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Abstract: Auditory brainstem responses provide diagnostic value in pathologies involving the early
parts of the auditory pathway. Despite that, the neural generators underlying the various components
of these responses have remained unclear. Direct electrical recordings in humans are possible only in
limited time periods during surgery and from small regions of the diseased brains. The evidence of
the generator sites is therefore fragmented and indirect, based strongly on lesion studies and animal
models. Source modeling of EEG has been limited to grand averages across multiple subjects. Here,
we employed magnetoencephalography (MEG) to shed more light on the neural origins of the auditory
brainstem responses (ABR) and to test whether such deep brain structures are accessible by MEG. We
show that the magnetic counterparts of the electric ABRs can be measured in 30 min and that they
allow localization of some of the underlying neural sources in individual subjects. Many of the electric
ABR components were present in our MEG data; however, the morphologies of the magnetic and elec-
tric responses were different, indicating that the MEG signals carry information complementary to the
EEG data. The locations of the neural sources corresponding to the magnetic ABR deflections ranged
from the auditory nerve to the inferior colliculus. The earliest cortical responses were detectable at the

latency of 13 ms. Hum Brain Mapp 30:1772-1782, 2009.
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INTRODUCTION

When a short click stimulus is presented to a healthy
subject, the auditory brainstem pathway elicits a series of
responses recordable on the scalp with EEG [Jewett et al.,
1970]. Within the first 10 ms, five to seven vertex-positive
responses, denoted as I-VII, and a slow negative-going
deflection starting after wave V at about 6 ms are gener-
ated. Together these deflections constitute the auditory
brainstem response (ABR). Waves II, IV, and VI may be
undetectable in normal subjects [Levine et al., 1993].

The ABRs are routinely used in clinical practice to assess
the integrity of the lower auditory pathways [e.g.,
Chiappa, 1990]. Detailed information of the generation
sites of the responses would, however, further enhance the
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clinical applicability and relevance of ABRs. Waves I and
I have been demonstrated to originate in the auditory
nerve or at its entry into the brainstem and cochlear nu-
cleus. The sources of the deflections occurring at 3 ms and
later have remained disputable despite elaborate animal
models [Melcher and Kiang, 1996], studies of patients with
brainstem lesions [Starr and Achor, 1975], and direct
recordings from the brainstem during neurosurgical opera-
tions [Meller and Jannetta, 1983]. While it is evident that
multiple structures of the complex brainstem auditory
pathway are active simultaneously already at latencies less
than 10 ms, activity in or near the ipsilateral cochlear nu-
cleus has mostly been associated with wave III although
superior olivary complex has also been proposed as the
main generator. Wave IV is suggested to be generated in
the fiber tracts leaving the cochlear nucleus and/or in the
nuclei of the superior olivary complex with a possible con-
tribution from the inferior lateral lemniscus. The large-am-
plitude wave V has been attributed to activity in lateral
lemniscus; direct intracranial recordings near inferior colli-
culus have demonstrated a strong activity with a slightly
longer latency than that of wave V, indicating a subcollicu-
lar origin of wave V. The slow vertex-negative peak fol-
lowing wave V has been attributed to activity in the
inferior colliculus [Meller and Jannetta, 1983].

The ascending auditory pathways contain both crossed
and uncrossed routes to the auditory cortices. Some stud-
ies of patients with lesions have suggested that the ipsilat-
eral auditory pathways might be the main generator of
wave V [Markand et al., 1989], although a contralateral or-
igin in the lateral lemniscus has also been suggested [e.g.,
Voordecker et al., 1988].

In healthy subjects, source modeling of the electric ABR
[Grandori, 1982; Scherg and von Cramon, 1985] has con-
tributed to our understanding of the ABR generators; how-
ever, the localization accuracy of EEG is limited.

In scalp EEG, the ABRs are followed by middle-latency
responses (MLRs) peaking up to 50 ms after the stimulus
onset and generated in the auditory cortex [Cacace et al.,
1990; Pelizzone et al., 1987]. Direct electric recordings indi-
cate the earliest cortical response at 10 ms [Brugge et al.,
2008; Celesia, 1976]. An early 11-ms response has been
detected by MEG [Kuriki et al., 1995], followed by a
deflection at 19 ms [Hashimoto et al., 1995; Scherg et al.,
1990]. More robust middle-latency responses peak around
30-50 ms. Their generator sites are close to that of the
strong, long-latency N100m response [Mikeld et al., 1994;
Pelizzone et al., 1987; Yvert et al,, 2001]; however, they
differ in sensitivity to stimulus manipulations.

Neuromagnetic signals detectable extracranially origi-
nate mainly in the neocortex due to its proximity to the
sensors and the faster decrease of the magnetic versus
electric signal when the source approaches the center of a
spherically symmetric conductor, where no external mag-
netic field is produced. Since the shape of the cranium is
relatively close to a sphere, it has been disputable whether
signals from deep structures are detectable by MEG. A set

of virtual channels, sensing source currents without direc-
tional specificity, derived from a priori anatomical infor-
mation about the assumed source location have
successfully been used to recover the time course of a
deep source [Tesche, 1996]. In addition, MEG measure-
ments of the auditory brainstem responses have been dem-
onstrated [Erné and Hoke, 1990; Erné et al., 1987; Iramina
and Ueno, 1995; Liitkenhoner et al., 2000].

In this study, we used a large array of low-noise magne-
tometers to record magnetic ABRs (mABR) and early corti-
cal responses to a click stimulus. The attained signal-to-
noise ratio allowed, for the first time, localizing the gener-
ators of some of the mABRs.

MATERIALS AND METHODS
Subjects

Seven healthy volunteers (26—46 years, average 32 years;
five men, two women) with no history of hearing prob-
lems were studied. All subjects gave their informed con-
sent to participate in the study, which was approved by
the Ethics Committee of Helsinki-Uusimaa.

Stimulus

Rarefaction clicks (0.6 ms in duration), generated with a
piezoelectric crystal outside the magnetically shielded
room, were delivered to subject’s left ear via a 2-m long
hard plastic tube. Click intensity, duration, conduction
time through the tube, and the absence of interfering
reflections were verified by an artificial ear (Briiel&Kjaer
model 4157, Naerum, Denmark) at the earpiece of the
tube. The peak-equivalent sound intensity was 107 dBgpr,
and the click was delayed by 6.45 ms with respect to the
electrical signal to the piezoelectric crystal. The delay was
compensated for by shifting the time axis of the averaged
signals accordingly.

In preliminary tests with 5-, 10- and 40-Hz presentation
rates, stimulation at 10 Hz yielded the highest signal-to-
noise ratio given a fixed measurement time, which is in ac-
cordance with the clinical EEG literature [Chiappa, 1990].
The actual employed rate was 9.09 Hz to avoid the accu-
mulation of the 50-Hz power line interference in the
average.

Recordings

Measurements were carried out with the Elekta Neuro-
mag® MEG system (Elekta Neuromag Oy, Helsinki, Fin-
land), which comprises 204 planar gradiometers and 102
magnetometers (27 x 27 mm? pick-up coils) in a helmet-
shaped array. The built-in EEG system was used to record
between FPz and left mastoid simultaneously with the 306
MEG channels. Both MEG and EEG were low-pass filtered
at 1.2 kHz and subsequently sampled at 3 kHz. For low-
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Figure 1.

Grand average across all subjects and all 102 magnetometer
channels. Filtered (180-1,000 Hz) MEG and EEG signals were
latency-normalized with respect to the individually-determined
Wave V prior to computing the root-mean-squared average.
The click was delivered to the ear canal at zero time. The mag-
netic artefact originated in the stimulator 2 m from the ear.
Dashed horizontal lines indicate intrinsic MEG and EEG system

noise levels.

pass filtering, instead of the standard sixth-order filter of
the MEG system, a second-order Butterworth filter was
used for lower phase distortion at frequencies close to the
filter cut-off at the expense of minor aliasing of white
noise to the measurement band.

Each subject was measured for 30 min, yielding about
16,000 epochs to average. A 20-s period of raw data in the
middle of the recording was collected for determining the
optimal signal-space operator for projecting out environ-
mental interference.

The subjects were asked not to pay attention to the stim-
uli. During the recording, they were silently reading a
book.

Postprocessing

The averaged signals were band-pass filtered (180-1,000
Hz for the ABR and 30-300 Hz for the early cortical com-
ponents) with a linear-phase FFT filter and compensated
for interference by signal-space projection (SSP) [Parkko-
nen et al., 1999; Uusitalo and Ilmoniemi, 1997].

The SSP-operator was constructed by a principal compo-
nent analysis (PCA) of the raw data collected during the
recording, bandpass-filtered similarly to the averaged sig-
nals to optimize the SSP for the in-band interference,
which consisted mainly of the harmonics of the 50-Hz
mains. Two SSP components corresponding to the two
highest eigenvalues of the PCA vectors were employed.
These components did not reduce the amplitude of the
brain signals significantly.

For enhanced visualization, the signals were upsampled
to a rate of 12 kHz; three zero-valued frequency bins were
inserted between two consecutive original samples of the
signal in the frequency domain, and the augmented signal
was converted back to the time domain by an inverse Fou-
rier transform.

A grand-average ABR was computed to improve the
detection of the lower-amplitude waves preceding wave
V. The SSP-projected and filtered (180-1,000 Hz) responses
were latency-normalized using the individually-detected
wave V as the reference. In the normalization, the time
axis was slightly dilated or shrunk to align wave V’s to
their mean latency while keeping the zero (click presenta-
tion) time intact; the responses shifted in proportion to the
their latency. This normalized response was computed by
resampling the upsampled signal to the desired time axis,
linearly interpolating the sample values for time points
between the original samples. The root-mean-squared
(RMS) signal was then computed across all magnetometer
channels and subjects.

Integration with Structural MRIs

The MEG and MRI device coordinate systems were
linked through a head coordinate system, defined by three
anatomical landmarks (the nasion and the left and right
preauricular points) accurately identifiable both in MR-
images and on the head of the subject.

Four marker coils were attached to the subjects’ scalp.
The positions of these coils in the head coordinate system
were measured by a 3D digitizer. Small sinusoidal cur-
rents at distinct frequencies were fed through the coils just
prior to the MEG recording and the locations of the coils
in the MEG device coordinate system were determined
based on the generated magnetic fields.

The structural MR-images were acquired by a General
Electric (Milwaukee, WI) Signa 3-tesla and Siemens (Erlan-
gen, Germany) 1.5-tesla MRI scanners. FreeSurfer (http://
surfer.nmr.mgh harvard.edu) was employed for automatic
segmentation and tesselation of scalp, skull and brain vol-
umes from individual MR-images [Fischl et al., 2004]. The
decimated meshes, each comprising 5,120 triangles, were
then utilized in constructing a boundary element model
(BEM) for each subject, except for Subject 6 whose MRIs
were not available. Conductivities of 0.3, 0.006, and 0.3 S/
m were assigned to the brain, skull, and scalp compart-
ments, respectively. FreeSurfer was utilized also for
obtaining an affine transformation between the each indi-
vidual brain and the MNI305 (Montreal Neurological Insti-
tute) average brain for group-level visualization [Collins
et al., 1994].

Source Modeling

The MEG signal sources were modeled with equivalent
current dipoles (ECDs), defined as the ideal current
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TABLE |. Magnetic auditory brainstem responses
(mABR) and middle-latency auditory evoked fields (ML-

AEF)

ML-AEF
Subject mABR waves(180-1,000 Hz) (30-300 Hz)
S1 I-, IO, III, IV, V N17, P30, N40, P50
S2 I,V N17, P30, N40
S3 \Y N17, P30, N40
S4 I, III-, V, VI (in steady state) P30
S5 I,V P30, N40
S6 -, v N17, P30, N45
S7 I-, -, 1L, IV, V N17, P30, N40

Responses exceeding two standard deviations (P < 0.05) of the
baseline noise at any magnetometer channel or twice the baseline
amplitude of the global root-mean-square signal. Magnetic ABRs
are labeled according to the simultaneously recorded electric
responses. Roman numerals refer to the standard labeling with
the minus sign denoting the trough following the peak; N and P
denote vertex-negative and -positive (respectively) EEG-counter-
part of the response, followed by an approximate latency in
milliseconds.

dipoles explaining the measured magnetic fields best at a
given time point. The ECD locations and orientations were
found with a non-linear search which minimized the sum
of squared errors at each measurement channel between
the model and the measurements. For modeling the ABRs,
this fitting was performed sequentially from 0.5 to 8 ms in
steps of 0.1 ms and for the middle-latency responses at
time points when the averaged data exhibited a clear dipo-
lar field pattern. Only dipole models accounting for more
than 70% of the signal variance were accepted. In addition
to these single-dipole fits, multidipole modeling was
attempted. The 102 magnetometer channels were used for
estimating the field maps and fitting the mABR sources
whereas all 306 channels were employed when modeling
the middle-latency responses. Two-dipole models were
constructed for bilateral sources by first selecting a group
of at least 40 channels above the dominant auditory cortex,
fitting a single dipole, projecting the field pattern of that
dipole out, selecting a similar group of channels above the
other auditory cortex and fitting another single dipole to
the residual.

RESULTS
MEG Signals

Averaged and filtered (pass-band 180-1,000 Hz) MEG
signals revealed a sequence of responses peaking between
2 and 7 ms after the click. Figure 1 shows the grand aver-
age (root-mean-squared) across all magnetometer channels
and all subjects; mABRs lack the sharp initial deflection,
wave I, present in the electric recordings whereas they ex-
hibit a peak at 2 ms, coinciding with the trough following

the electric wave I, i.e., wave I-, in most subjects. The later
deflections are apparent in both electric and magnetic
recordings but with different relative amplitudes and
slightly different peak latencies.

Filtering the MEG signals to 30-300 Hz allowed detect-
ing the middle-latency components starting at 13 ms in
two subjects. In one subject, the rapid stimulation elicited
steady-state responses which were apparent despite the
30-Hz high-pass filtering and thus prevented reliable sepa-
ration of the middle-latency responses. Table I lists the
observed responses in both frequency bands and in each
subject.

The most prominent magnetic brainstem response coin-
cided with wave V of the electric ABR; see Figure 2 for the
average response in one subject. This response was identi-
fiable in all subjects and its peak amplitude ranged from
3.3 to 6.6 fT (mean 4.7 fT). The mean latency was 5.6 ms,
which is comparable to the electric wave V normal latency
of 5.7 ms at the click rate of 10 Hz [Chiappa, 1990]. Table
IT lists the peak latencies and amplitudes of wave V for all
subjects. S2 and S5 exhibited elevated noise up to 300 Hz;
thus, high-pass filtering at 400 Hz instead of 180 Hz fur-
ther improved the signal-to-noise ratio. This higher band
was employed for source modeling in these two subjects.

The average signal-to-noise ratio (SNR) of wave V was
6.1 for the magnetometers whereas the SNR of the gradi-
ometers was too low for a reliable detection of wave V.
Taking into account the number of averages (N = 16,000)
and the bandwidth (Af = 820 Hz), the observed average
baseline noise level (B = 0.77 fT,,,s) corresponds to a spec-
tral density S = B, /(N/Af) = 3.4 fT/,/Hz, and that of the
best subject to 2.3 fT/,/Hz, which is about the instrumen-
tation white noise level.

The magnetic counterparts of the ABR deflections pre-
ceding wave V exhibited lower amplitudes and higher
variability across subjects as in electric recordings.

Sources

Magnetic field maps of the mABR deflections at differ-
ent latencies are shown in Figure 3 (single subject). The
maps indicate ipsilateral sources for the earliest responses
(waves I-II) and a medial or contralateral generator for
wave V. The cortical middle-latency responses were bilat-
eral but clearly stronger in the contralateral hemisphere.
Single-dipole modeling yielded goodness-of-fit values
above 70% using all magnetometer channels and for all
sources shown in Figure 3.

The ECD locations of the earliest observed deflections
(best fit at t = 2.4 ms on average) indicated a contribution
from the auditory nerve. The current dipoles were approx-
imately in the horizontal plane, pointing toward the neck
of the subject. Their strength Q was 0.9 + 0.1 nAm (mean
+ SEM) on average. In one subject, a dipolar pattern was
present also at 3.0 ms, corresponding to wave II of the
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Figure 2.
Magnetic and electric ABR from subject SI. Average magnetometer signals (left), and an enlarged
occipital magnetometer channel with the simultaneously measured EEG, both shown filtered to
two pass-bands (right).

ABR. The ECD (Q = 1.1 nAm) localized near the ipsilat-
eral cochlear nucleus; see Figure 3.

The locations of the ECDs corresponding to wave V (t =
5.5 ms) were contralateral in all subjects, near but lateral
and posterior to lateral lemniscus. The ECDs (Q = 14 +
0.1 nAm) were oriented contralaterally, about 34 degrees
above the horizontal plane and five degrees posterior from
the coronal plane. In some subjects, the residual field pat-
tern (not shown) after subtracting the strongest dipolar
wave V component suggested for an additional, simultane-
ous source; however, the signal-to-noise ratio of the resid-
ual did not allow reliable modeling.

A magnetic counterpart of wave VI was seen in one sub-
ject but its signal-to-noise ratio was insufficient for source
modeling.

A standard multidipole model of brainstem sources
with uninformed source waveforms did not yield reliable
results; the dipoles interacted, producing spurious activity
estimates even if the positions and orientations of the
dipoles were fixed.

The earliest detected cortical responses following the
ABRs peaked at about 17 ms (N17m) in five of the seven
subjects and at about 30 ms (P30m) in the other two. In
two subjects the rising slope of the NI17m response

TABLE Il. Wave V latencies, amplitudes, and signal-to-noise ratios in MEG and EEG

Subject t/ms Bmax/fT Emax/ 1tV B/ fT s En/1WVims SNRmEG SNRggg
S1 5.8 6.6 0.21 1.1 0.02 6.29 11

S2 5.1 44 0.23 0.97 0.05 4.54 4.6
S3 5.5 33 0.19 0.73 0.02 4.52 9.5
S4 53 5.9 0.08 0.52 0.03 114 2.7
S5 5.7 3.9 0.22 0.54 0.01 7.22 22

S6 5.7 34 0.19 0.75 0.02 4.53 9.5
S7 5.8 5.4 0.46 0.82 0.02 6.59 23
Average 5.6 4.7 0.23 0.77 0.02 6.43 11.7

t, response peak latency; Biax and Ena.y, peak amplitude in MEG and EEG; B, and E,, noise level in MEG and EEG as root-mean-

squared amplitude of the baseline period; SNR, signal-to-noise ratio.
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Figure 3.
Magnetic field maps and ECD locations of the auditory brainstem and early cortical responses;
data from subject SI. The blue and red contours (left column) indicate magnetic fields entering
and exiting the head, respectively. The dots denote the estimated ECD locations, and the arrows
indicate the direction of current flow (right column).

exceeded baseline noise already at 13 ms. The ECD models
indicated the sources of the N17m deflections in the pri-
mary auditory cortices, deep in the Heschl’s gyri. The
sources of the P30m responses, detectable in all subjects,
were lateral and anterior to the N17m sources; see Figure

3 for the N17m and P30m field maps and source locations
in one subject.

Figure 4 shows the source locations, transformed to the
MNI305 average brain, of all accepted ECD models for
both the magnetic ABRs and middle-latency responses in
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Figure 4.
ECD locations of the mABRs and middle-latency responses to left-ear stimulation in all subjects.
The locations of all dipoles with goodness-of-fit >70% were transformed to the MNI305 brain
and color-coded for latency. All sources within 20 mm from the displayed planes are plotted.
The sources of wave V are shown as green triangles.

all subjects. In particular, sources at 5-6 ms (wave V laten-
cies) are all contralateral.

DISCUSSION
MEG and Deep Sources

Our study demonstrated that a reliable magnetic mea-
surement of auditory brainstem responses is possible with
low-noise magnetometers, which suggests that also other
activity in deep brain structures may be detected and
visualized by MEG in a data-driven manner. However, the
contribution of the deep structures is best seen when the
masking cortical activity can be suppressed by filtering. In
the mABR frequency band employed here (180-1,000 Hz),
the observed baseline noise level was only marginally
higher than the intrinsic system noise level; thus, lower-
noise MEG sensors would facilitate studies of such high-
frequency phenomena. Background brain activity and par-
ticularly magnetic muscular artifacts are likely responsible
for the slight increase of the noise level.

The mABRs could potentially be enhanced by using
chirp stimuli instead of simple clicks. Chirps are complex
wide-band sounds crafted to stimulate a large extent of
the basilar membrane simultaneously [Fobel and Dau,
2004] and therefore elicit stronger responses. Alternatively,
the stimulation rate could be substantially increased by
employing pseudo-random click trains, and applying
decorrelation methods to extract the response to a single
click [Delgado and Ozdamar, 2004; Eysholdt and
Schreiner, 1982].

MEG is considered useful in locating epileptic activity
from lateral fissural cortices. However, mesial temporal
epileptic activity is poorly visualized in recordings with
MEG devices comprising only gradiometers [Mikuni et al.,

1997]. The reliable measurement of mABRs in individual
subjects encourages studies of activity in other deep brain
structures, such as epileptic discharges in mesial temporal
lobes [Enatsu et al., 2008], by MEG measured with
magnetometers.

Source Modeling

We employed equivalent current dipoles (ECDs) in
modeling the sources of mABRs. When modeling cortical
activity, the ECD represents synchronized post-synaptic
currents in the dendrites of pyramidal cells in a small
patch of cortex [Hdméldinen et al., 1993]. However, for
nuclei and axons the ECD should be considered to reflect
the dipolar net effect due to all neural currents, whether
dendritic or axonal. In these cases the strength of the ECD
is greatly affected by the geometry of the cellular primary
currents as well as the distribution of volume currents in
the surrounding conducting medium; straight axons in a
bulk homogenous medium contribute only weakly to the
extracranial field while symmetry breaks, such as curved
axon segments or abrupt changes in the surrounding con-
ductivity, give rise to a dipolar source [see e.g., Scherg
and von Cramon, 1985; Zappia et al., 1996]. Accordingly,
action potentials are assumed to give rise to far-field com-
ponents [Eggermont, 2007; Meller, 2007] at locations where
(i) the nerve traverses from one surrounding tissue type to
another (auditory nerve entering and exiting the petrous
bone at the internal meatus; ABR wave I, possible contri-
bution to wave II), (ii) the pathway branches (trifurcation
of the auditory nerve to innervate the three divisions of
cochlear nucleus; possible contribution to wave III), (iii)
the tract bends (lateral lemniscus turning rostral; wave IV,
possible contribution to wave V), or (iv) the nerve fibers
end to a nucleus (auditory nerve entering brainstem; wave

* 1778 *



¢ Magnetic Auditory Brainstem Responses ¢

II, lateral lemniscus terminating to inferior colliculus;
wave V) or due to a lesion (cut-end potentials).

Dipole models of some of the mABR waves were linked
with anatomically plausible locations. However, the field
patterns indicated, as reported earlier [Liitkenhoner et al.,
2000; Scherg and von Cramon, 1985], that a single equiva-
lent current dipole may not be a satisfactory source for the
later ABR/mABR waves as there probably are several
simultaneously active generator sites in the neural struc-
tures. Furthermore, the different conductivities of the brain
tissue (0.3 S/m employed here) and the cerebrospinal fluid
[1.8 S/m; Baumann et al., 1997] in the fourth ventricle,
close to the observed wave V source region, may contrib-
ute to the localization error. When interpreting the loca-
tions, the limitations of the models should be kept in
mind.

An alternative modeling approach could be based on an
anatomically and structurally informed generative model
of the auditory pathway. The parameters of such a model
would be obtained by fitting the model to the measured
MEG data.

ABR Generators

MEG recordings allowed noninvasive source localization
in individual subjects. The earliest responses were clearly
lateralized to the stimulated side (left) whereas the field
patterns from 4 ms onward indicated activity on both
sides.

The magnetic recordings did not exhibit a distinct peak
at the nominal latency of wave I while such a response
was evident in the simultaneously acquired electric data;
however, the grand-average response across all magne-
tometer channels and subjects deviated significantly from
the baseline already at this latency. Thus, the first peaks in
the magnetic signal, temporally coinciding with the trough
following electrical wave I, also denoted as wave I, appa-
rently reflects a combination of the sources underlying
waves I and II, oriented more favorably for MEG at this la-
tency. The estimated sources at the peak at about 2.4 ms
in four subjects suggest an origin in, or at least a contribu-
tion from, the auditory nerve ipsilateral to the stimulation
at the conductivity boundaries of the poorly conducting
skull bone, the highly conductive cerebrospinal fluid and
the brainstem tissue, in line with previous observations
[Hashimoto et al., 1981; Martin et al., 1995; Scherg and von
Cramon, 1985; Zappia et al., 1996].

The source of the magnetic response corresponding to
wave II of the ABR localized in the vicinity of the cochlear
nucleus, suggesting a close connection between near-field
activity in the cochlear nucleus and far-field ABR record-
ings at this latency [Moller and Jannetta, 1983].

Magnetic responses in the latency range of the ABR
wave V were evident in all subjects. The field patterns
showed a clear lateralization to the side contralateral to
the stimulation. Modeling with ECDs indicated source

locations posterior and lateral to lateral lemniscus and in-
ferior colliculus (IC) on the contralateral side. These find-
ings parallel (i) the disappearance of wave V to left ear
stimulation after obliteration of right IC [Durrant et al.,
1994], (ii) the changes due to unilateral lesions in lateral
lemniscus [Voordecker et al., 1988] or in IC, brachium
colliculi and medial geniculate body [Fischer et al., 1995],
and (iii) the results from patients with plaques of multi-
ple sclerosis rostral to superior olivary complex and tra-
pezoid body [Levine et al., 1993]. The contralateral origin
of wave V is also in line with subdural recordings from
the basal temporal surface [Zappia et al.,, 1996] and with
the dominant response of contralateral IC in fMRI
[Langers et al., 2005]. Our results do not support conclu-
sions of dominant ipsilateral IC activation as suggested
by midbrain lesions [Markand et al., 1989], or positron
emission tomography activation [Giraud et al., 2000]. Ip-
silateral lesions may still have an effect on the shape of
wave V; lesioned cochlear nucleus and cut-end potentials
in a lesioned lateral lemniscus have been suggested to
explain why stimuli ipsilateral, but not contralateral, to
the lesion produced an altered wave V in some studies
[Mgller and Jannetta, 1983].

The observed largely horizontal orientations, with a
small upward component, of the wave V dipoles are com-
patible with the orientation estimates based on subdural
recordings [Zappia et al., 1996] and differ only slightly
from the orientation suggested by modeling scalp EEG
[Scherg and von Cramon, 1985], which may result from
the different sensitivities of MEG and EEG to radial source
currents. Similar correspondence to the EEG-based model
[Scherg and von Cramon, 1985] was evident for the orien-
tations of wave I- and II. Since the EEG sources were con-
strained to a plane and the locations were shown only
schematically and as relative to other sources, we did not
compare these locations to our MEG sources.

The latency differences between some of the magnetic
and electric ABR peaks could be attributed to a turning
and/or moving source which reaches the maximum cou-
pling to our EEG and MEG sensors at different orienta-
tions and thus at different latencies. Similarly, an evolving
cluster of sources could give rise to latency differences.

Latency and location of the mABR sources allow for
coarse estimation of the conduction velocity along the au-
ditory tract. In Subject 1, the Euclidean distance between
the ECD sources of wave II and V was 39 mm, and the
corresponding temporal difference 5.8-3.0 = 2.8 ms.
Accounting for one synaptic delay [0.8 ms; Meller, 2007]
in the cochlear nucleus, the lower bound for the conduc-
tion velocity becomes 19 m/s. The true velocity is likely
somewhat higher as the tract does not follow a straight
line and is thus longer than assumed here; in adults, the
axons originating in the cochlear nucleus traverse at least
46 mm to reach the contralateral IC [Moore, 1987]. Our ve-
locity estimate is comparable to the direct measurement of
22 m/s along the intracranial portion of the VIII nerve
[Moller et al., 1994].
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Clinical uses of ABRs include hearing screening, hearing
threshold estimation, differentiation of conductive, sen-
sorineural and retrocochlear disorders, particularly auditory
neuropathies, and intraoperative monitoring during cerebello-
pontine angle surgery. The equipment to obtain electric ABRs
is relatively inexpensive and thus accessible for screening
purposes [Burkard and Secor, 2006], particularly in develop-
ing countries [Pitkdranta et al., 2007]. Uncertainty of the gen-
erator sites of the ABRs reduces their diagnostic value. Our
source localizations based on MEG may help to interpret the
electric ABRs and thus facilitate their clinical use.

Absence of Thalamic Responses

No responses indicating activation of medial geniculate
body (MGB) were apparent in our source analysis. Wave
VI, present only in one subject in our magnetic data, has
been associated with activity in the MGB although in direct
recordings the amplitude of the MGB signal contemporous
to wave VI drops quickly when retracting the electrode
[Hashimoto et al., 1981]. Other studies have shown that
wave VI is more likely generated in the contralateral IC
[Moller and Jannetta, 1982], implying that MGB activity
occurs somewhat later. In direct recordings from the vicin-
ity of the MGB and lateral geniculate body, electric activity
elicited by short pure tones has been detected at 13 ms and
onward. These responses were interleaved with cortical ac-
tivity recorded from Heschl’s gyri [Yvert et al., 2002]. MGBs
are activated in auditory fMRI studies [e.g., Sigalovsky and
Melcher, 2006]. A probable explanation for the lack of the
MGB responses in our data is that the neuronal currents in
the nucleus form roughly symmetric patterns (closed fields)
and the associated magnetic and electric fields decay rap-
idly as a function of distance and are not detectable on the
head surface. Alternatively, it is possible that some of this
activity was merged with the magnetic signal at about 6 ms
and contributed to the lateral shift of the estimated source
of wave V; multiunit activity occurs already at 5.5-10 ms in
the human MGB in response to a stimulus contralateral to
the recording site whereas ipsilateral stimulation elicits
activity 14-16 ms post-stimulus [Velasco et al., 1982].

Early Cortical Responses

The first cortical activations were already observed at 13
ms in two subjects. The finding corroborates the previous
estimates of the earliest cortical auditory evoked fields at
11 ms [Kuriki et al., 1995]. Our data showed a roughly
dipolar field pattern starting at 13 ms after the stimulus
onset and strengthening into the N17m response without
an appreciable change in the source orientation. The corre-
sponding sources were medial to the sources of the 30-ms
responses but still in the supratemporal auditory cortex.
Deflections at 8-10 ms [Celesia, 1976], at 13 ms [Godey
et al., 2001], or at 8-14 ms [Brugge et al., 2008] after stimu-

lus onset have also been observed in direct cortical record-
ings from the medial tip of the Heschl’s gyrus.

Even with the 30-Hz high-pass filtering employed here,
the steady-state response in one subject contaminated the
pre-stimulus baseline thus rendering it impossible to iso-
late the earliest cortical contribution. Such contamination
is a likely confound at short interstimulus intervals unless
removed by proper filtering.

The scalp-negative, or slow brainstem response, SN10
follows wave V in ABR recordings, and may extend up to
15 ms at low stimulus intensities. Its amplitude depends
strongly on the recording parameters but may be useful in
estimating low-frequency hearing thresholds [Tawfik and
Musiek, 1991]. The response has been attributed to asyn-
chronous activities in the brainstem nuclei [Suzuki et al.,
1977], mainly in the inferior colliculus [Davis and Hirsh,
1979; Hashimoto, 1982; Mpller and Jannetta, 1982]. The
slowness, relative to the preceding deflections, of the
response [50-150 Hz; Tawfik and Musiek, 1991] has been
suggested to indicate imprecise synchronization and a
composite of overlapping waves belonging to middle com-
ponents of the ABRs [Klein, 1983]. No polarity reversals of
this deflection have been reported in intraoperative record-
ings. Our data from two subjects indicate emerging corti-
cal activity at a time range partly overlapping the typical
SN10 latencies; it is possible that the cortical activity is
reflected in the ABR recordings as well. During sleep,
SN10 is reduced in amplitude and is more difficult to elicit
than in the awake state [Klein, 1983] which parallels the
behavior of cortical evoked responses.

CONCLUSIONS

Our data confirm that magnetic ABRs are recordable
with modern MEG devices that contain magnetometers
and that their sources can be localized in individual sub-
jects. The estimated source locations of waves I-, II, and V
match with the generator sites expected based on near-
field recordings and simultaneous surface-EEG recordings.
In particular, the results indicate that wave V is generated
contralateral to the stimulated ear in our healthy subjects
and suggest a contribution of cortical electric activity to
the SN10 response. Success in recording activity from the
auditory brainstem suggests that also other deep-seated
high-frequency electric brain activity can be recorded with
magnetometers and analyzed in a data-driven manner
with minimal assumptions on the generator structures.
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