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Abstract: The auditory system is often considered to show little contralateral dominance but physiological
reports on the contralateral dominance of activity evoked by monaural sound vary widely. Here, we show
that part of this variation is stimulus-dependent: blood oxygen level dependent (BOLD) responses to 32 s of
monaurally presented unmodulated noise (UN) showed activation in contralateral auditory cortex (AC) and
deactivation in ipsilateral AC compared to nonstimulus baseline. Slow amplitude-modulated (AM) noise
evoked strong contralateral activation and minimal ipsilateral activation. The contrast of AM–versus-UN was
used to separate fMRI activity related to the slow amplitude modulation per se. This difference activation
was bilateral although still stronger in contralateral AC. In magnetoencephalography (MEG), the response
was dominated by the steady-state activity phase locked to the amplitude modulation. This MEG activity
showed no consistent contralateral dominance across listeners. Subcortical BOLD activation was strongly con-
tralateral subsequent to the superior olivary complex (SOC) and showed no significant difference between
modulated and UN. An acallosal participant showed similar fMRI activation as the group, ruling transcallosal
transmission an unlikely source of ipsilateral enhancement or ipsilateral deactivation. These results suggest
that ascending activity subsequent to the SOC is strongly dominant contralateral to the stimulus ear. In con-
trast, the part of BOLD and MEG activity related to slow amplitude modulation is more bilateral and only
observed in AC. Ipsilateral deactivation can potentially bias measures of contralateral BOLD dominance and
should be considered in future studies. Hum Brain Mapp 36:883–896, 2015. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

It has been traditionally noted in clinical neurology that
unilateral lesions of the auditory cortex (AC) are not asso-

ciated with prominent contralesional deficits, in contrast to
unilateral lesions of the visual or somatosensory cortex.
This apparent lack of contralateral dominance in the AC is
generally explained with bilateral projections in the
ascending auditory pathway [Adams, 1979; Ades and
Brookhart, 1950]. However, part of the ipsilateral projec-
tions are inhibitory, for example, those emanating from
the lateral superior olive [Glendenning et al., 1992], and
many animal models indicate that spiking activity in
response to monaural sound is observed almost exclu-
sively in the contralateral inferior colliculus (IC) [Delgutte
et al., 1999; Semple and Kitzes, 1985] and medial genicu-
late nucleus (MGB) [Samson et al., 2000]. Spiking activity
in AC may be more variable but is on average also
strongly dominant contralateral to the stimulus ear
[Brugge et al., 1969; Goldstein et al., 1968; Higgins et al.,
2010; Imig et al., 1990; Reser et al., 2000]. In contrast, audi-
tory EEG and magnetoencephalography (MEG) responses
evoked by monaural sound in human AC show only
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relative contralateral dominance with amplitude differen-
ces of only 10% to 50% between left and right AC [Hine
and Debener, 2007; K€onigs and Gutschalk, 2012; Pantev
et al., 1986; Ross et al., 2005; Scherg and Von Cramon,
1986]. Strong lateralization to the contralateral AC has
been found in a number of fMRI studies using monaural
stimulus presentation [Langers et al., 2005; Sch€onwiesner
et al., 2007; Woldorff et al., 1999], whereas others also
reported considerably strong ipsilateral AC activation
[Devlin et al., 2003; Lehmann et al., 2007]. The sources of
this variability remain obscure.

The interest in understanding contralateral dominance in
AC reaches beyond the phenomenon itself and its role for
sound localization [Ahveninen et al., 2014]. For example, the
structural model to explain the right-ear advantage in
dichotic listening is based on the assumption of (1) predomi-
nantly contralateral representation in the AC that is further
enhanced by ipsilateral input and (2) left-hemispheric domi-
nance for language [Kimura, 1961; Sparks and Geschwind,
1968]. Despite the time that has passed since the introduction
of dichotic paradigms, the key parameters contralateral–
versus-ipsilateral representation of monaural sound in the
AC and the role of transcallosal communication between the
auditory cortices [Westerhausen and Hugdahl, 2008] remain
incompletely specified.

Here, we explore stimulus-related explanations for the
variability of contralateral dominance for monaural sound
in AC and the subcortical auditory pathway. In particular,
we aimed to integrate the finding of generally weak con-
tralateral dominance in MEG compared to strong contra-
lateral dominance in a subset of fMRI studies (as well as
the animal models referenced earlier).

Auditory evoked MEG responses are either coupled to
the onset of or change within a sound. Such transient
events are typically repeated within a sequence and the
MEG response is averaged across trials. The situation is
similar for periodic stimuli, like amplitude-modulated
(AM) sound, where the steady-state MEG response is
locked to the repetitive modulation cycles. AM stimuli
can be decomposed into the carrier signal and the AM.
While parts of the fMRI response may be related to the
AM itself—similar to the phase-locked MEG response—it
may also comprise components that reflect the fine struc-
ture of the carrier, irrespective of the presence or absence
of AM. This hypothetical blood oxygen level dependent
(BOLD) response evoked by the carrier may not necessar-
ily have a strong counterpart in MEG. (Conversely,
ongoing sounds evoke sustained fields in MEG that can
be partly related to the carrier but which do not have a
strong BOLD counterpart [Gutschalk et al., 2010; Stein-
mann and Gutschalk, 2012]). Based on a separation of
carrier- and AM-evoked BOLD activity, the discrepancy
in contralateral dominance of MEG and BOLD responses
in the AC could be resolved under the hypothesis that (I)
the AM-evoked response shows little contralateral domi-
nance, whereas (II) the carrier evoked BOLD response
exhibits strong contralateral dominance.

To separate these components, we used slow AM with a
modulation frequency of 8 Hz, which drives the cortex
with an ongoing, phase-locked response in MEG [Wang
et al., 2012]. AM-specific BOLD activity was then esti-
mated by contrasting the AM stimulus with the unmodu-
lated noise (UN) carrier [Steinmann and Gutschalk, 2011].
We expected that the AM-specific response was bilateral
in MEG and fMRI, and that the remaining activity—
evoked by the UN carrier—was more strongly lateralized
to contralateral AC. Furthermore, we used cardiac gating
[Guimaraes et al., 1998] to obtain activity in the auditory
brainstem and evaluate if different lateralization patterns
emerge in the ascending auditory pathway.

MATERIALS AND METHODS

Subjects

Twelve listeners (six female and six male) participated
in the main fMRI study, and 11 of these listeners also par-
ticipated in the main MEG study. The mean age was 23.9
years with an age range from 19 to 31 years. Two addi-
tional listeners participated in supplementary experiments.
One listener (40 years, male) participated in an fMRI
experiment to evaluate the influence of the scanner coolant
pump. Another listener (37 years, female) with incidentally
discovered callosal agenesis was studied with MEG and
fMRI to evaluate the influence of transcallosal connection
for the results of the main study. The study was approved
by the ethics committee of Heidelberg University and writ-
ten informed consent was obtained from all listeners.

Stimuli and Sound Presentation

Stimuli were 32-s-long segments of white noise, low-pass
filtered at 8,000 Hz (second order Butterworth filter), and
sampled at 48,000 Hz. The noise was either UN or AM
noise with a modulation rate of 8 Hz obtained by modu-
lating the noise with a rectified 4-Hz sinusoid. The stimu-
lus presentation was monaural to the left or right ear. The
four stimulus conditions (AM left, AM right, UN left, and
UN right) were presented in alternation. The silent interval
between successive noise intervals was on average around
32 s (range 24–40 s) in fMRI and 5 s in MEG. In fMRI, the
stimuli were presented with S14 insert earphones (Sensi-
metrics Corporation, Malden, MA). In MEG, the stimuli
were presented with ER3 transducers (Etymotic Research,
Elk Grove Village, IL) connected to foam earpieces via
1-m-long plastic tubes. The sound level was 85 dB SPL in
fMRI and 75 dB SPL in MEG. The lower level in MEG was
chosen because of the very low ambient noise level, in
which 85 dB were subjectively perceived as unpleasantly
loud, whereas the same level was still judged as conven-
ient in the fMRI setting. Each of the four stimulus condi-
tions (left and right, AM and UN) was presented 12 times
in fMRI and 25 times in MEG. The total duration of
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functional data acquisition was approximately 52 min in
fMRI and 62 min in MEG.

MRI Data Acquisition

MRI data were obtained with a 3T, Magnetom Tim Trio
scanner (Siemens, Erlangen, Germany), equipped with a
32-channel phased-array head coil. Cardiac gating [Gui-
maraes et al., 1998] was used to reduce signal fluctuations
in the brainstem due to pulse-pressure waves of the basi-
lar artery. To this end, peripheral pulse oximetry was con-
tinuously recorded at the subjects’ index finger and the TR
was adjusted to a minimum of 7.5 s. The acquisition was
started with the next pulse after the 7.5 s interval, such
that the TR was in a range of 7.5–8.5 s for an average
pulse rate of 60 beats per minute. The acquisition time
was 1.5 s, leaving approximately 6.5-s long pauses in
which the stimulus was presented without the scanner
noise [Edmister et al., 1999; Hall et al., 1999]. The func-
tional volume was approximately coronal, tilted toward
frontal to cover the AC and the brainstem. 22 T2*-
weighted slices (Flip Angle 90�; Echo Time 42 ms) were
acquired with 2 mm thickness, 0.1 mm distance, and in-
plane resolution of 120 3 120. The field of view was 208 3

208 mm, yielding a voxel size of 1.7 3 1.7 3 2 mm. The
timing between acquisition and stimulus onset was stag-
gered in steps of 2 s to resample the BOLD activation time
courses in approximately 2-s long intervals. To this end,
the stimulus presentation was started with a delay of 0, 2,
4, or 6 s to the acquisition directly preceding the stimulus.
The order of delays and interstimulus intervals was pseu-
dorandom and each delay was repeated with the same
frequency. A whole-head T1 weighted MPRAGE anatomi-
cal sequences was acquired with a voxel size of 1 3 1 3

1.3 mm for anatomical coregistration.

MEG Data Acquisition

MEG data were recorded with a Neuromag 122 system
(Elekta Neuromag, Helsinki, Finland) inside a four-layer
magnetically shielded room (IMEDCO, H€agendorf, Swit-
zerland). Data were acquired continuously with a 1000-Hz
sampling rate (recording bandwidths 0–330 Hz). Before
recording, the position of four head-position-indicator coils
were measured to register the head position inside the
MEG dewar. The position of these coils was digitized with
an Isotrack II digitizer (Polhemus, Colchester, VT) relative
to 35 predefined points at the head surface.

fMRI Data Analysis

The MRI data were analyzed with the Freesurfer software
package version 5.2 (Athinoula A. Martinos Center for Bio-
medical Imaging, Charlestown, MA), following the stand-
ard processing stream. The structural whole-head MPRAGE
images were averaged, segmented, and the cortical surface

was transformed into a two-dimensional (2D) surface recon-
struction. The cortical surface reconstruction was then core-
gistered with a standard brain for normalization across
subjects [Fischl et al., 1999]. Activation maps were calcu-
lated by a general linear model using a single-gamma
(delta 5 2.25 s; tau 5 1.25 s) hemodynamic response func-
tion [Dale and Buckner, 1997]. Because the Freesurfer func-
tional analysis stream (FS-fast) is designed for a fixed TR,
the parameter files were adjusted to produce an exact tim-
ing of sound onset and offset relative to the acquisition
under the assumption of a fixed TR of 8 s. The timing of
stimulus onsets were calculated such that the delay relative
to the acquisition before stimulus onset was exact. To adjust
the timing between sound offset and the subsequent scan-
ner acquisition, the event duration in the paradigm file was
modified for each trial. No timing correction was applied
for acquisitions between sound onset and offset, but the
deviance from the 8-s TR resulting from the cardiac gating
was generally so small in these intervals that it could be
neglected. The T1 fluctuation introduced by the variable TR
is so small for the long TR> 7.5 s that it can be neglected;
accordingly, we did not use interpolation of T1 values to a
constant TR [Guimaraes et al., 1998]. The group analysis
used a weighted least squares random-effects analysis per-
formed in volume space for subcortical activity and in sur-
face space for cortical activity. To correct for multiple
comparisons, the activated voxels (determined by a voxel-
wise uncorrected significance threshold of P< 0.05) were
clustered and significance levels of the clusters were esti-
mated by Monte-Carlo simulation of z-statistics [Hagler
et al., 2006]. A threshold of P< 0.05 was used for cluster-
wise thresholding in this process. Two main contrasts were
calculated for each ear: (1) sound (AM 1 UN)-versus-silence
and (2) AM noise-versus-UN. We also evaluated the single
AM and UN–versus-silence contrasts at the cortical level,
because the two conditions were significantly different here.

A region of interest (ROI) analysis was performed to
quantify activity in anatomically defined areas specified in
average volume space. AC was defined as the transverse
gyri of Heschl, the planum temporale, and the superior
temporal gyrus posterior to its intersection with the first
transverse gyrus. Subcortical nuclei were determined
based on macroscopic anatomy of the average brain in
combination with a detailed atlas of brainstem nuclei [Pax-
inos et al., 2012] and with cross reference to the activation
maps obtained for the sound-versus-silence contrast. One
sphere for each side was used with the following Talairach
center coordinates: (1) cochlear nucleus (CN): 612,
y 5 241.5, z 5 234, diameter 6 mm. (2) Superior olivary
complex (SOC): x 5 66, y 5 238, z 5 232, diameter 6 mm.
(3) Nuclei of the lateral lemniscus (NLL): x 5 610, y 5 235,
z 5 217, diameter 6 mm. (4) IC: x 5 65, y 5 235, z 5 27,
diameter 6 mm. (5) medial geniculate body (MGB):
x 5 616, y 5 226, z 5 23, diameter 7 mm. Only voxels that
were active in the sound-versus-silence contrast and that
lay within the anatomically specified region were used for
analysis. The contralateral stimulus was used for the
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definition of all ROIs from SOC to AC. Only the CN ROI
was defined based on the ipsilateral stimulus condition.
(The contralateral/ipsilateral sound-versus-silence contrast
rather than an all sound-versus-silence contrast was used
for ROI definition, because the activation pattern for left-
and right-ear stimulation were so opposite to each other
that a combination of the two decreased the signal-to-
noise ratio). The same set of voxels was then used to esti-
mate activity in the respective anatomical area for all four
stimulus conditions based on the beta values estimated in
the first-level analysis for each subject.

BOLD time courses were reconstructed from the cortical
data to separately estimate the contribution of transient
and sustained BOLD components. To extract BOLD time
courses in the AC ROI, the acquisitions were resorted rela-
tive to tone onset and binned to a temporal resolution of
2 s (i.e., 0.5 Hz). The time courses were low-pass filtered
at 0.1 Hz (second order, Butterworth filter with zero-phase
shift) and averaged across voxels within the AC ROI and
then across subjects with MATLAB. A baseline was calcu-
lated in the time interval 8 s before sound onset and sub-
tracted from the whole waveform. BOLD amplitudes were
measured in the reconstructed waveforms. Peak ampli-
tudes of the transient onset response were measured in
the time interval 2–14 s and average amplitudes of the sus-
tained BOLD response were measured in the time interval
14–34 s after sound onset. The data were statistically eval-
uated with an ANOVA for repeated measures with the
factors ear of stimulation (left or right), hemisphere (left or
right), and stimulus condition (UM or AM) using SAS ver-
sion 9.2 (SAS Institute, Cary).

MEG Data Analysis

The MEG data were evaluated with BESA version 5.1.6
(BESA GmbH, Gr€afelfing, Germany). The focus was on the
time-locked steady-state response (SSR) evoked by the 8-
Hz amplitude modulation. First, the response was aver-
aged across all cycles of the 32-s long stimuli, leaving a
periodic response that represents a mixture of response
components. To compare the amplitude in the left and
right AC, two dipoles (one in the left and one in the right
AC) were fitted: first, a starting solution was fitted to a
grand-average of left- and right-ear stimuli. Thereafter, to
further improve the dipole fits, the left-sided dipole was
fitted again to the right-ear condition leaving the position
of the right-sided dipole fixed and vice versa; the fit was
performed for the whole 125-ms long period of the SSR.
The procedure was repeated until the dipole positions did
not change further. This procedure was implemented
because the dipole localization for the grand average was
less accurate with respect to the anatomical location of AC
in a number of subjects. An alternative analysis based on
the initial estimate fitted to the grand average produced
highly similar source-waveform results. Therefore, a
potential bias of this procedure toward contralateral activ-

ity can be excluded. The dipoles were then used to derive
the source waveforms for the left- and right-ear stimula-
tion separately for each listener. To model external arti-
facts generated by passing streetcars in a distance of
500 m, the artifacts were identified in the raw data and a
principal component analysis (PCA) was calculated for
these intervals. The 1–4 PCA components explaining the
artifact were retained and added to the dipole model to
model the artifacts and avoid projection of the artifacts on
the dipole sources [Ille et al., 2002]. The data were low-
pass filtered with a cutoff frequency of 150 Hz (6 dB, zero
phase shift Butterworth filter).

Response amplitudes in the source waveforms were

determined as the root-mean square of the 125-ms cycle.

Statistical analysis was performed with an ANOVA for

repeated measures with the factors ear of stimulation (left

and right) and hemisphere (left and right).
For spectral analysis of auditory-cortex activity, eye

movement artifacts were additionally modeled along with
the dipoles and the external artifacts (eye movements are
not a problem for SSR analysis, because they are tempo-
rally not correlated and are suppressed by averaging high
numbers of trials). To this end, two regional sources at the
position of the eyes were additionally included in the spa-
tial filter to model eye movement artifact. The spatial filter
was applied to the continuous MEG data to provide dipole
source waveforms focused on the left and right AC. These
AC dipole waveforms were then subjected to FFT analysis
using 4,000-ms long epochs in MATLAB. For the four
stimulus conditions, eight epochs were used to cover each
32-s long stimulus epoch while keeping the phase of the
SSR aligned across all epochs. To estimate the baseline
spectrum, the epoch was placed 1,000 ms after sound off-
set until the beginning of the next sound. Two analyses
were performed: to analyze the spectral composition of the
SSR, the complex FFTs were averaged across all epochs
and then spectra were subsequently derived by calculating
absolute values. The SSR was then evaluated at the repeti-
tion rate of 8 Hz and at harmonic frequencies. To explore
other ongoing induced and evoked activity during the 32-s
long stimuli, the spectra of each epoch were averaged dis-
regarding phase information. The spectra were separately
averaged for all four stimulus conditions and the silent
baseline, which was subsequently subtracted from all stim-
ulus conditions. For statistical analysis, the spectra were
evaluated in six frequency bands, roughly coinciding with
the delta band (1–4 Hz), theta band (4–8 Hz), alpha band
(8–12Hz), beta band (12–25 Hz), gamma band (25–80 Hz),
and high-gamma band (80–250 Hz). The statistical analysis
was performed with an ANOVA for repeated measures
with the factors band, ear of stimulation (left and right)
and hemisphere (left and right) as well as separately for
each frequency band.

Hemispheric lateralization in MEG and fMRI data were
additionally evaluated as lateralization index LI defined as
LI 5 (R 2 L)/(|R|1|L|), where R and L are the ampli-
tudes in the right and left hemisphere, respectively. This
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index ranges from 21 for completely left lateralized to 11
for completely right lateralized. For convenient summary,
left- and right-ear conditions were summarized such that
amplitudes in the contralateral and ipsilateral ear were
added before calculation of the index. The sign of the sum-
marized lateralization indices are provided such that posi-
tive values indicate that amplitudes are stronger on the
contralateral side and negative values indicate that ampli-
tudes are stronger on the ipsilateral side.

RESULTS

Brainstem fMRI Activity

The subcortical analysis of the fMRI data revealed later-
alized activation along the auditory pathway in the sound-
versus-silence contrast, which was mirrored for left- and
right-ear stimulation (Fig. 1). In contrast, no significant
activity was found for the AM-versus-UN contrast, which
would have separated subcortical AM-specific activity. In
the maps, the sound-evoked activity was ipsilateral to the
stimulus ear in CN, bilateral in the SOC, and contralateral
at subsequent stages, in particular in the IC and the
medial geniculate nucleus (MGB). Consistent and mirrored
contralateral activity was also observed between the SOC
and IC. With reference to a detailed atlas of the human
brainstem [Paxinos et al., 2012], this activity is likely gen-
erated in the nuclei of the NLL and in the nucleus of the
central auditory tract. An exact separation of these nuclei
is probably beyond the capability of the method.

The strong lateralization pattern was confirmed by the
ROI analysis, which also includes subthreshold activity in
the ipsilateral pathway. The average amplitudes for all
stages are shown in the lower panels of Figure 1. Activity
was predominantly contralateral to the stimulus ear, as is
indicated by the ear 3 hemisphere interaction, in the MGB
(F1,11 5 21.28, P 5 0.0007), IC (F1,11 5 23.31, P 5 0.0005), and
NLL (F1,11 5 31.72, P 5 0.0002). No significant ear 3 hemi-
sphere lateralization was observed for the SOC
(F1,11 5 1.37, P 5 0.2659), where activity was generally bilat-
eral. Activity in the CN was stronger ipsilaterally (ear 3

hemisphere: F1,11 5 9.00, P 5 0.0121), but there was some
contralateral activity in this ROI as well. Note, however,
that the CN and SOC are close-by in the brainstem such
that a complete separation of the two is probably beyond
the limitation of the method used here. In accordance with
the primary mapping analysis, no significant condition
effects or interactions with the factor condition were
observed in any of the ROIs.

The ROIs used for this analysis were based on the con-
tralateral sound-versus-baseline contrast (ipsilateral for
CN). Since this contrast may potentially bias the results
toward contralateral (ipislateral) dominance, we performed
the analysis again with an all-sound-versus-baseline con-
trast, where left- and right-ear stimuli were combined. The
results confirmed the analysis for SOC (bilateral) and IC

(strong contralateral dominance). In CN, NLL, and MGB,
where the signal-to-noise ratio was not so good, the pat-
tern was more noisy but none of the results were contra-
dictory to the data presented above (see Supporting
Information Fig. S1).

FMRI Activity in AC

In AC, AM and UN also evoked BOLD activity that was
strongly lateralized toward contralateral of the stimulus
ear, but the pattern was overall more complex (Fig. 2).
First, there was additional deactivation for the sound-
versus-baseline contrast in lateral Heschl’s gyrus, ipsilat-
eral to the stimulus ear. Separate analysis of the AM and
UN conditions showed that deactivation was in particular
a characteristic of the UN stimulus (Fig. 2b), whereas the
AM-versus-UN contrast showed no deactivation but small
spots of ipsilateral activation in AC. Second, the AM-
versus-UN contrast revealed significant difference activity
in Heschl’s gyrus and planum temporale. This difference
activity was more bilateral than the sound-versus-silence
contrasts, confirming the main hypothesis for the study.

The ROI analysis (Fig. 3a) confirms the overall stronger
AC activity for AM-versus-UN (F1,11 5 78.29, P< 0.0001)
and shows a similar ear 3 hemisphere interaction as
observed in centers before AC (F1,11 5 74.74, P< 0.0001).
Despite prominent ipsilateral activity, the difference
between AM and UN is still stronger in the AC contralat-
eral to the stimulation ear (ear 3 hemisphere 3 condition:
F1,11 5 64.55, P< 0.0001). The stronger contralateral domi-
nance of the AM and UN conditions are also reflected in
the lateralization indices, which were 0.85 6 0.04 (mean-
6 standard error) for AM and 0.86 6 0.07 for UN, respec-
tively, compared to only 0.44 6 0.05 for the AM-specific
activity reflected by the AM-versus-UN contrast (differ-
ence compared to AM: S 5 39, P 5 0.0005; difference com-
pared to UN: S 5 37, P 5 0.0015; Wilcoxon signed-rank
test). The results of the ROI analysis were confirmed when
the all-sound-versus-baseline contrast was used for ROI
definition instead (see Supporting Information Fig. S2).

Because a previous report suggests that sustained BOLD
components were more strongly lateralized [Lehmann
et al., 2007] than the onset transient, we reconstructed cort-
ical BOLD time courses to separately measure transient
and sustained contributions (Fig. 3b) [Harms et al., 2005;
Harms and Melcher, 2002]. The results indeed showed
that there was ipsilateral transient activation for the AM-
as well as the UN-versus-baseline contrast, whereas there
was only little evidence of transient BOLD activity in the
AM-versus-UN subtraction. Amplitudes measured at the
maximum of the transient and in the purely sustained part
of the BOLD response are shown in panels c and d of Fig-
ure 3. The statistical analysis confirmed most of the results
of the beta-value-based ROI analysis (ear 3 hemisphere,
sustained: F1,11 5 49.95, P< 0.0001, transient: ear 3 hemi-
sphere: F1,11 5 70.96, P< 0.0001; condition, sustained:
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F1,11 5 14.50, P 5 0.0029, transient: F1,11 5 8.82, P 5 0.0128).
However, the ear 3 hemisphere 3 condition interaction
was only significant for the sustained BOLD (ear 3 cond
3 hemisphere F1,11 5 7.86, P 5 0.0172), but not for the tran-
sient onset component (ear 3 cond 3 hemisphere
F1,11 5 2.26, P< 0.1612).

The lateralization indices for the sustained BOLD were
0.76 6 0.06 for AM, 0.74 6 0.1 for UN, and 0.32 6 0.12 for
AM-versus-UN. Note that the lateralization index for the
sustained AM-versus-UN contrast was significantly stron-
ger for left- (LI 5 0.37 6 0.12) compared to right-ear
(LI 5 20.09 6 0.08) stimulation (S 5 28, P 5 0.0269; Wil-

coxon signed-rank test), whereas all other conditions
showed no significant differences between left- and right-
ear stimulation. One previous fMRI study reported similar
asymmetry between left- and right-ear stimulation
[Sch€onwiesner et al., 2007].

The lateralization indices for the onset transients of the
BOLD response were 0.51 6 0.07 for AM and 0.57 6 0.08
for UN. The transient and sustained BOLD components
likely overlap and the measure of the onset transient,
therefore, includes some sustained activity. When the lat-
eralization indices are calculated based the difference
between onset peak and sustained BOLD amplitude

Figure 1.

Brainstem activity maps and ROI analysis. The maps in the upper

half of the figure show the sound-versus-silence contrast in the

group analysis separately for left- and right-ear stimulation in the

left and right half of the figure. The group analysis is corrected

for multiple comparisons at the cluster level. Note that the scal-

ing on the voxel level is not corrected for multiple comparison.

The ROI analysis shown in the lower half of the figure shows

the average activity across listeners (mean 6 standard error) for

the regions defined in the average brain and using only voxels

active in the group analysis. The activation pattern was very sim-

ilar for UN-versus-baseline (lower panels) and AM noise-versus-

baseline (upper panels). There was no significant difference in

subcortical nuclei between AM and UN in the ROI analysis or in

the voxel-wise group analysis (not shown).
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instead, their average values are even lower and amount
to 0.17 6 0.06 for AM and 0.08 6 0.10 for UN, which is in
the same range as in the study by Lehmann et al. [2007].

MEG Activity in AC

In MEG, the 8-Hz AM evoked an ongoing SSR. Dipoles
fitted to the response projected on average to the interme-
diate aspect of Heschl’s gyrus in the left and right AC
(Approximated Talairach coordinates, mean 6 standard
error, left: x 5 251 6 2, y 5 224 6 2, z 5 8 6 2 right:
x 5 49 6 2, y 5 216 6 1, z 5 5 6 2). When the source wave-
forms were averaged across all cycles, the peaks Pam,
P1m, and N1m could be identified in the grand average
and in most individual listeners (Fig. 4a). The response
was generally bilateral and on average stronger in right
AC (hemisphere: F1,10 5 7.27, P 5 0.0225), as expected
based on the structural asymmetry of human AC [Shaw

et al., 2013]. However, there was no significant depend-
ence on lateralization on the stimulus ear (ear 3 hemi-
sphere: F1,10 5 0.17, P 5 0.6867). The average lateralization
index based on the RMS amplitudes was 0.23 6 0.10 for
left- and 0.12 6 0.09 for right-ear stimulation, reflecting the
general lateralization toward the right AC. The combined
lateralization index, which is a better estimate of the
stimulus-ear dependence, was on average only 0.04 6 0.06.
Note, however, that some subjects showed convincing con-
tralateral dominance, but two subjects also showed domi-
nance in ipsilateral AC, and that the individual combined
lateralization indices ranged from 0.29 (contralateral) to
20.41 (ipsilateral).

An alternative view on the SSR is provided by the FFT
analysis shown in Figure 4d. SSRs produce distinct spec-
tral peaks at the repetition rate and its harmonic frequen-
cies, and in the present case five peaks were clearly visible
in the average spectrum. The statistical analysis confirmed
the on average stronger amplitudes in right AC

Figure 2.

Group activation maps in the AC. Significant clusters (P< 0.05,

corrected for multiple comparison at the cluster level) are

mapped on a 3D reconstruction of the superior temporal plane

(STP) of an average brain, viewed from top. The left (L) and

right (R) STP are plotted next to each other for each condition.

Main structures seen in this view are Heschl’s gyrus (HG), the

superior temporal gyrus (STG), and planum temporale (PT). The

color coding displays P values at the voxel (vertex) level that are

not corrected for multiple comparison, with warm colors coding

for activation and cold colors coding for deactivation. Four dif-

ferent contrasts are separately shown for left- and right-ear

stimulation, to demonstrate the overall symmetry of the results:

(a) AM noise-versus-baseline contrast. (b) UN-versus-baseline

contrast. (c) AM noise-versus-UN contrast. (d) Sound (5AM

noise plus UN)-versus-baseline contrast. Like in the subcortical

ROI analysis, the contralateral activity of the sound-versus-

silence contrast (indicated with black circles) was used for the

ROI analysis shown in Figure 3.
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(hemisphere: F1,10 5 7.37, P 5 0.0218) and the lack of an ear
3 hemisphere interaction (F1,10 5 0.11, P 5 0.7431). How-
ever, there was a trend for an harmonic 3 ear 3 hemi-
sphere interaction (F4,40 5 3.21, P< 0.0807), the source of
which is a differential lateralization of the lower (1–2) and
higher (3–5) harmonics of the SSR. While there was a
trend for stronger amplitudes in contralateral AC at 8 and
16 Hz (F1,10 5 2.56, P 5 0.1405), stronger ipsilateral activity
was observed from 24 to 40 Hz (F1,10 5 12.26, P 5 0.0057).
The summary lateralization indices per frequency band
were 0.10 6 0.09 (8 Hz), 0.17 6 0.07 (16 Hz), 20.23 6 0.05
(24 Hz), 20.07 6 0.08 (32 Hz), and 20.05 6 0.07 (40 Hz).

Comparison between the individual lateralization indi-
ces of the SSR and fMRI activity showed only weak and
nonsignificant correlation between lateralization of the 8
Hz component and the AM-versus-UN contrast (R 5 0.58,
P 5 0.0617), and clearly no significant correlation for the
other harmonics.

We also evaluated averaged spectra that disregard phase
information to explore if ongoing evoked or induced MEG

activity beyond the SSR for AM and UN showed poten-
tially stronger lateralization, or if there was any evidence of
lateralized modulation in the alpha or beta bands that could
potentially be related to lateralized fMRI activation or deac-
tivation in AC. The analysis revealed enhanced delta-
(F1,10 5 15.96, P 5 0.0025) and theta-band activity
(F1,10 5 12.74, P 5 0.0051) for sound-versus-silence contrasts
in the AC but no significant enhancement or reduction in
the other frequency bands (alpha: F1,10 5 1.31, P 5 0.2795;
beta: F1,10 5 1.04, P 5 0.3319; gamma: F1,10 5 2.54, P 5 0.1422;
high gamma: F1,10 5 2.65, P 5 0.1345). More importantly for
the comparison of lateralization in MEG and fMRI, no sig-
nificant ear 3 hemisphere interaction was observed (delta:
F1,10 5 0.28, P 5 0.6052; theta: F1,10 5 0.39, P 5 0.5483; alpha:
ear 3 hemisphere: F1,10 5 1.09, P 5 0.3203; beta: F1,10 5 1.24,
P 5 0.2910; gamma: F1,10 5 1.31, P 5 0.2793; high-Gamma:
F1,10 5 3.51, P 5 0.0905), nor any other meaningful main
effect or interaction. Note that this analysis included the
onset and offset transients, but alternative analyses exclud-
ing these epochs produced very similar results, suggesting

Figure 3.

ROI analysis of BOLD activity in AC. The analysis is based on

the contralateral activity in the sound-versus-baseline contrast

(Fig. 2d). All graphs show the mean and standard errors across

subjects (N 5 12). Activity in the left AC is plotted in black,

activity in the right AC is plotted in gray. The first line in all col-

umns shows the data for the AM-versus-Baseline contrast, the

second line the Noise-versus-Baseline contrast, and the third

line the AM-versus-Noise contrast. (a) Activity estimated by the

regression model used to generate the maps in Figure 2. This

analysis is equivalent to the subcortical ROI analysis in Figure 1.

(b) Reconstructed BOLD waveforms for all conditions for the

left and right AC ROI. Activity for left-ear stimulation is plotted

in black, activity for right-ear stimulation is plotted in gray.

These time courses were used to selectively measure (c) aver-

age sustained BOLD amplitudes in the time range 14–34 s after

sound onset, as well as (d) peak amplitudes for the onset tran-

sient in the time range 2–14 s after sound onset.
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that it reflects ongoing activity. Finally, we evaluated the
evoked sustained fields, a DC component evoked by the
ongoing sounds. The sustained fields were evoked bilater-
ally by the monaural sounds and did not show higher con-
tralateral dominance across subjects. The sustained field
was numerically stronger for AM than UN stimuli. At the
end of the 32-s stimulus, the sustained field evoked by UN
was absent or so small that it could not be reliably
detected.

Role of Transcallosal Connections

The finding that activity is enhanced for AM-versus-UN
in AC but not in the preceding subcortical centers suggests
that the enhancement is related to AC specific processes.
Moreover, the strong contralateral activation from NLL up
to MGB raises the question whether ipsilateral AC activity
evoked by AM requires the transcallosal pathway. Since
deactivation was not observed in the subcortical pathway,
we also wanted to evaluate if the ipsilateral deactivation
in AC is driven by transcallosal projections.

To this end, a listener with callosal agenesis was studied
(Fig. 5a) to probe the role of transcallosal connection
between the left and right AC. This listener did not show
any known neurological or cognitive abnormalities and
had been discovered accidentally in an imaging study
recruiting normal volunteers; dichotic listening studies
established in our laboratory for the workup of central
hearing disorders [Gutschalk et al., 2012] revealed normal
results.

The fMRI results (Fig. 5b,c) were close to the average
and well within the range of the group results shown in
Figures 2 and 3. First, ipsilateral activity was relatively
stronger in the AM-versus-UN contrast compared to the
sound-versus-silence contrasts. Lateralization indices based
on beta values (sustained BOLD amplitudes) were 0.92
(0.72) for AM, 1.0 (1.0) for UN, and 0.40 (0.24) for AM-
versus-UN. Second, ipsilateral deactivation was on the
strong side in the acallosal subject, ruling it unlikely that
ipsilateral BOLD deactivation in AC is mediated by trans-
callosal fibers.

In MEG (Fig. 5d), the 8-Hz steady–steady response
showed stronger contralateral dominance than the group
average, showing a lateralization index of 0.54 for the 8-
Hz harmonic and of 0.28 for the RMS amplitude. Given
the previously mentioned broad range of MEG lateraliza-
tion, however, it cannot be concluded that this stronger
contralateral dominance lies outside of the range of the
normal population. Moreover, there is still considerable
ipsilateral activity in these MEG results and the lateraliza-
tion is weaker than the lateralization in the sound-versus-
silence contrasts in fMRI.

Influence of Scanner Coolant Pump

The fMRI results reported so far were performed with
the scanner coolant pump switched on, because routinely
switching off the pump for auditory studies is not permit-
ted at our site. However, to exclude a bias of pump
sounds on the lateralization results in fMRI, a single sub-
ject could be studied with the pump switched off and was
then again studied with the pump switched on (see also
Supporting Information Fig. S3). There was almost no ipsi-
lateral deactivation in this listener, but this effect was
independent of the pump sounds, and if anything deacti-
vation was stronger when the pump was switched off.
More importantly, BOLD activity was strongly

Figure 4.

Summary of MEG data. (a) Auditory SSR evoked by the 8-Hz AM in

the left and right AC. The data were averaged across all cycles of the

32-s long stimuli. The peaks Pam, P1m, and N1m are observed in

both hemispheres. (b) RMS amplitudes (mean6 standard error;

N 5 11) of the steady-state source waveforms. (c) FFT spectra aver-

aged disregarding phase information after subtraction of the baseline

activity obtained in silent epochs. The panel shows the sum of all

four stimulus conditions (AM and UM, left and right ear), because no

significant differences were found between these conditions. No sig-

nificant ear-dependent lateralization was observed in particular. (d)

FFT analysis of the SSR for the F0 (8 Hz) and four harmonics at 16,

24, 32, and 40 Hz. The left panel shows the result for left-ear and

the right panel for right-ear stimulation. Activity in the left AC is

plotted in black, activity in the right AC is plotted in gray.
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contralateral in the noise-versus-silence condition, whereas
the AM-versus-UN contrast was clearly bilateral. In fact,
activity in this contrast was somewhat stronger in ipsilat-

eral AC, confirming that the difference in lateralization
cannot be attributed to interference with coolant-pump
sounds.

DISCUSSION

These results reveal a striking dissociation of hemispheric
lateralization in the auditory pathway. While BOLD activity
for sound-versus-silence contrasts is strongly lateralized
toward the contralateral hemisphere subsequent to the SOC
and up to the AC, AM related activity in the AC comprises
a considerable share of ipsilateral activity. Our hypothesis
was that the AM-versus-UN contrast would best estimate
activity related to AM phase locking and, thus, be as bilat-
eral as the phase locked MEG response. The results are gen-
erally compatible with this hypothesis but lateralization of
the MEG response was still less prominent with lateraliza-
tion indices of only 0.1–0.2 compared to 0.3–0.4 for the
BOLD contrast. Across subjects, the variance of lateraliza-
tion indices was much larger for MEG than fMRI. One rea-
son for the larger MEG variance is probably signal
cancelation that depends on cortical folding and orientation
and is, therefore, as variable as individual anatomy [Ahlfors
et al., 2010]. In contrast, fMRI is summed irrespective of
cortical orientation, limiting the potential for higher individ-
ual correlation between BOLD and MEG lateralization.
Moreover, the FFT analysis of the MEG data suggests that
the 8- and 16-Hz harmonics show a trend for contralateral
dominance, whereas the 24-Hz component shows ipsilateral
dominance. While these effects are relatively small, their
coexistence could be another source of variance in MEG
and also explain why the summed MEG activity was domi-
nant in ipsilateral AC in a few subjects.

Lateralization in AC in previous monaural fMRI studies
spans from strongly contralateral [Langers et al., 2005;
Scheffler et al., 1998], 50% or less contralateral [Behne
et al., 2005; J€ancke et al., 2002; Langers et al., 2007; Leh-
mann et al., 2007; Suzuki et al., 2002; Woldorff et al., 1999]
up to not significantly contralateral [Devlin et al., 2003].
Many of these studies used some kind of slow modulation
and some used stimulus blocks that are shorter than the
ones in this study (typically less than 10 s). Therefore, the
individual lateralization might be explained by a blending
of three components: First, the strongly lateralized sus-
tained BOLD activity observed for sound-versus-silence
contrasts, which is supposedly related to the fine structure
of the carrier signal. Second, the weakly lateralized tran-
sient onset response [Lehmann et al., 2007]. Third, the
weakly lateralized sustained response to slow (AM) fluctu-
ations. Prominent differences in lateralization are accord-
ingly expected in dependence on temporal stimulus
characteristics, in particular temporal modulation and
sound duration.

There are only few fMRI studies of subcortical activation
with monaural stimulation, all of which found strong con-
tralateral but varying degrees of ipsilateral activity in IC

Figure 5.

fMRI and MEG results in an acallosal listener. (a) Structural MRI:

The complete lack of corpus callosum is accompanied by the typi-

cal configuration of the lateral ventricles, but is not associated

with any other anomaly. (b,c) Individual ROI analysis based on

activated voxels in the sound-versus-silence contrast. The values

in (b) are based on the beta values of the regression analysis

(compare with Fig. 3a) and the values in (c) are based on the sus-

tained amplitudes in the reconstructed BOLD time courses (com-

pare with Fig. 3c). (d) Individual FFT analysis of the SSR for the

left (left panel) and right (right panel) AC (compare with Fig. 4d).
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and MGB [Langers et al., 2005; Melcher et al., 2000;
Sch€onwiesner et al., 2007; Boyen et al., 2014]. In the present
study, there was strong contralateral activity and no signifi-
cant ipsilateral activity in IC and MGB across listeners. This
finding in the fMRI data may in fact be well in line with
single unit studies in the IC of cat [Delgutte et al., 1999;
Semple and Aitkin, 1979] and gerbil [Semple and Kitzes,
1985]. Based on these data, almost all IC neurons respond
to contralateral sounds, whereas only 20% also respond to
ipsilateral sounds and the response for ipsilateral stimula-
tion is typically much weaker than for contralateral stimula-
tion in these neurons [Semple and Kitzes, 1985].

Based on the available data of monaural ipsi- and con-
tralateral stimulation, it appears that spiking activity of
single units is still predominantly contralateral in cat MGB
[Samson et al., 2000] and primary AC [Brugge et al., 1969;
Hall and Goldstein, 1968; Samson et al., 1993]. Analysis of
laminar recordings in monkey A1 revealed a dissociation
between the thalamorecipient lamina III and supragranular
layers for monaural stimulation [Reser et al., 2000]. Pre-
dominantly excitatory responses to contralateral- and
inhibitory responses to ipsilateral-ear stimulation were
observed for early multiunit activity and evoked responses
in layer III. However, evoked responses in supragranular
layers often showed considerable ipsilateral activity, some-
times associated with longer latency spiking activity.

The bilateral AC activity found in the present study is likely
associated with slow stimulus fluctuations. It has been shown
that sustained fMRI activity in AC decreases strongly with
rates above 20 Hz [Giraud et al., 2000; Harms and Melcher,
2002; Overath et al., 2012] and is then dominated by transient
BOLD responses at sound onset and offset, whereas subcortical
activity remains sustained at even higher rates [Harms et al.,
2005; Harms and Melcher, 2002]. The lack of strong sustained
BOLD activity for fast repetition rates is likely related to cortical
adaptation, which is similarly found for the long-latency
responses in MEG [Hari et al., 1982; Imada et al., 1997]. Assum-
ing that these long-latency responses in the theta range are pre-
dominantly generated in supragranular layers of AC [Fishman
and Steinschneider, 2012; Lakatos et al., 2013], it is conceivable
that slow AM and other slow stimulus fluctuations [Steinmann
and Gutschalk, 2012] recruit bilateral processes in supragranu-
lar layers that adapt at higher rates and for unmodulated
sounds. As link between MEG and BOLD activity, there may
either be a direct coupling between BOLD and the slow synap-
tic activity that generates these MEG responses in the theta
range, or alternatively there could be an indirect link, such as
for example high-gamma activity that is driven by the theta
activity [Lakatos et al., 2005].

Conversely, the strongly contralateral dominant AC
activity observed in fMRI is probably more closely linked
to the contralateral dominant activity in the subcortical
auditory pathway. Potentially this activity is stronger in
primary AC, given the finding that UN activation was pre-
dominantly located in medial Heschl’s gyrus [Hackett
et al., 2001]. Notably, the pattern of activated structures
for UN is more similar to fMRI activation found for faster

AM at 40 Hz, which evokes enhanced sustained activity in
IC, MGB, and medial Heschl’s gyrus compared to the
unmodulated pure tone carrier [Steinmann and Gutschalk,
2011]. This finding matches with the idea that the strongly
lateralized activity observed in fMRI is not prone to strong
adaptation at faster rates and, therefore, produces strong
sustained activity for UN.

The hypothesis that processing in supragranular layers is

more bilateral than in the input layers raises the question

how the information is then routed to the ipsilateral AC.

The results obtained in an acallosal subject presented here

make it unlikely that the information is transferred via the

corpus callosum and rather suggest that ipsilateral cortical

activity is based on enhancement of weaker ipsilateral pro-

jections from the MGB. This conclusion is further supported

by previous reports of bilateral BOLD activity in AC for

monaural stimulation with 20 s of pulsed complex sounds

[Paiement et al., 2010] in acallosal listeners. However, con-

clusions based on acallosal subjects are limited by the pres-

ence of alternative interhemispheric connections that

develop only in individuals with callosal agenesis but not

in normally developing individuals [Paul et al., 2007;

Tovar-Moll et al., 2014]. These connections have, for exam-

ple, been suggested to explain why acallosal subjects—in

contrast to callosotomized patients—do not consistently

show typical behavioral “split-brain” symptoms such as

enhanced right-ear advantage [Lassonde et al., 1990]. There-

fore, it cannot yet be excluded with certainty that ipsilateral

AC activity observed in our normal listeners was trans-

ferred via the corpus callosum, as has been suggested based

on animal models [Carrasco et al., 2013], and via alternative

pathways in the acallosal listener. Conversely, visual

evoked potentials do not show clear ipsilateral activity in

acallosal subjects as well as callosotomized patients but do

so in subjects with normally developed corpus callosum

[Brown et al., 1999]. Therefore, we think that the presence

of ipsilateral activity in our acallosal subject in both, MEG

and fMRI, indicates that ipsilateral thalamic projections are

likely more important for driving ipsilateral activity in AC.
An unexpected but interesting finding of this study is

ipsilateral reduction of BOLD activity in comparison to
baseline, in particular for UN. Previous studies did not
find ipsilateral reduction of BOLD in monaural stimulation
to the best of our knowledge, possibly because they mostly
used modulated or shorter stimuli. The ipsilateral activa-
tion of the onset transient and the response to the modula-
tion may cancel the BOLD deactivation in this case.
However, reduction of BOLD activity has been consis-
tently reported in the primary somatosensory cortex ipsi-
lateral to the stimulation [Kastrup et al., 2008; Klingner
et al., 2014; Mullinger et al., 2014]. Ipsilateral reduction of
BOLD could possibly be a correlate of ipsilateral inhibition
observed in binaural compared to monaural conditions
[Brugge et al., 1969; Hall and Goldstein, 1968; Samson
et al., 1993]. While the latter interpretation would be
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intriguing from a physiological perspective, an argument
against it could be that deactivation was only found in
cortex but not in subcortical stages, where it has been sim-
ilarly described in single-unit studies [Delgutte et al., 1999;
Imig et al., 1990; Samson et al., 2000]. Conversely, it could
be that deactivation can only be observed in fMRI in the
presence of competing excitation, and that AC simply
showed higher activation levels evoked by the baseline
noise. An alternative explanation could be related to
stimulus-signal fluctuation, because the multisecond noise
bursts produce a highly monotonic stimulus with only lit-
tle signal fluctuation, which could mask more variable
sounds in the baseline interval. One such sound source is
the scanner coolant pump but no influence of the pump
was found in the subject where we tested this possibility.
Alternatively, listeners may hear their own breathing and
other physiological sound generated in their head more
prominently during the baseline interval, whereas these
sounds are masked in one ear during stimulation. Because
physiological sounds emanating in the head are also heard
by bone conduction, they are not much attenuated by pas-
sive sound shielding and are hardly controllable in silence.
This problem is not limited to the monaural conditions
used in the present study but in fact masking of baseline
sound should be more efficient with diotic stimulation.
However, we did not find deactivation in a previous
experiment where we used diotic broadband noise with a
similar setup [Steinmann and Gutschalk, 2012], ruling an
explanation of deactivation by baseline masking unlikely.
Finally, attentional modulation could theoretically be a
source of relative reduction of activity. Selective attention
in dichotic situations enhances the activity evoked by the
attended stream in EEG and MEG [Alho, 1992; Rif et al.,
1991], and it has been suggested that this enhancement is
somewhat stronger contralateral to the attended ear based
on PET and fMRI [Alho et al., 1999; Rinne et al., 2008].
While our stimulus is monaural, other sounds already
aforementioned could be considered a stimulus stream in
the contralateral ear. If attention is mainly attracted to the
stimulus ear, it could be that activity evoked by sounds in
the baseline epoch is reduced in the stimulus epoch rela-
tive to the baseline epoch (on top of the monaural masking
discussed earlier). In this case, the BOLD reduction would
be expected to be bilateral and only appear to be ipsilat-
eral because it is canceled in the AC contralateral to the
monaural stimulation. An explanation of ipsilateral BOLD
reduction based on attention does, therefore, appear rather
unlikely but cannot be ruled out completely at this point.
Exploring the source of ipsilateral BOLD reduction in
more detail appears worthwhile the effort.

It is important to note that ipsilateral deactivation may
interfere with measures of contralateral dominance: consider
the possibility that sources of BOLD activation and deactiva-
tion may coexist and, thus, cancel within the resolution of
one voxel. This scenario could provide an alternative expla-
nation for the stronger contralateral dominance of UN-and

AM-versus-baseline compared to the AM-versus-UN con-
trasts, provided the amount of ipsilateral deactivation is rela-
tively similar for AM and UN and does not scale with the
amount of activation. It could then be that ipsilateral deacti-
vation dominates the UN-versus-baseline contrast because
there is relatively little ipsilateral activation. Deactivation
and activation are balanced in ipsilateral AC for the AM-
versus-baseline contrast, because ipsilateral activity is stron-
ger but still all ipsilateral activation is swamped by ipsilat-
eral deactivation. In contrast, the ipsilateral response
enhancement is revealed by the AM-versus-UN contrast,
because the deactivation is of equal strengths for UN and
AM and would then be eliminated by subtraction. More-
over, the neural underpinnings of BOLD deactivation may
have no influence on the MEG response and could then
explain the stronger contralateral dominance in BOLD com-
pared to MEG measures. One reason why we think that the
strong contralateral dominance of BOLD activation in AC is
real, nevertheless, is the equally strong contralateral domi-
nance that we found in the subcortical auditory pathway,
where we found no evidence of deactivation. Since the sub-
cortical activity was not sensitive to the presence of slow
AM, it is supposedly more closely related to the stimulus
fine structure. The contralateral dominance of the subcortical
activity, therefore, supports the interpretation that activity
driven by the carrier fine structure shows generally stronger
contralateral dominance, whereas cortical activity driven by
slow AM and sound onsets is overall more bilateral.

In summary, the present data suggest that AM—or slow
stimulus fluctuations in general—recruit processes in AC that
operate on the incoming information of the ascending auditory
pathway but are specific to cortical processing. These processes
are reflected by the enhanced activity for AM-versus-UN in
fMRI, and the phase-locked activity in the alpha and theta
bands in MEG. AM driven activity is distinct from afferent
activity in the ascending pathway with respect to its higher
amount of ipsilateral activation. Since the ipsilateral activity is
similarly present in the absence of transcallosal fibers, it is
likely that the AM induced fMRI and MEG activity enhances
input from ipsilateral projections, or that it operates on a subset
of afferents that are more bilateral than the gross of activity
observed in the subcortical pathway in fMRI, for example, in
non-lemniscal pathways [Ayala et al., 2012].
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