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Dipole source analysis of auditory brain stem responses
evoked by lateralized clicks

Helmut Riedel, Birger Kolimeier
Medizinische Physik, Universitat Oldenburg

Abstract

The objective of this paper was to elucidate the relation between psychophysical lateralization and the neural
generators of the corresponding auditory evoked potentials. Auditory brain stem responses to binaural click sti-
muli with different interaural time- and level differences were obtained in 12 subjects by means of multi-chan-
nel EEG recording. Data were modeled by equivalent current dipoles representing the generating sources in the
brain. A generalized maximum-likelihood method was used to solve the inverse problem, taking into account the
noise covariance matrix of the data. The quality of the fit was assessed by computing the goodness-of-fit as the
outcome of a )Cz-test. This measure was advantageous compared to the conventionally employed residual va-
riance. At the latency of Jewett wave V, there was a systematic variation of the moment of a rotating dipole with
the lateralization of the stimulus. Dipole moment trajectories of stimuli with similar lateralization were similar.
A sign reversal of the interaural differences resulted in a mirrored trajectory. Centrally-perceived stimuli cor-
responded to dipoles with the largest vertical components. With increasing lateralization, the vertical compo-
nent of the moment decreased, while the horizontal components increased. The similarity of trajectories induc-
ed by the same lateralization show that interaural time- and level differences are not processed independently.
The present data support the notion that directional information is already extracted and represented at the le-
vel of the brain stem.
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Zusammenfassung

Das Ziel dieses Artikels ist die Aufkldrung der Beziehung zwischen psychophysikalischer Lateralisation und
den neuronalen Generatoren der korrespondierenden akustisch evozierten Potenziale. Es werden Vielkanal-
EEG-Messungen friiher akustisch evozierter Potenziale von 12 Versuchspersonen auf binaurale Klick-Stimuli
mit verschiedenen interauralen Zeit- und Pegeldifferenzen analysiert. Die Daten werden durch dquivalente
Stromdipole, die die generierenden Quellen im Gehirn reprdsentieren, modelliert. Zur Losung des inversen
Problems wird eine verallgemeinerte Maximum-Likelihood-Methode unter Einbeziehung der Rauschkova-
rianzmatrix der Daten benutzt. Die Fitqualitit wird durch den sog. goodness-of-fit als Ergebnis eines XZ-Tests
bestimmt. Dieses Maf} ist gegeniiber der konventionell verwendeten Restvarianz vorteilhaft. Zur Latenz von
Jewett Welle V wurde eine systematische Variation des Moments eines rotierenden Dipols mit der Lateralisa-
tion des Stimulus gefunden. Dipolmomenttrajektorien fiir Stimuli mit dhnlicher Lateralisation sind dhnlich.
Ein Vorzeichenwechsel der interauralen Parameter resultiert in einer Spiegelung der Trajektorie. Zentral
wahrgenommene Stimuli entsprechen Dipolen mit den grofiten vertikalen Komponenten. Mit zunehmender La-
teralisation nimmt die vertikale Momentkomponente ab, wihrend die horizontale Komponente zunimmt. Die
Ahnlichkeit zwischen den Trajektorien, die durch Stimuli mit gleicher Lateralisation hervorgerufen werden,
zeigt, dass interaurale Zeit- und Pegeldifferenzen nicht unabhdingig voneinander verarbeitet werden. Die Da-
ten unterstiitzen die Hypothese, dass Richtungsinformation bereits auf der Ebene des Hirnstamms extrahiert
und reprdsentiert wird.

Schliisselworter: FAEP, Lateralisation, ITD, ILD, Dipolquellenanalyse
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1 Introduction

Hearing with two ears allows to accurately localize sounds in
space. The perceived spatial position of an acoustic stimulus
predominantly depends on its interaural time difference
(ITD) and its interaural level difference (ILD) [6, 11, 12, 22,
34, 35, 47, 62, 63]. In order not to blur the interaural infor-
mation, the binaural system compares the inputs from both
ears at a relatively early stage in the neural pathway. The first
intersection of left and right auditory nerve fibers occurs at
the superior olive (SO) within the brain stem [38]. Binau-
rally sensitive cells also reside in the subsequent brain stem
nuclei, i.e., the lateral lemniscus (NLL) and the inferior col-
liculus (IC) [4, 5, 15, 16, 18, 19, 33, 58, 60, 61].

Evoked potentials have been widely used to investigate direc-
tional hearing in humans. The majority of the studies dealing
with the dependence of auditory brain stem responses (ABRs) on
ITD and ILD focused on the analysis of the waveforms of single
EEG channels [2, 3, 7, 13, 14, 20, 24, 26, 28, 29, 32, 50, 59]. The
so-called three-channel Lissajous’ trajectory represents an at-
tempt to infer the activity of the brain stem from ABR recordings.
It is measured using three bipolar pairs of electrodes with prefe-
rably perpendicular orientation. The three time signals are then
visualized as a trajectory in the three-dimensional voltage space
[23, 42, 43]. Three-channel Lissajous’ trajectories have been
used to analyze binaural processing [39, 40, 41, 44, 45]. The be-
nefit of the method is that it avoids the problem of the reference
electrode by using a bipolar montage. However, it relies on the
assumption of a single dipole located exactly in the center of the
head, and volume conduction effects are not taken into account.

A more sophisticated approach to localize active neural tissue
in the brain is dipole source analysis from multi-channel EEG
measurements [27, 36, 52, 53, 54]. Scherg and von Cramon [55]
proposed a model of six fixed current dipoles to describe the five
waves of the monaurally evoked ABR. This model not only used
a fixed location and orientation for each dipole, but also heavily
constrained the time course of the dipole moment magnitude.
The active structures at the latency of the largest deflection, wave
V, were identifed as the superior olive and the lateral lemniscus.

The present study focuses on the source analysis of mo-
naurally and binaurally evoked ABRs. In order to analyze the
influence of lateralization, nine different binaural stimulus
conditions, the combinations of three ITDs and three ILDs
are used. Since the same lateralization can be generated by
different combinations of the interaural differences, the varia-
tion of both cues allows to draw conclusions about the repre-
sentation of the stimulus laterality in the brain stem.

2 Methods
2.1 Subjects

Twelve subjects (three females) from the staff of the Univer-
sity of Oldenburg without any history of audiological or neu-
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rological problems participated voluntarily in this study.
They were aged between 25 and 36 years and were classifed
as normal hearing by routine audiometry. The audiometric
loss was less than 10 dB for frequencies below 4 kHz and less
than 15 dB for the higher frequencies.

2.2 Stimuli

Rarefaction click stimuli were produced by applying rectan-
gular voltage pulses of 100 us duration to Etymotic Research
ER-2 insert earphones. The time interval between the onsets
of two successive stimuli was chosen to vary randomly and
equally distributed between 62 and 72 ms, yielding an average
stimulation rate of approximately 15 Hz.

15 stimulus conditions were tested, 9 binaural and 6 mo-
naural. The monaural clicks were presented at the levels 53,
59 and 65 dB nHL and are denoted as L-m, LOm, L+m and
R-m, ROm, R+m for monaural left and right stimulation, res-
pectively. The binaural stimuli were the nine possible combi-
nations of 3 ITDs (-0.4, 0 and 0.4 ms) and 3 ILDs (-12, 0 and
12 dB), as indicated in Figure 1.

The binaural stimuli are named as follows: the first letter
refers to the perceived lateralization of the stimuli: ‘L’ for left,
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Figure I Naming convention and lateralization of the sti-
muli: centrally perceived stimuli are marked with a ‘C’. Sti-
muli lateralized to the left and right side are marked with ‘L’
and ‘R’, respectively. For the monaural stimuli the second
character indicates the level. For the binaural stimuli the se-
cond and third character denote the sign of ILD and ITD, re-
spectively. Arrows point into the approximate direction of
perceived lateralization. The insets in the lower left corner of
each subplot schematically depict the time courses of left and
right clicks, respectively. Time is on the horizontal axis, am-
plitude on the vertical axis. The dotted lines connect stimuli
eliciting similar lateralization.
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‘C’ for center and ‘R’ for right. The second and third charac-
ters (‘—’, ‘0’ and ‘+’) are used to specify the ILD and ITD, re-
spectively. For example, for diotic stimulation, to both ears a
click at 59 dB nHL was presented simultaneously. This stimu-
lus COO is found in the center of the diagram (ILD =ITD =0).
The stimulus R+0 in the middle of the top row has zero ITD,
but is lateralized to the right due to its positive ILD. On the
other hand, the stimulus RO+ at the right of the middle row
has zero ILD, but is also lateralized to the right due to its po-
sitive ITD. The arrows in Figure 1 point into the approximate
direction of the lateralization of the stimuli. Both an ITD of
0.4ms and an ILD of 12dB cause a strong, but not extreme
lateralization of about 70° [13, 32]. A stronger, almost com-
plete lateralization is produced by the synergistic stimuli L——
and R++ whose ILDs and ITDs point into the same direction.
In contrast, the stimuli C+— and C—+ refer to the antagonistic
situation: ILD and ITD act in opposite directions resulting in
a centered image. In the lower left corner of each subplot in
Figure 1, the respective binaural stimulus is depicted schema-
tically. In the ITD-ILD-plane lines of equal lateralizaton are
the diagonal dotted lines. Identical stimuli were used for all
subjects for better comparability of the results.

2.3 Electrode configuration and recordings

Ag/AgCl-electrodes were attached to a fiexible cap worn by the
subjects. ABRs were recorded from 32 sites according to the ex-
tended 10-20-system [21, 57] using a DC-coupled differential
amplifier (Synamps 5803) at a samplingrate of 10kHz with 16
bit resolution. The common reference electrode was placed at
the vertex (Cz), the ground electrode at the forehead (Fpz).
Electrode impedances were measured at a test signal frequency
of 30 Hz and brought below 5 kQ. 10000 single sweeps for all of
the 15 stimuli were recorded in an interleaved manner. The
electrode positions in the three-dimensional space were deter-
mined using a measuring instrument exploiting different ultra-
sonic signal propagation delays at different sensors (CMS30P
by Zebris Medizintechnik). Details of the recording procedure
can be found elsewhere [48, 50]. Before averaging, the single
sweeps were filtered with a linear phase FIR bandpass with 200
taps and corner frequencies of 100 and 1500 Hz [17]. An itera-
ted weighted average of the filtered sweeps was computed for
all subjects and stimulus conditions [49].

2.4 Dipole source analysis

To fit a current dipole to the data, a software package was
written in MATLAB. The head was modeled by a homoge-
neous sphere characterized by a constant volume conduc-
tivity g = 0.0033Q 'cm ™' [8]. The radius of the sphere was
determined by fitting the electrode positions r,e=1...C,to
a sphere in a least squares sense for each subject. The source
was described by a single rotating dipole, i.e., its location 7
was fitted, but constrained to be constant for the time interval
under consideration. For each time sample the three moment

parameters m were adjusted. A rotating dipole has P =3+3T
parameters, N = 3 nonlinear location parameters and L = 3T
linear moment parameter with 7 being the number of samples
in the time interval. The forward model is given by the Cx L
leadfield matrix F(g, r Z ) describing the modeled EEG of a
unit dipole at location ¥ measured at electrode positions .
The modeled potentials were calculated by V o4e1= Fni.

The measured data was supposed to be contaminated with
additive multivariate Gaussian noise [25]. The elements of
the time-averaged noise covariance matrix S were estimated
from the J single sweeps of a measurement according to

1r 1 J
0w =7 L5750 5 Ve Ot O) Vg (-t 0) (D)

with ¢ and d being the indices of two channels. u.(f) =
jVAS Zf: 1V,;(?) represents the ensemble average, i. e., the evoked
potential of channel ¢ at time 7. To minimize the difference
between measured and modeled data, i.e., the residual e =
V—=V.0dl the cost function of generalized maximum-like-
lihood estimation

cc
Es=e"Sle=3 ZeC[S’l](\d ey

c=1d=l1

2

was used. The resulting forward model that minimizes the cost
function is termed ‘the fit’ Vg,. In contrast, in the majority of
EEG studies no noise information is utilized, i.e., S = 1 is as-
sumed, and solely the least squares error E; = ele= ZL.Cz el is
minimized. The search of the optimal dipole location 7 was
performed by means of the simplex algorithm by Nelder and
Mead [37]. Within the nonlinear fitting routine, the vector of
the optimal moment parameters was directly determined by

m=(F’S"'F)"'F’S'V. 3)

2.4.1 Estimation of the parameter uncertainties

The Lx L covariance matrix S; of the linear moment parame-
ters was determined by error propagation

S, =(F"S7'F)". 4)
The variances of the linear parameters are found on the dia-
gonal of S;.

The NxN covariance matrix Sy of the nonlinear location
parameters were estimated by calculating the curvatures in a
small region around the minimum.

Sy =(VoVES Vv, ) )

N
V: Vi, is the Cx N matrix of the partial derivatives of the for-
ward model with respect to the nonlinear parameters.

2.4.2 Evaluation of the goodness-of-fit

The fit quality was assessed by the comparison of the residual
e, i.e., the difference between data and forward model, with
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the noise in the measurement. If the residual is below or in the
range of the measurement errors, the fit can be regarded as of
good quality. On the other hand, if the deviation between mo-
del and data drastically exceeds the noise, the fit cannot be
considered as satisfactory. In mathematical terms, the fit qua-
lity is assessed by means of a chi-square test. If only the noise
variances are known, i.e., 0.4 = G%@d, the cost function redu-
ces to the one of ordinary maximum likelihood estimation
C
EV=2,1(€(/O'C)2. (6)
p
Under the assumption of Gaussian measurement errors the
quantity e./o, is normally distributed with mean zero and va-
riance one. Consequently, the cost function Ey is a sum of
squared standard normal distributions and is therefore y’-dis-
tributed.
In the present work, the complete noise covariance matrix
S resulting in the more general cost function Eg (eq. (2)) was

used. However, Eg remains invariant under a unitary trans-

form U, i.e., U'l= U7, into the eigen-system of S~ With S
= US'U” and € = Ue it follows

E=e¢ Sle=e'U'US'U'Ue=e'S " e=E;. %

N -~

Since S7'is diagonal, Eg has the form of Ey (eq. (6)). As a
consequence, Eg also obeys a xz-distribution. Ej3, denoting E
at the end of the fitting procedure, is distributed as a Xz-distri-
bution with v = C — P degrees of freedom [46]. The
goodness-of-fit (gof) was calculated using the incomplete
gamma function T, )
E; v | gslzxz e dx

272 Y, ’ ®)

Jox? e “dx
The goodness-of-fit is the area under the *-density function
with v/2 degrees of freedom integrated from half the minimal
error E§/2 to infinity. It is interpreted as the probability that the
residual e, i.e., the difference between model and data, can be
considered as measurement noise. For vanishing error E§ gof
approaches 1. For increasing E§ the numerator approaches the
denominator resulting in a decreasing gof. The *-distribution
has a mean of v and a variance of 2v. Therefore, gof-values
above 0.1 are considered as good, above 0.001 as acceptable,
models with gof < 0.001 should be rejected [46]. The goodness-
of-fit is determined by the ratio of E§ and v. For C = 32 chan-
nels and a single time instant a dipole has v=26 degrees of free-
dom. If for each channel the deviation between model and data
equals the standard error of that channel, £§ amounts to 32 and
gof to 0.193 which is rated as a good fit.
For the purpose of comparison, the so-called residual vari-

ance, which is widely used in the literature, was also computed

C
E(Vﬁt,c _Vc)2 E
Iv= =

C
Ve
c=1

gof =1-T5,

1

P, global

()]
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The residual variance rv is the least-squares cost function
normalized by the global power of the measured signal Pyopq1-
Therefore it should be termed ‘normalized residual variance’,
however, we follow the expression ‘residual variance’ prevai-
ling in literature.

A detailed description of the source analysis strategy used
in the present study can be found in [48].

3 Results

Figure2 shows ABRs of one subject for all 32 measured
channels in recording reference. For each channel three res-
ponses are depicted: the response to the diotic stimulus (C00)
in the top trace, the monaural left response (LOm) in the
middle trace, and the monaural right response (ROm) in the
bottom trace. The residual noise for each channel and condi-
tion is shown by the error bars. They denote the threefold
standard error of the mean (3 S.E.M.). Channels near the re-
ference electrode (Cz) generally exhibit smaller responses
and smaller residual noise compared to channels more distant
from Cz. Exceptions are channels Fp2 and F4 which show ir-
regular waveforms. However, these channels also have large
standard errors. While a least squares fit would incorporate
these irregular waveforms into the dipole fit, the maximum
likelihood method is not distracted by these irregularities be-
cause it takes into account the raised residual noise in these
channels.

In Figure 3 the locations of a rotating dipole for all stimu-
lus conditions and subject DJ are shown. Data were fitted for
a time interval from 1 ms before to 1 ms after the latency of
wave V. This 2-ms interval comprises 21 samples and will be
used in the subsequent analysis. Note that its beginning and
end depend on stimulus condition and subject. The optimized
locations are inferior to the center of the head, about 2.7 cm
below the horizontal plane. The fitted locations from the bi-
naural conditions (filled symbols) form a narrow cluster.
Their 95 %-confidence regions (ellipses) at #y have a diameter
of about 0.4 cm. The locations of the monaural left and right
conditions are found 0.5 cm to the right and left from the mid-
line (x=0), respectively. The 95 %-confidence regions of the
monaural conditions (open symbols) have roughly twice the
size of those from the binaural conditions (0.8 cm). For sub-
ject DJ the spatial separation of the dipoles fitted to the mo-
naural stimuli is most pronounced across subjects, it amounts
to approximately 1 cm. In the average over subjects, the mean
distance in x-direction between dipoles corresponding to mo-
naural left and right stimuli is only 0.4 cm.

Figure 4 shows the dipole moment trajectories of the rotat-
ing dipole fitted in the interval from 1 ms before to 1 ms af-
ter peak V in the frontal plane. Data are averaged over sub-
jects. The triangle denotes the start of the trajectory at
ty—1ms. The ellipses drawn at t, are the 95 %-confidence
regions for the dipole moment. They do not vary over time
because neither the leadfield matrix F nor the covariance
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Figure2 ABRs recorded from 32 channels for subject JO.
Data are plotted in recording reference, the reference elec-
trode was Cz. Top trace: binaural response to the diotic click
(C00). Middle trace: response to monaural left click (LOm).
Bottom trace: response to monaural right click (ROm). The
error bars indicate £3 standard errors of the mean.

matrix S are time dependent (cf. eq. (4)). The trajectories for
the central stimuli, i. e., the diotic stimulus C00 and the anta-
gonistic stimuli (C+— and C—+), exhibit the largest dipole
moments in the vertical direction (m,). With growing latera-
lization, m, decreases and is smallest for the monaural con-
ditions. The moment trajectories allow to distinguish bet-
ween left and right conditions. For stimuli which are
lateralized to the right clockwise trajectories are observed
while counter-clockwise trajectories are found for left-late-
ralized stimuli. Furthermore, for the conditions with ITD
only and ILD only the trajectories look very similar. The tra-
jectories to R+0 and RO+ as well as to L-0 and LO- bear a
strong resemblance to each other. This is striking since they
are produced by different physical stimuli but elicit the same
subjective lateralization.
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Figure 3 Locations of rotating dipoles fitted to the 15 condi-
tions for subject DJ. x points to the right, y to the front and z
to the top. The fit interval began I ms before and ended 1 ms
after the latency of wave V (ty). Filled symbols denote binau-
ral stimuli, open symbols stand for monaural stimuli. The
95%-confidence regions (ellipses) hold for ty, they are only
drawn for the three binaural stimuli with ILD = 0 dB and the
two monaural stimuli with intermediate level.

Figure 5 shows the characteristics of signal and noise, and ex-
emplifies the two measures of fit quality applied. Data are
ABRs from diotic stimulation of subject HR. In the upper left
panel (A), the rms-value of the signal averaged over the 32
measurement channels, i. €., \/Pgjoba is shown. Wave V at a la-
tency of 5.8 ms is the most pronounced peak of the ABR, its
rms-value is 248 nV. The straight line in Figure 5B at 9.3nV is
the rms-value of the noise level averaged over channels, i.e.,
the square root of the global noise power. Since the noise fluc-
tuations over time are small they were averaged over time
[49]. The noise level varies very little between stimulus con-
ditions, but considerably between subjects (rms-values are in
the range from 8.9 to 16.5nV, mean 11.8 nV). The residual e is
the difference between measured EEG V and forward model
Vii.. Its rms-value averaged over channels is also plotted in Fi-
gure 5SB. It varies substantially over time, at #y it is maximal
and amounts to 17.3 nV. Whereas for illustration only the aver-
age over channels is depicted in the upper panels of Figure5,
the fitting routine uses noise and residual individually for each
channel, cf. eq. (2). In Figure 5C, the residual variance rv (eq.
(9)) is shown. It is mainly determined by its denominator: at
small signal energies, rv is found to be large and vice versa. As
a consequence, despite the maximal residual at ty of 17.3nV,
rv amounts to only 0.005 or half a percent. On the other hand,
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Figure4 Dipole moment trajectories of a rotating dipole for
the 15 stimulus conditions in the frontal plane, mean over
subjects. The x-coordinate points to the right, z to the top. The
fitinterval lasted 2 ms, from 1 ms before (triangles) to 1 ms af-
ter peak V. At the latency of wave V, ellipses denoting the
95 %-confidence regions for the dipole moment are drawn.

Figure 5D depicts the goodness-of-fit (gof, eq. (8)) as the out-
come of the y’-test. At time instants where the residual is
smaller than the noise, gof is near 1. At #y gof is very low since
the residual is nearly twice the noise, i.e., it is very unlikely
that the deviation between data and model is due to the noise.
Although at ty 99.5 % of the variance of the data is explained
by the model, the fit cannot not be regarded as good because
of the low gof. However, a reduction of the number of sweeps
from 10000 to 2500 would approximately double the residual
noise and generate gof-values near one. The residual noise
would be virtually unaffected by such a change of the noise
level.

Figure 6 shows the quality measures of the rotating dipole
fit for the mean over subjects and all stimulus conditions. At
ty the residual variance (thin lines) is about 2 % for the mo-
naural (and synergistic) stimuli and roughly 1 % for the bin-
aural stimuli. The monaural responses have approximately
half the amplitude of the binaural responses and therefore ex-
hibit roughly twice the rv. The goodness-of-fit values (thick
lines) are high for the monaural stimuli and markedly lower
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Figure5 Signal characteristics and measures of the fit qua-
lity for the rotating dipole fit. Data from subject HR, response
to the diotic click. A: signal rms. B: rms of the difference be-
tween signal and fit (residual, thin line) compared to the resi-
dual noise averaged over time and channels (straight thick
line). C: residual variance (rv). D: goodness-of-fit (gof).

for the binaural stimuli implying that the monaurally evoked
potentials are well described by a single dipole while the bi-
naurally evoked potentials are not. This finding cannot be in-
ferred from the residual variance.

4 Discussion

The aim of this work is to analyze the correspondence between
psychophysical lateralization and the neural generators of po-
tentials evoked by lateralized stimuli. Since the generators of
early auditory evoked potentials are deep, i.e., reside in the
brain stem, data exhibit a relatively low SNR (signal-to-noise
ratio). Therefore a large number of sweeps per stimulus condi-
tion (10000) was collected to ameliorate the signal quality.

4.1 Incorporation of the noise covariance matrix

To enhance and accurately determine the quality of the solu-
tions of the inverse problem, information of the measurement
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Figure 6 Residual variance (v, thin lines) and goodness-of-
fit (gof, thick lines) of the rotating dipole fit for all stimulus
conditions, mean over subjects. The vertical bars mark the
mean latency of wave V.

errors based on the single sweeps of the EEG recordings was
used [49]. The noise covariance matrix allows (i) a more ge-
neral formulation of the cost function, (ii) the computation of
confidence regions for source parameters by error propaga-
tion, and (iii) the evaluation of the fit quality by means of a
statistical test. Generalized maximum likelihood estimation
was first used by Sekihara et al. [S6] who analyzed the bio-
magnetic inverse problem. Liitkenhoner [30, 31] demonstrat-
ed the advantage of the incorporation of noise covariance
both theoretically and with MEG (magnetoencephalogram)
data from late auditory evoked potentials. The current paper
extends these findings to auditory brain stem responses that
exhibit a markedly lower SNR.

4.2 Goodness-of-fit versus residual variance

An important methodological improvement pertains to the
judgement of fit quality. In EEG literature the residual va-
riance rv is commonly used to determine the quality of the fit.
It has two major drawbacks. First, it introduces a kind of
‘quadratic bias’. A residual variance of 1 % sounds reasona-
bly small, but is equivalent to a residual standard deviation of
10 %. Second, the rv does not compare the residual with the

noise in the measurement. Therefore it should be considered
as not being appropiate for rating the fit quality. Without
noise information it is also impossible to infer confidence re-
gions of source parameters.

The goodness-of-fit (gof) allows to decide if it is necessary
to improve the source model in order to better explain the
data. The single dipole model is sufficient for the monaural
conditions. Since the gof unveiled significant differences be-
tween data and model for the binaural conditions, it is rea-
sonable to analyze a more complex model, e. g., a model us-
ing two dipoles, one for a brain stem nucleus in each
hemisphere [48]. Such conclusions can not be drawn from the
analysis of the residual variance which indicates a better fit
quality for the binaural conditions. In commercial software
programs like BESA (Brain Electrical Source Analysis) and
ASA (Advanced Source Analysis) noise information is not
considered, i.e., S is set to the unit matrix. The fit quality is
expressed in terms of rv. Given the sophisticated algorithms
which are used in data analysis, e. g., distributed source mo-
dels or the computation of forward models using realistically
shaped head models, it is surprising that the judgement of
noise and SNR of data has such a low significance.

4.3 The rotating dipole

Despite the small extension of the brain stem, significantly
different dipole locations were detected for monaural and
binaural stimuli. For binaural stimuli a centered source with a
95 %-confidence region radius as small as 2 mm is found for
subjects with high SNR. For monaural stimuli the fitted di-
pole position is found in the contralateral hemisphere. This is
physiologically meaningful because the majority of the audi-
tory fibers projects to contralateral nuclei in the brain stem
[38]. However, the distance between left and right fitted
source amounts to maximally 1 cm. Given the anatomical di-
stance of the likely generators of wave V, namely 1.6 cm for
the superior olives and 2.2 cm for the nuclei of the lateral lem-
niscii, the fitted distances appear as being too small.

Two reasons are conceivable to explain this discrepancy.
First, the homogeneous sphere which served as head model may
be too simple because it does not model the attenuation effect of
the skull. Compared to the brain tissue and the skin, the conduc-
tivity of the skull is about 80 times smaller [8]. Ary et al. [1] com-
pared the homogeneous sphere with a three-shell head model.
They showed that a dipole in the 3-shell head model must have a
larger excentricity to generate approximately the same EEG as
an identically oriented dipole in a homogeneous sphere. Second,
for monaural stimulation the ipsilateral generators will also be
activated, albeit weaker. The fitting algorithm has to optimize a
single source that must explain two sources of different strengths.
It consequently finds the best matching position between both
sources which is located nearer to the stronger source.

Additionally, the rotating dipole fit unveils characteristics of
the generators. Centrally perceived stimuli cause trajectories of
the dipole moment in the frontal plane that mainly extend in the
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vertical direction. Lateral stimuli generate trajectories with
smaller vertical but larger horizontal extension. This corres-
ponds well to the results from [50], taking into account that the
single channels A1, A2, PO9 and P010 are orientated predomi-
nantly vertical and therefore map the vertical component m, of
the source dipole. The laterality of the stimulus is coded in the
sense of rotation of the trajectory. The moment trajectories of
the rotating dipole do not code the ITD or ILD alone, but show
a striking correlation with the lateralization of the stimuli (see
Figs. 1 and 4), i.e., stimuli with similar lateralization cause si-
milar dipole moment trajectories. This means that ITD and ILD
are not processed independently in the brain stem.

4.4 Possible improvements

A three-shell model of the head can be used instead of the ho-
mogeneous sphere. It is generally believed that by means of
realistically shaped head models derived from MRI (magnetic
resonance imaging) scans, the localization accuracy can be
augmented. However, recently Cuffin et al. [9] compared the
source localization errors of the three-shell model with a reali-
stically shaped head model. The sources were created by in-
jecting current into implanted depth electrodes of human pa-
tients. Virtually no difference occurred in the localization
errors of both models.

Alternatively, the number of recording channels can be
raised to improve spatial sampling. Residual noise can be fur-
ther reduced by even longer recording sessions. Presumably,
evoked potentials to only a few stimulus conditions can be
collected. Instead of the click a rising frequency chirp [10,
51] generating larger evoked potentials with a higher SNR is
a promising alternative.

5 Summary and conclusions

* The incorporation of the noise covariance matrix into the
algorithm to solve the inverse problem allows to derive
confidence regions for dipole parameters and to apply a
statistical test to evaluate the fit quality.

* The goodness-of-fit, comparing the residual with the noise,
is preferable to the residual variance which relies only on the
residual and does not account for the noise in the recording.

* Rotating dipoles corresponding to binaural stimuli are lo-
calized in the sagittal plane.

* For monaural stimuli, the locations of the rotating dipoles
lie in the hemisphere contralateral to the side of stimulation.

e The moments of the rotating dipoles strongly correlate
with the lateralization of the stimuli caused by ITD and
ILD, but they do not correlate with ITD or ILD alone.
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