesized
that SEPs are most asymmetric in patients with CBGD.

In addition, we investigated SEP amplitudes, since previous studies also repor-
ted bilateral amplitude abnormalities in CBGD as well as in other parkinsonian
disorders. SEP amplitudes were estimated with a conventional derivation used in
previous studies, as well as with a 128-channel method as described in our earlier
paper (van de Wassenberg et al., 2008b). The 128-channel method was proven to be
more accurate for amplitude estimation than the conventional method that uses a
limited number of electrodes. We hypothesize that amplitude differences are estim-
ated more accurately with the 128-channel method. Therefore, we expect to find
more homogeneous results within patient groups, which were not found in previous
studies, and clearer differences between the various parkinsonian disorders.

6.2 DMaterials and methods

6.2.1 Patients

Patients were recruited from the Movement Disorders Clinic of the University Med-
ical Center Groningen. From 2005 till 2007 we included prospectively all patients
with parkinsonism who were suspected to have CBGD or PSP or with definite PD
(Hughes et al., 1992) and who wanted to take part in the study according to a preset
protocol. Patients who additionally suffered from other neurological disorders were
excluded. In addition, we studied 15 patients retrospectively who were referred for
a 128-channel SEP recording for clinical work-up between 2001 and 2005 and were
suspected to have CBGD. In total we included 47 patients.

For all patients except the patients diagnosed with PD, an FDG PET scan was
performed. Diagnoses of the parkinsonian disorders were made based on clinical
criteria and on the FDG PET scan for PSP and CBGD. PD diagnoses were based
on the United Kingdom Parkinson’s Disease Society Brain Bank (UK-PDSBB) cri-
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Table 6.1: Characteristics of the patients with PD

Pt Sex Age! Duration? Hoehn and® L-dopa?  Stim®
Yahr stage freq
1 m 70 2 2 - 2.1
2 m 63 2 2 + 2.1
3 m 7 2 2 + 2.1
4 m 62 1 1 - 2.1
5 m 78 8 3 + 2.1
6 m 66 8 2 + 2.1
7 f 68 4 1 + 2.1
8 f 70 3 3 + 2.1
9 m 62 3 2 - 2.1
10 m 52 3 1 - 2.1
11 m 67 6 3 + 2.1
12 f 57 10 3 + 2.1
13 f 53 5 2 + 2.1
14 m 64 4 2 + 2.1
15 f 62 2 3 + 2.1
Mean 64.7 4.2 2.1
SD 7.5 2.7 0.8

Pt = patient number; f = female; m = male.

1 Age at the time of SEP recording in years.

2 Disease duration at the time of SEP recording in years.

3 Hoehn and Yahr stage (Hoehn and Yahr, 1967) at the time of
SEP recording.

4 Use of L-dopa medication at the time of SEP recording.

5 Stimulus frequency used for SEP recording in Hz.

teria (Hughes et al., 1992). Clinical diagnosis of PSP was made according to the
NINDS-SPSP inclusion criteria (Litvan et al., 1996) with the addition that patients
with probable PSP also had to have an FDG PET scan with hypometabolism of
the medial frontal cortex or brainstem and no features of MSA or CBGD (Eckert
et al., 2005). The diagnosis of possible CBGD was based on the criteria proposed
by Mahapatra et al. (2004), while the diagnosis of probable CBGD had the addi-
tion that the FDG PET scan had to show cortical hypometabolism or basal ganglia
hypometabolism both contralateral to the most affected side (Eckert et al., 2005).
All patients were followed for 1-5 years. In January 2008 we checked all patient files
to obtain the latest diagnosis. This diagnosis was used for the analyses performed
in this study. Patient characteristics are given in tables 6.1-6.4.

Ten, elderly subjects (5 male: age 62.7 + 2.6 years) without a history of head
injury or other neurological conditions who participated in an earlier study were
used as healthy controls (van de Wassenberg et al., 2008b).

The protocol was approved by the medical-ethical board of the University Medical
Center Groningen. All subjects gave their informed consent, when the SEP was
not made to assist in the clinical diagnosis.
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Table 6.2: Characteristics of the patients with CBGD

Pt Sex Probable/T Age? Dura-> Side! FDG PET® L-dopa®  Stim.”
possible tion freq.

1 f possible 75 3 L R:co + th + - 2.9
st

2 f probable 71 3 L R: put + th - 2.9

3 f probable 74 3 R L: co + st + - 2.9
put

4 m probable 64 6 R L: co + th - 2.9
+st
R: cb

5 m probable 70 1 R L: co + th - 2.9
R: cb

6 m probable 69 2 L R: co + st+ - 2.9
th
L: cb

7 m probable 63 2 R L: co+st + - 2.1
th
R: cb

8 f probable 73 1 R L: co + th + + 2.1
st
R: cb

9 m probable 72 3 R L: co + st + + 2.1
th
R: cb

10 f probable 73 2 L R: co - 2.1

11 f probable 57 1 L R: co +th + + 2.1
st

12 f possible 80 2 R co + th 4 st + 2.1

13 f probable 64 2 L R:co+ th + - 2.9
st 4+ nc

Mean 69.6 2.4

SD 6.1 1.4

Pt = patient number; f = female; m = male.

1 Most recent diagnosis.

2 Age at the time of SEP recording in years.

3 Disease duration at the time of SEP recording in years.

4 Most affected side based on neurological examination. L = left; R = right.
5 Structures with glucose hypometabolism according to the FDG PET scan:
R = right hemisphere; L = left hemisphere; cb = cerebellum; co = cortex;
nc = nucleus caudatus; put = putamen; st = striatum; th = thalamus.

6 Use of L-dopa medication at the time of SEP recording.

7 Stimulus frequency used for SEP recording in Hz.
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Table 6.3: Characteristics of the patients with PSP

Pt Sex Probable/T Age? Dura-® Side? FDG PET® L-dopa® Stim.”
possible tion freq.
1 f possible 73 4 L=R mf + 2.9
2 m probable 57 4 L=R mf - 2.1
3 f possible 74 3 L<R - - 2.1
4 m probable 58 1 L=R mf - 2.1
5 m probable 61 1 L=R mf - 2.1
6 f possible 66 1 L=R mf - 2.1
7 f probable 68 1 L=R mf +nc + 2.1
8 f possible 59 3 L>R mf+ cb - 2.1
Mean 63.9 2.3
SD 5.9 1.4

Pt = patient number; f = female; m = male.

1 Most recent diagnosis.

2 Age at the time of SEP recording in years.

3 Disease duration at the time of SEP recording in years.

4 Affected side based on neurological examination. L=R, = left and right side
equally affected; L<R = left less than right side affected; L>R = left more
than right side affected.

5 Structures with glucose hypometabolism according to the FDG PET scan:
cb = cerebellum; mf = mediofrontal area; nc = nucleus caudatus.

6 Use of L-dopa medication at the time of SEP recording.

7 Stimulus frequency in Hz used for SEP recording in Hz.

Table 6.4: Characteristics of patients with a different diagnosis or unclear diagnosis

Pt Sex Diagnosis’ Age? Dura-> Side* FDG PET® L-dopa®  Stim.”
tion freq.
17 f probable MSA 64 3 L>R cb +st + 2.9
2 f probable MSA 65 3 L>R  put +par - 2.1
3 f other 69 5 L<R no scan - 2.9
4 m unclear 57 3 L>R c¢b - 2.9
51 f unclear 60 1 L=R par +f - 2.1
6t f unclear 64 2.5 L>R R: par + 2.1
7 f unclear 59 2 L<R - - 2.9
8 T f unclear 73 2.5 L<R - - 2.9
9 f CBGD/PSP 74 3 L<R mf + 2.9
10 m CBGD/PSP 75 6 L=R mf - 2.1
R: co
11 m CBGD/PSP 66 5 L=R mf - 2.1
R: temp

t Patient has passed away. Autopsy was not performed and thus definite diagnosis

remains unclear.

Pt = patient number; f = female; m = male.

I Most recent diagnosis. CBGD/PSP = most likely CBGD or PSP.

2 Age at the time of SEP recording in years.

3 Disease duration at the time of SEP recording in years.

4 Affected side based on neurological examination. L=R, = left and right side
equally affected; L<R = left less than right side affected; L>R = left more
than right side affected.

5 Structures with glucose hypometabolism according to the FDG PET scan:
R = right hemisphere; L = left hemisphere; cb = cerebellum; co =cortex;

f = frontal lobe; mf = mediofrontaal; par = parietal lobe; put = putamen,;
st = striatum; temp = temporal lobe.

6 Use of L-dopa medication at the time of SEP recording.

7 Stimulus frequency used for SEP recording in Hz.
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6.2.2 SEP recording

The subjects were sitting in a chair in a warm and quiet room and were instructed
to relax and keep their eyes open. We stimulated the median nerve at the wrist 500
times, one side at a time, and repeated each recording once. In the subjects recor-
ded between 2001 and 2005 we used square wave impulses of 0.2 ms, which were
delivered at a frequency of 2.9 Hz with the Viking IV system (Nicolet Instrument,
Madison, Wisconsin, USA). In the other subjects we used the same stimuli, but
at a stimulus frequency of 2.1 Hz, that were delivered with the Medelec Synergy
N-EP system (Oxford Instruments Medical, Concord, USA). These systems were
also used for recording of potentials at Erb’s point. Since previous studies only
found amplitude differences when stimulus frequencies differed more than 2.4 Hz
(Delberghe et al., 1990; Fujii et al., 1994) and according to Delberghe et al. (1990)
and Mauguiere et al. (1999) amplitude differences will only appear if the stimulus
rate exceeds 3.1 Hz, we expect no differences in amplitude due to the stimulus rate
difference.

The stimulus intensity was slightly above motor threshold, producing a small thumb
switch. We placed Ag/AgCl-disk electrodes over Erb’s point with the reference elec-
trode at the sternum and recorded EEG from the scalp using a 128-electrode cap,
which was connected to a 128-channel headbox (Twente Medical Systems BV, En-
schede, The Netherlands). To place the cap we measured the distance between na-
sion and inion, positioned Fpz at 10% of the nasion-inion distance above the nasion
and checked whether electrode Cz was positioned at the centre of the nasion-inion
distance and between both pre-auricular points. Impedance values were kept below
10 k2. We used Onyx software (Silicon Biomedical Instruments BV, Arnhem, The
Netherlands) to record the EEG data at a sampling frequency of 1000 Hz.

The data at Erb’s point were segmented, amplified and averaged. Subsequently,
amplitude and latency were determined at Erb’s point to verify peripheral conduct-
ivity data against normal data from our laboratory. If the data at Erb’s point was
not reproducible and no reproducible cortical SEPs could be recognized either, the
subject was excluded for further analysis. This was the case in one patient with
CBGD, one patient with PD and three subjects with an unclear diagnosis.

The raw EEG data was processed off-line using Brain Vision Analyzer 1.05 (Brain
Products GmbH, Miinchen, Germany). We filtered the data with a high pass filter
of 3 Hz and segmented it into epochs of 100 ms including a 10 ms pre-stimulus in-
terval. Artifact rejection was set at £ 100 uV and a baseline correction procedure
was performed using the pre-stimulus interval.

6.2.3 SEP analysis

In this study, we used a sampling rate of 1000 Hz for SEP recording. The sampling
rate recommended for SEP recordings is 20 kHz (Mauguiere et al., 1999). However,
simultaneous recording of 128 channels decreases the maximum possible sample
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rate to 1000 Hz. Due to this low sample frequency, latency could not be compared
accurately between groups.

Conventional SEP amplitude

We used CP4-A1/CP3-A2 for estimation of N20, P27 and P45 amplitude for
left /right side stimulation, since this derivation allows us to compare our results
with other studies (Brunt, 1995; Miwa and Mizuno, 2002). The largest negative
peak around 20 ms was identified as the N20. The main prominent positive peak
succeeding the N20 was recognized as the P27 and the P45 was the main prominent
positive peak following the P27. All amplitudes were defined as peak-to-baseline
amplitudes. Amplitudes were compared between groups and compared to upper
and lower normal limits. The lower and upper normal limits are based on a pre-
vious study and are defined as 5th and 95th percentile of amplitude estimates in
a group of 47 healthy subjects (van de Wassenberg et al., 2008b). The age of this
group ranged from 20 to 68 years and in this group no age effect was found. The
upper limits are 2.92 pV, 4.80 ¢V and 6.92 pV for N20, P27 and P45 amplitude
respectively. The lower limits are 0.30 pV, 0.43 ¢V and 0.99 pV for N20, P27 and
P45 amplitude respectively.

128-channel SEP amplitude

Amplitude estimation with the 128-channel method is described in detail in our
earlier study (van de Wassenberg et al., 2008b) and will be briefly outlined here.
For analysis, the averaged data were exported to ASA 2.21 (ANT software BV,
Enschede, The Netherlands) using an average reference. Subsequently, we searched
for negative (N20) and positive peaks (P27 and P45) in the butterfly plot between
15 and 65 ms and checked whether the corresponding scalp topography met the
criteria we defined for N20, P27 and P45. These criteria were a frontal positive
field together with a parietal negative field for the N20 topography, a parietal
positive field in combination with a negative frontal field for the P27 topography
and a positive parietal/central field for the P45 topography, all contralateral to
the stimulation side. If the topography matched, we used the difference between
maximum and minimum amplitude at the time of the peak as (total) amplitude.
Again the peak amplitudes were compared between groups and compared to
normal limits. The lower and upper limits were defined in the same way as the
conventional amplitude limits. The upper limits are 5.21 pV, 8.50 pV and 9.49
wV for N20, P27 and P45 amplitude respectively. The lower limits are 1.31 uV,
2.23 pV and 2.27 pV for N20, P27 and P45 amplitude respectively.
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SEP interhemispheric symmetry

First of all we determined the absolute laterality index (LI) of each peak (Jung
et al., 2003). The LI is defined as the absolute difference between left and right
amplitude divided by the sum of both amplitudes.

Furthermore we used the method that we described in more detail in Van de
Wassenberg et al. (van de Wassenberg et al., 2008b) as a measure of interhemi-
spheric symmetry. This method has the advantage that it takes both SEP shape
and amplitude into account and includes multiple successive SEP components.
Furthermore, small interhemispheric differences in position or orientation of the
SEP source do not influence the symmetry measure. The method compares left
and right median nerve SEP by using the global field power (GFP). GFP is a
measure for the total amount of activity over all electrodes at each timepoint
(Lehmann and Skrandies, 1984). By using the GFP, brain potentials over a large
area of the head are included in the symmetry estimate. The GFP was calculated
in Brain Vision Analyzer 1.05 using all contralateral electrodes and the electrodes
at the midline excluding the electrodes at the outer layer of the cap.

Finally, to estimate interhemispheric symmetry, we calculated the similarity of the
GFP waveforms of left and right median nerve SEPs, by means of the intraclass
correlation (ICC) of both recordings. The ICC ranges from 0 to 1. An ICC of
1 means that the GFPs are equal; the lower the ICC the less similar the GFPs
and thus the less symmetric the SEPs. The ICC was calculated in SPSS 14.0
(SPSS Inc., Chicago, USA) based on the GFP between 16 and 35 ms. For the
subjects with low ICC we additionally calculated the signal to noise ratio (SNR)
to investigate whether a low SNR could be the cause of the low ICC.

6.3 Results

6.3.1 Amplitude

The N20, P27 and P45 peaks could not be detected in all subjects. Table 6.5 shows
the missing peaks for each patient group and for both the conventional and 128-
channel method. No clear differences in the absence of peaks could be observed
between groups.

We compared N20, P27 and P45 amplitudes between groups as determined with
the 128-channel method as well as with the conventional method (Fig. 6.1). N20
amplitude was extremely high (128-channel >10 ¢V, conventional > 5 pV) com-
pared to the other patients and subjects in one patient with CBGD after both left
and right side stimulation and in two patients with CBGD after stimulation of the
most affected side (right side) only. However, when comparing the amplitude to
the upper normal limits for N20 amplitude, we see that in each patient group one
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Table 6.5: Missing peaks per patient group

128-channel conventional
Pt N N20 P27 P45 N20 P27 P45
group left/right  left/right  left/right | left/right left/right left/right
PSP 8 1/1 2/4 1/1 0/0 0/0 0/1
CBGD | 13 0/0 4/1 0/0 1/1 4/1 1/2
PD 15 0/0 1/2 0/0 1/0 2/2 1/1
Other 3 0/0 3/2 0/0 1/0 2/2 1/0
unclear 8 0/0 1/2 0/1 1/1 1/3 0/2
healthy | 10 1/1 4/2 0/0 1/3 3/3 1/2

Pt group = patient group; N = number of subjects in group

or more patients exceeded the upper normal limit. Only 3 patients in different
groups exceeded the normal lower limit when the amplitude was obtained with the
128-channel method as well as with the conventional method.

The P27 was extremely high (128-channel >12 pV, conventional >7 V) compared
to other subjects in one patient with CBGD after both left and right side stimu-
lation. Again also other patients exceeded the upper normal limit. Only a small
number of patients of different groups exceeded the lower normal limit.

The P45 estimated with the 128-channel method was extremely high (>14 pV)
compared to other subjects in one patient with CBGD after stimulation of the
most affected side and in one patient with PSP after right hand stimulation. Using
the conventional method, P45 amplitude of one patient with PSP and one patient
with PD was extremely high (>10 pV) unilaterally. In addition, in more patients
P45 amplitude exceeded the upper normal limit. Only one patient with an unclear
diagnosis had a P45 amplitude that exceeded the lower normal limit.

In general, SEP amplitudes of our patient groups were overlapping. Four out of
13 patients with CBGD had extremely high amplitude of one or more SEP com-
ponents in the 128-channel method. When SEP amplitude was obtained with the
conventional method three out of 13 subjects had an extremely high amplitude.
However, with the 128-channel method also one patient with PSP had extremely
high amplitude of one of the components and for the conventional method this was
the case for one patient with PSP and for one patient with PD.

6.3.2 Laterality Index (LI)

Figure 6.2 shows the LIs for each peak estimated with the conventional and 128-
channel method. An amplitude difference between left and right side stimulation
of 50% results in a LI of 0.20 and a difference of 100% results in a LI of 0.33. Ac-
cording to figure 6.2 only a few subjects had an LI estimated with the 128-channel
method that exceeded 0.33. One patient with CBGD, one patient with MSA and
one patient with an unclear diagnosis also had an N20 LI larger than 0.33. This
patient with CBGD together with another patient with CBGD had a P27 LI higher
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Figure 6.1: SEP peak amplitudes (N20, P27, P45) estimated with the 128-channel
method (left) and the conventional method (right). Each circle represents the SEP amp-
litude of left or right side stimulation of one subject. Open circle: left side stimulation;
black closed circles: right side stimulation; grey closed circles: affected side in patients
with CBGD; uc: unclear diagnosis. The horizontal dashed lines represent the 5th and 95th
percentile of amplitude estimates in a group of 47 healthy subjects (van de Wassenberg
et al., 2008Db).
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than 0.33. The P45 LI was higher than 0.33 in one patient with an unclear dia-
gnosis and in one healthy control.

LIs obtained with the conventional method were considerably larger compared to
the 128-channel method. These results are consistent with our earlier study in
which we determined LIs of tibial nerve SEP in healthy subjects (van de Wassen-
berg et al., 2008a). A likely reason for this is that the position of maximum
amplitude differs between hemispheres due to differences in SEP source location
and orientation. In general, the LI could not differentiate between parkinsonian
disorders.

6.3.3 Intraclass correlation (ICC)

The ICC of the GFP of left and right side stimulation is displayed in figure 6.3 for
all subjects. Three healthy subjects had no reproducible butterfly plots and GFPs
on one side due to low SNR and were therefore excluded. Low ICC (<0.5) was
only found in three patients with CBGD. On the other hand, one patient with PSP,
one patient with PD, two patients with MSA, one patient with unclear diagnosis
and one healthy subject also had a low ICC. All patients with a low ICC had a
normal SNR (>4), except the patient with PD, who had a SNR in the left side
SEP recording of 2.99.

Figure 6.4 shows the butterfly plots and GFPs of two patients with CBGD; one
with a high ICC and one with a low ICC.

6.4 Discussion

In this study we investigated SEP symmetry and SEP amplitude in patients with
parkinsonian disorders. We recorded SEPs in patients with parkinsonism who were
suspected to have CBGD or PSP and in patients with PD. In total we included
47 patients. We compared SEP symmetry and parietal peak amplitudes of the pa-
tients by grouping them based on the clinical diagnosis after 1-5 years of follow-up.
In nine subjects diagnosis remained unclear.

To compare SEP symmetry we used LI as well as a new method in which the ICC
of the GFP of left and right median nerve SEP is calculated. A high ICC reflects
a high symmetry of the SEP. Because CBGD is often associated with asymmet-
ric atrophy of the pre- and post-central areas, we hypothesized that patients with
CBGD have less symmetric median nerve SEPs compared to patients with PSP
and PD and healthy subjects and thus have a lower ICC.

However, in this study only three out of 13 patient with CBGD had a small ICC,
while other patients showed low ICCs as well (one patient with PSP, one patient
with PD, two patients with MSA, one patient with a diagnosis that is still unclear).
Only for the patient with PD the low ICC could be due to a low SNR. Furthermore,
in contrast with previous studies that report unilaterally increased and decreased
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Figure 6.2: SEP peak laterality indices (LIs) estimated with the 128-channel method
(left) and the conventional method (right). Each circle represents the LI of one subject.
uc: unclear diagnosis.
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Figure 6.3: ICCs of all subjects. Each circle represents the ICC of one subject. uc:
unclear diagnosis.
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Figure 6.4: GFPs and butterfly plots of left and right median nerve SEP of two patients
with CBGD; one with a low ICC (upper plots) and one with a high ICC (lowest plots).
Left plots show GFPs of left side stimulation (solid line) and right side stimulation (dashed
line). Middle and right plots show the butterflyplots of left and right median nerve SEP,
respectively. Analysis interval (16-35 ms) is indicated in all figures.



128-channel median nerve SEP in parkinsonian disorders 87

amplitudes contralateral or ipsilateral to the most affected side in some patients
with CBGD (Thompson et al., 1994; Brunt, 1995; Carella et al., 1997; Monza, 2003;
Klodowska-Duda et al., 2006), we found comparable LIs for all patient groups and
the healthy control group. Thus, SEP symmetry has a very low sensitivity and
specificity for differentiating CBGD from other parkinsonian disorders and healthy
controls.

Compared to the other patients with CBGD, the three with low ICC had clinical
symptoms at the time of the SEP that might be related to degeneration of the
sensory cortex; two patients suffered from sensory loss (patient 1 and 5, Table 6.2)
and one patient had an alien limb (patient 2, Table 6.2). The latter symptom
might also originate from frontal dysfunction (Bundick and Spinella, 2000; Biran
and Chatterjee, 2004; Fitzgerald et al., 2007) and thus does not have to be related
to degeneration of the sensory cortex in this subject. The low number of subjects
with sensory problems is consistent with an earlier study. That study followed
patients with CBGD for some years and reported sensory symptoms in 37% of the
patients after an average disease duration of 5.2 years, while at disease onset only
8% had sensory problems (Rinne et al., 1994).

The number of patients with CBGD and a low ICC might thus be small, because
the location of the SEP generators, which lie around the post central gyri, might
only be affected in a small number of patients. The atrophy in this area might
still be limited, because many of our patients were in an early stage of the disease.
As far as we know little is known about the process of pathological progression in
CBGD.

On the other hand, when investigating SEP amplitudes for each side separately, we
found extremely high N20 amplitudes after stimulation of the most affected side in
three patients with CBGD (patients 4, 8 and 12, Table 6.2) compared to the other
subjects. One of these three patients, the one with the longest disease duration,
also had extremely high N20 amplitude after stimulation of the less affected side.
These three patients still had a left-right N20 amplitude difference within the nor-
mal range. In general, there was no clear relationship between the N20 amplitude
and the clinical symptoms in patients with CBGD.

In contrast to several previous studies (Brunt, 1995; Carella et al., 1997; Klodowska-
Duda et al., 2006), we did not find unilaterally reduced N20 amplitude in any of
our patients with CBGD compared to healthy subjects and other parkinsonian dis-
orders. A reason for this might be that these earlier studies included more advanced
patients with CBGD, at a time that their diagnosis based on clinical features was
clear, while in many of our patients the diagnosis was still unclear at the time
of the SEP. Accordingly, our subjects were in an earlier stage of the disease and
therefore cortical atrophy may be limited. However, other studies also described
patients diagnosed with CBGD without reduced N20 amplitude (Thompson et al.,
1994; Okuda et al., 1998; Monza, 2003).

In our study we found low ICCs not only in patients with CBGD, but also in one
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patient with possible PSP, one patient with PD, two patients with MSA and in
one patient with an unclear diagnosis. These findings are in disagreement with
our hypothesis, since these disorders supposedly have similar neuropathological
changes bilaterally and previous studies reported normal or bilaterally abnormal
SEP amplitudes (Abbruzzese et al., 1991; Mauguiere et al., 1993; Huttunen and
Teravainen, 1993; Rossini et al., 1995; Abbruzzese et al., 1997; Kofler, 2000; Miwa
and Mizuno, 2002). Therefore, we describe these patients with a low ICC in detail
in the appendix. The differences between left and right butterfly plots of these
patients with low ICC were similar compared to the differences found in patients
with CBGD and low ICC.

A matter of debate in this study and other studies that investigate the same par-
kinsonian disorders is the correctness of the diagnosis of the patients. This is also
illustrated in the patient descriptions in the appendix. A definite diagnosis can
only be made by autopsy (Cornford et al., 1995; Mitra et al., 2003; Mahapatra
et al., 2004). However, in our and many other studies autopsy was not performed.
Two studies have compared clinical diagnosis and pathological diagnosis in a large
group of parkinsonian disorders. In the study of Hughes et al. (2002), the positive
predictive value (PPV) of the clinical diagnosis was 99% for PD and 80% for PSP,
while sensitivity was 91% and 84% respectively. A high PPV of clinical diagnosis
of PSP was also found by Josephs et al. (2006), while sensitivity in this study was
61%. The latter study also included patients with CBGD. The PPV and sensitivity
of the clinical diagnosis of CBGD were only 48% and 47%, respectively. According
to these results a clinical diagnosis of CBGD might be different from the patho-
logical diagnosis. This discrepancy might have partly caused the different SEP
findings between studies as well as between patients with CBGD.

By using FDG PET as an additional diagnostic criterion, we believe that we have
partly overcome the problem of misdiagnosis. However, as far as we know no study
compared FDG PET scans with a diagnosis based on post-mortem examination.
In this study we used the GFP that includes contralateral electrodes to estimate
the ICC, because in a pilot study interhemispheric differences were observed in the
SEP butterfly plots of patients with CBGD. However for future studies, it might
be interesting to include only frontal electrodes or parietal electrodes for ICC es-
timation. In this way, possible unilateral frontal PD abnormalities can be better
distinguished from unilateral parietal SEP abnormalities in patients with CBGD.
In conclusion, the ICC of median nerve SEP peak was abnormal in three out of
13 patients with CBGD. However, similar abnormalities were also found in pa-
tients with possible PSP, PD and MSA. Furthermore, we found extremely high
N20 amplitudes in three other patients with CBGD, while LI was normal in all
patients with CBGD. Therefore, cortical median nerve SEP symmetry and pari-
etal amplitude have a low sensitivity and specificity for differentiating CBGD from
other parkinsonian disorders in an early stage of the disease. A possible reason for
this may be that the hand area of the primary somatosensory cortex is not affected
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in many patients with CBGD in an early stage of their disease.

6.5 Appendix: Clinical features of patients with a
low ICC and a disorder other than CBGD.

Patient with possible PSP (patient 3, Table 6.3)

The patient with possible PSP, who had a normal FDG PET scan and a low ICC
showed larger amplitudes after right side stimulation in the butterfly plots and
GFP waveform. She suffered from postural instability with falls, saccadic eye
movements, impaired optokinetic nystagmus, axial rigiditity as well as rigidity of
the extremities (right more than left), limited facial expression and bradykinesia
at the time of the SEP.

Patient with PD (patient 6, Table 6.1)

The patient with PD and an ICC of 0.27 had PD for eight years and showed
large differences in the butterfly plot and the GFP waveform. The differences
in the butterfly plots were not only limited to the N30 but the P27 and P45
showed differences in amplitudes as well. In this patient, the disease started with
a hypokinetic rigid syndrome on the left side of the body. The patient responded
well to levodopa medication. At the time of the SEP his medication was stable
and he had limited rigidity on the left side and hyperkinesias of the trunk, both
arms and legs.

Patients with MSA (patients 1 and 2, Table 6.4)

The patients with MSA and a low ICC both showed reduced amplitude after
left side stimulation around 20 ms and between 20 and 35 ms. In patient 1 the
disease started with rigidity and pain of the left arm, rigidity of the legs and
problems when standing up. She did not respond to parkinsonian medication. At
the time of the SEP, three years after the start of the disease, she had a dystonic
left arm, she was incontinent and sometimes choked. FDG PET scan showed
hypometabolism of cerebellum and putamen.

Patient 2 with MSA had rigidity that started in the left leg and extended to
the right leg, the arms and neck. At the time of the SEP she also suffered from
bradykinesia, postural instability, urine incontinence and choking. The FDG PET
scan showed hypometabolism of putamen and parietal lobe.

Patient with unclear diagnosis (patient 7, Table 6.4)

The patient whose diagnosis was unclear and had an ICC of 0.32, showed large
amplitude differences in the butterflyplots and GFP waveform. At the time of the
SEP she had a dystonic and rigid right arm and shoulder. FDG PET scan showed
only slightly reduced bilateral hypometabolism in the parietal lobe. During
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follow-up she had a good response to Levodopa. However, a myoclonus appeared
in the right arm. The myoclonus, dystonia and the asymmetry are typical for
CBGD, but a good L-dopa response is not often seen in patients with CBGD.
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Abstract

Objectives. The topography of the peaks of the tibial nerve somatosensory evoked
potential (SEP) varies among healthy subjects, most likely because of differences in
position and orientation of the cortical generator(s). Therefore, amplitude estim-
ation with a standard one or two-channel derivation is likely to be inaccurate and
might partly cause the low sensitivity of SEP amplitude for pathological changes.
In this study, we investigate whether 128-channel tibial nerve SEP recordings can
improve the amplitude estimation and reduce the coefficient of variation.
Methods. We recorded tibial nerve SEPs using a 128-channel EEG system in 48
healthy subjects (20-70 years), of which one subject was excluded for further ana-
lyses. We compared P39, N50 and P60 amplitudes as obtained with a 128-channel
analysis method (based on butterfly plots and spatial topographies) with those
obtained using a one-channel conventional configuration and analysis. Scalp and
earlobe references were compared.

Results. Tibial nerve SEP amplitudes obtained with the 128-channel method
were significantly higher as compared to the one-channel conventional method.
Consequently the coefficient of variation was lower for the 128-channel method. In
addition, in both methods the N50 peak amplitude was sometimes hard to identify,
because of its low amplitude. Besides, in some subjects the N50 peak, obtained
with the conventional method, rather seems to be a period between two activation
peaks than an activation peak on itself.

Conclusions. The 128-channel method can measure tibial nerve SEP amplitude
more accurately and might therefore be more sensitive to pathological changes.
Our results indicate that the N50 component is less useful for clinical practice.
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7.1 Introduction

Somatosensory evoked potentials (SEPs) are mostly used clinically to evaluate con-
duction in somatosensory pathways. For this purpose, analyses of (inter)peak laten-
cies are performed. Cortical SEP amplitude has been proven to be clinically useful
for monitoring during carotid and scoliosis surgery and for prognostic applications
(Florence et al., 2004; Luk et al., 2001; Manninen et al., 2004; Tzvetanov et al.,
2004; Tzvetanov and Rousseff, 2003). Regarding diagnosis, applications of SEP
amplitude are restricted to cortical myoclonus (Cassim and Houdayer, 2006; Ng
and Jones, 2007; Shibasaki, 2006). The limited number of diagnostic SEP amp-
litude applications might result from the high intersubject amplitude variability
in healthy subjects (Chiappa, 1997; Ferri et al., 1996; Gardill and Hielscher, 2001;
Tsuji et al., 1984). Intersubject variation in size, shape and topography of the
somatosensory cortical areas is thought to be one of the causes of this variability
among subjects (Chiappa, 1997; Geyer et al., 1999; Miura et al., 2003; Uylings
et al., 2005).

In our previous 128-channel median nerve SEP study, we showed that the position
of maximum median nerve SEP amplitude at the scalp varies considerably among
subjects and that a standard one channel recording underestimates the maximum
amplitude at the scalp considerably (van de Wassenberg et al., 2008b). Further-
more, we found lower alternative coefficients of variation (aCOV) for amplitudes of
the 128-channel compared to the one-channel method. These results suggest that
128-channel recordings can measure median nerve SEP amplitude more accurately
and might therefore be more sensitive to pathological changes.

Studies investigating the tibial nerve SEP already showed a large variety of P39
topographies among healthy subjects (Chiappa, 1997; Emerson and Pedley, 2003;
Miura et al., 2003; Seyal et al., 1983). The maximum P39 amplitude can be found
either just posterior to Cz or at adjacent sites ipsilateral to the stimulated leg.
One first cause of this intersubject P39 variability might be that more sources with
different positions and/or orientations are active around 40 ms. (Baumgartner
et al., 1998; Valeriani et al., 1997, 1998, 2001). The relative contribution of the
different sources to the P39 amplitude can vary between subjects due to variation
in source strength, position, orientation and latency and thus can result in differ-
ences in the position of maximum SEP amplitudes.

A second cause may be the intersubject variation in position of the primary sensory
areas for the leg and foot on the medial part of the postcentral gyrus within the
interhemispheric fissure. If the leg area is located at the superficial edge of the
interhemispheric fissure, the orientation of the pyramidal cells would be radial to
the scalp, which results in a large positive field at the midline. On the contrary, if
the position of the leg area lies deeper in the interhemispheric fissure, the orienta-
tion of the pyramidal cells would be more tangential with a positive field ipsilateral
and a negative field contralateral to the side of stimulation (Seyal et al., 1983).
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In some cases, this may lead to the absence of the P39 component in the CPz-Fz
derivation. Therefore, previous researchers and guidelines recommend to use mul-
tiple leads for accurate peak latency estimation; for example CPz-Fpz and CPi-Fpz
(Emerson and Pedley, 2003). However, SEP peak amplitude varies much more over
adjacent electrodes compared to SEP latency. As a result, an even higher density
of electrodes might be necessary for accurate amplitude estimation of tibial nerve
SEP peaks.

The above results have been obtained for P39 only; less is known about the inter-
subject variability in position of N50 and P60 peaks that follow the P39.

In this study, we investigate if 128-channel recordings reduce the aCOVs of cor-
tical tibial nerve SEP amplitudes. We compared SEP amplitudes and positions
obtained using the electrode configuration proposed by Mauguire et al. (1999)
with one cortical channel to SEP amplitudes obtained by 128-channel recordings
in healthy subjects. Furthermore, we compared scalp and earlobe references.

In addition, we investigated the effect of age on 128-channel SEP amplitude. Pre-
vious studies with limited number of electrodes report different results about the
amplitude-age relation (Kakigi, 1987; Kakigi and Shibasaki, 1992; Miura et al.,
2003; Romani et al., 1992). If 128-channel recordings reduce the intrasubject vari-
ability, this method will probably also better quantify the effect of age on amplitude.

7.2 DMaterials and methods

7.2.1 Subjects

Tibial nerve SEPs were recorded from 48 right-handed healthy volunteers. For
each decade between 20 and 70 years 9 or 10 subjects were included of which at
least four males and four females. None of the subjects had a history of head
injury or other neurological conditions. All subjects gave their informed consent.
The protocol was approved by the medical-ethical board of the University Medical
Center Groningen.

7.2.2 SEP recording

The subjects were sitting in a comfortable chair in a warm and quiet room and were
instructed to relax and keep their eyes open. We stimulated the tibial nerve at both
ankles 500 times, one side at a time, and repeated each recording once. The stimuli
were square wave impulses of 0.2 ms, which were delivered at a frequency of 2.1 Hz.
The stimulus intensity was slightly above motor threshold, producing a small twitch
of the big toe. We placed Ag/AgCl electrodes in the popliteal fossa of the knee
and recorded EEG from the scalp using a 128-electrode cap, which was connected
to a 128-channel headbox (Twente Medical Systems BV, Enschede, Netherlands).
Impedance values were kept below 10 k2. Complete preparation time for this
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recording was approximately 30 minutes and preparation and recordings were well
tolerated by all subjects. We used Onyx software (Silicon Biomedical Instruments
BV, Westervoort, The Netherlands) to record the data at a sampling frequency of
1000 Hz. Data from the popliteal fossa were recorded, segmented, amplified and
averaged with the Medelec Synergy N-EP system (Oxford Instruments Medical,
Concord, USA) to check peripheral conductivity.

The raw EEG data was processed off-line using Brain Vision Analyzer 1.05 (Brain
Products GmbH, Miinchen, Germany). Data were first high-pass filtered at 3 Hz
(12 dB/octave, zero-phase shift Butterworth filter) and then segmented into epochs
of 100 ms, including a 10 ms pre-stimulus interval. Artifact rejection was set at +
100 pV and a baseline correction procedure was performed using the pre-stimulus
interval. Channels with muscle artifacts that obscured the SEP were excluded for
further analysis.

On each stimulation side, we used the recording with the highest signal-to-noise
ratio for further analysis. The signal-to-noise ratio was calculated by dividing the
mean global field power (GFP) between 30 and 80 ms by the mean GFP baseline
amplitude (between -10 and 0 ms). The GFP was calculated by:

GFP(t) = (7.1)

where N is the number of electrodes and V,, (t) is the potential measured at electrode
n and timepoint .

The complete protocol was repeated in 5 subjects, one from each decade, within 6
months to assess long-term intrasubject reproducibility.

7.2.3 SEP analysis

Conventional SEP analysis

We considered both CPz-Fz (conventional scalp reference) and CPz-Ei (conven-
tional earlobe reference) for estimation of P39, N50 and P60 latency and amp-
litude for left/right side stimulation. The largest positive peak around 39 ms was
identified as the P39. The main prominent negative peak succeeding the P39 was
recognized as the N50 and the P60 was the main prominent positive peak fol-
lowing the N50. Peaks were only identified and used for analyses if they were
reproducible and visually exceeded the noise level. All amplitudes were defined as
peak-to-baseline amplitudes.

128-channel SEP analysis

The averaged data were exported to ASA 2.21 (ANT software BV, Enschede, The
Netherlands) using either an average (dataset 1) or earlobe reference (dataset 2).
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The results of the subsequent analysis on dataset 1 were compared to the con-
ventional scalp reference results. The results of the analysis on dataset 2 were
compared to the conventional earlobe reference results.

For both 128-channel analyses we searched for negative (N50) and positive peaks
(P39 and P60) in the butterfly plot between 35 and 75 ms and checked if the cor-
responding map met the criteria we defined for P39, N50 and P60. These criteria
were a centroparietal positive field at the midline or a positive field ipsilateral and
a contralateral negative parietal field for both the P39 and P60 maps and a centro-
parietal negative field at the midline in combination with a contralateral positive
parietal field for the N50 map. In both analyses we used the topographic map with
average reference, which is the reference of choice for these maps (Pascual-Marqui
and Lehmann, 1993b).

If the map matched, we used the difference between maximum and minimum amp-
litude at the time of the peak as (total) amplitude in the analysis of dataset 1. In
the analysis of dataset 2 we used the peak to baseline amplitude as (total) amp-
litude at the time of the peak (Fig. 7.1).

Peak latencies in the 128-channel method were defined as the time between stimulus
onset and the peak maximum.

7.2.4 Statistics

We used the intraclass correlation coefficient (ICC) and Bland-Altman plots to test
the intrasubject amplitude variability of two successive recordings on the same day
(Bland and Altman, 1986; Rousson et al., 2002). The Bland-Altman plot shows
the amplitude difference between two subsequent recordings as a function of the
mean amplitude and is used here to analyze the absolute agreement of successive
recordings.

For the statistical analysis of both scalp and earlobe reference analyses we divided
the subjects in different age groups. To include at least 10 persons in each age
group and because we mainly expected age effects from 30 years onwards we di-
vided the subjects in the following age groups: 1) 20-30 years, 2) 30-50 years and
3) 50-70 years.

We used the Wilcoxon signed ranks test for comparison of latencies and amplitudes
between methods. Additionally, we compared latencies and amplitudes of the differ-
ent age groups using the Kruskal-Wallis test. Post hoc testing was performed using
the Kolmogorov-Smirnov Z test with subsequent Bonferroni correction. Further-
more, regression analysis was performed to examine the effect of age on amplitude.
All parameters were described in terms of medians and interquartile ranges.

The coefficient of variation (COV) is a ratio between the variability and the central
tendency of the data. In principle, any measure of variability and central tendency
of the data can be used. For normally distributed data the COV is typically defined
as the ratio between variance and mean. Since SEP amplitude is not normally
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Figure 7.1: 128-channel analysis technique for scalp and earlobe reference analyses.
Topographic maps that correspond with peaks in the butterfly plot are compared with
a reference map. These reference maps are plotted using an average reference. For the
scalp reference the difference between maximum and minimum amplitude at the time of
the peak is used as (total) amplitude (top butterfly plot). For the earlobe reference the
maximum amplitude to baseline is used as (total) amplitude (bottom butterfly plot).
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distributed we introduce an alternative coefficient of variation (aCOV), which is
defined as the interquartile range divided by the median. We compared aCOV of
the 128-channel analyses to the conventional analyses for both scalp and earlobe
references. A lower aCOV is indicative for a better sensitivity/specificity when
evaluating patients.

In addition, we investigated whether the 128-channel method reduces the within-
subject variability between the measure of left and right tibial SEP peak amplitude.
We compared the left-right SEP amplitude difference of the 128-channel method
and the conventional method with scalp reference by calculating the absolute amp-
litude difference and the absolute laterality index for each SEP peak. The laterality
index is defined as the amplitude difference between left and right median nerve
SEP, divided by the sum of both amplitudes (Jung et al., 2003).

7.3 Results

One out of 48 subjects (female; 35 years old) was excluded for further analysis,
because a large left-right difference in N8 latency was found and no cortical com-
ponents could be observed. We analyzed the SEP data of the remaining 47 subjects
according to the conventional and 128-channel method. P39, N50 and P60 could
not be identified in all subjects. Table 7.2 shows the number of detected compon-
ents. P39 was identified in more subjects with the 128-channel method, while N50
and P60 were identified more often with the conventional method.

Table 7.1: Subject characteristics

Age group  Number Age
20-30 10 26.0 £ 2.8
30-40 9 33.8 £ 3.2
40-50 9 452 £ 2.5
50-60 10 54.2 £ 3.1
60-70 9 62.9 £ 2.7

Age is given in years as mean =+ sd.

Table 7.2: Number of observed components per SEP peak in 47 healthy subjects for
both scalp and earlobe reference analyses.

P39 N50 P60

Method L R L R L R
Scalp Con 38 43 38 44 40 46
128 44 46 27 33 37 38
Earlobe Con 38 39 38 39 39 40
128 40 41 19 21 35 37
Con: conventional method; 128: 128-channel method.

L: left side stimulation; R: right side stimulation.
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7.3.1 Reproducibility

We tested amplitude reproducibility by calculating the ICC of the SEP components
identified in two successive recordings on the same day. Values ranged from 0.66 to
0.94 for the 128-channel method and from 0.62 to 0.89 for the conventional method,
except for the N50 when using the 128-channel earlobe reference (ICC=0.20).
According to the criteria proposed by Lee et al. (1989) peaks with an ICC higher
than 0.75 represent a good reliability. In this study, only the ICC of the N50 peaks
is below this threshold.

Figure 7.2 shows the Bland-Altman plots (Bland and Altman, 1986) for peak amp-
litudes of two successive recordings at the same day and for two recordings obtained
with a time interval of two to six months. It appears that successive recordings dif-
ferences were in most cases smaller than 1.0 V. Furthermore, differences between
recordings at separate days were in the same range as differences between two
successive recordings on the same day. However, one person showed larger differ-
ences in right side P60 amplitude between recordings at separate days compared
to recordings at the same day although in both recordings a twitch was present.

7.3.2 Comparison between conventional and 128-channel
analyses

Amplitudes and latencies for both scalp and earlobe reference analyses are dis-
played in tables 7.3 and 7.4. Median amplitudes as obtained with 128-channel
analyses were significantly higher than amplitudes obtained with conventional ana-
lyses. However, no significance was reached for left and right N50 amplitude with
earlobe reference in respectively two and one age groups. In these cases, in only
two or three subjects an N50 was found with the 128-channel method.
Interquartile ranges of the conventional and 128-channel method were typically
similar. Consequently, in general aCOV was lower for the 128-channel method
compared to the conventional method (Table 7.5).
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